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NEUROIMMUNOLOGY

The meninges host a distinct compartment of
regulatory T cells that preserves brain homeostasis
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Our understanding of the meningeal immune system has recently burgeoned, particularly regarding how innate
and adaptive effector cells are mobilized to meet brain challenges. However, information on how meningeal im-
munocytes guard brain homeostasis in healthy individuals remains limited. This study highlights the heteroge-
neous, polyfunctional regulatory T cell (T,eg) compartment in the meninges. A T,y subtype specialized in
controlling interferon-gamma (IFN-y) responses and another dedicated to regulating follicular B cell responses
were substantial components of this compartment. Accordingly, punctual T,.q ablation rapidly unleashed IFN-y
production by meningeal lymphocytes, unlocked access to the brain parenchyma, and altered meningeal B cell
profiles. Distally, the hippocampus assumed a reactive state, with morphological and transcriptional changes in
multiple glial cell types. Within the dentate gyrus, neural stem cells underwent more death and were blocked from
further differentiation, which coincided with impairments in short-term spatial-reference memory. Thus, menin-
geal Treys are a multifaceted safeguard of brain homeostasis at steady state.

INTRODUCTION

The meninges constitute a three-layered structure just under the
skull and vertebral column, covering the brain and spinal cord. This
brain border, in particular the dura mater layer, hosts a dense and
highly diverse constellation of immunocytes at homeostasis (I, 2) as
well as a dedicated lymphatic drainage system (3). Many of these cells
are members of the innate immune system, especially macrophages
(MFs), but there are also small populations of lymphocytes whose
functions are not well understood. For example, severe combined
immunodeficiency patients and mice lacking T and B cells have be-
havioral abnormalities that resolve with reconstitution of the adap-
tive immune system (4-7). T cells seem especially important for
brain homeostasis because the cytokines they produce impact vari-
ous behavioral parameters as well as promote cognitive changes with
aging (8-17).

Even less well-understood are the cellular regulators of meningeal
immunocyte responses. Most types of immune reactions are con-
trolled by Foxp3+CD4+ regulatory T cells (Treg), which can restrain
an immune response directly by acting as a sink for IL-2, by secret-
ing suppressive factors like IL-10 or transforming growth factor—f
(TGF-B), or by expressing co-inhibitory molecules such as CTLA-4,
PD-1, or LAG-3 (18). In addition, they can act indirectly by modulating
the differentiation and presentation capacity of antigen-presenting
cells (APCs) such as dendritic cells (DCs) and MFs. Treg in non-
lymphoid tissues (“tissue-Tregs”) also control non-immunological
processes, notably promoting tissue repair, including in response to
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central nervous system (CNS) pathologies such as stroke or experi-
mental autoimmune encephalomyelitis (EAE) (19).

The presence of Ty in the meninges of old or diseased mice has
been reported [e.g. (20)], but their function remains unclear. Here,
we have addressed their role in promoting homeostasis of the brain
meninges and parenchyma. Our work highlights a population of Treg
present in the meningeal dura mater of healthy mice, clustered with
DCs along the sinuses. These Tregs restrain local interferon-gamma
(IFN-y) production and inflammation, and protect the brain’s func-
tional integrity at steady state by inhibiting immunocyte infiltration
into the parenchyma and preserving neurogenesis within the hip-
pocampal niche. Our findings both extend the purview of tissue-
Tregs and bring to light an important immunological regulator of
brain homeostasis.

RESULTS
The dural layer of the meninges hosts a distinct population
of Foxp3*CD4* T cells at steady state
Very little is known about the representation, phenotype, and func-
tion of meningeal Teg, especially at steady state. Therefore, we per-
formed a cytofluorometric analysis of the Foxp3*CD4* compartment
of meninges isolated from transcardially perfused, 6-week (wk)-old,
male, C57BL/6 (B6) mice (Fig. S1A). We focused on the dura mater
because the other meningeal layers contain far fewer immunocytes
at steady state (2, 21), and these layers take substantially longer to
cleanly isolate. We could readily identify a population of Foxp3*CD4"
T cells in the meninges (Fig. 1A), fractionally slightly higher than
in the spleen (Fig. S1B), greater than an order of magnitude more
abundant than in the leptomeninges (>15x), and even more fre-
quent than in the choroid plexus (>29x) (Fig.S1C, D). At an average
of about 125 Tyegs per mouse, the meningeal Ty, population was
evident but small enough to limit the use of some experimental ap-
proaches to characterize them.

Confocal microscopy of tissue obtained from B6.Foxp3“? mice
provided an independent confirmation of the meningeal Tpeg
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Fig. 1. A population of Foxp3*CD4™" T cells within the meningeal dura at steady state. (A) Flow cytometry of Foxp3*CD4" T cells in the dural meninges of 6wk-old
mice. Left panel: representative flow-cytometric plot; Right panels: summary data. n = 17. (B) Confocal imaging of transverse sections of the dura mater. Left panel:
graphical representation of the meningeal sinuses, with the region of interest delineated by a square; right panels: representative images. (C) Representative confocal
image of a meningeal T,eq cluster on a transverse section stained for the indicated marker proteins. (D) Quantification of Treq locations. n = 6. (E) Tile-scan images of
multiple duras registered to a reference map (left), plotting average densities of the Foxp3-GFP and MHC-Il signals across 6 tissues (right). (F) Quantification of Tregs in
the dura mater across age. n > 4. Each data-point is from an individual mouse. iv, intravenous; SMA, smooth-muscle actin; MHC, major histocompatibility complex. Mean
+ SEM. xp < 0.05, #:#p < 0.01, #x:xp < 0.001, **%*, p < 0.0001 by paired Student’s t test [(C)] or one-way ANOVA [(F)]. Summary plots show data pooled from >2 inde-
pendent experiments.

Marin-Rodero et al., Sci. Inmunol. XX, eadu2910 (2025) 28 January 2025 20f18

G20z ‘0T Afeniged uo AsieAIUN peAkeH e 610°80us 105 MMmM//Sdny LWoJ) pepeojumod



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

compartment. Most Tyeg were close to the dural sinuses, accompa-
nied by other types of T cells (Fig. 1B). While some T, were dis-
persed along the sinuses, they often formed clusters (Fig. 1C),
especially with other T and major histocompatibility complex class II
(MHCITY) cells (Fig. 1D, E). The latter cells were mostly type 2 con-
ventional DCs (cDC2s), defined as MHCII*CD1 1c+F4/80'SirpaJr
(22) (Fig. S1E, F). Clustering of Tregs and MHCII? cells within the
dural sinuses was confirmed in multiple mice ranging from 5 to 16 wks
of age (Fig. S2A, B). To gain a more comprehensive view of the dura
mater, we registered tile-scan images of multiple duras to a reference
map and then plotted the average density of GFP (Foxp3) and MHCII
signals across all 6 tissues, which again highlighted Tyeg: APC cluster-
ing (Fig. 1E).

Aging was associated with a decline in the total number of CD45*
cells in the meninges (Fig. S2C). In contrast, the fraction and num-
ber of meningeal Tregs showed a general increase with age (Fig. 1F),
consistent with a published comparison of 2- and 24-month-old
mice (20). Total CD45™ cells and Tregs accumulated in the meninges
of male and female mice to a similar degree (Fig. S2D, E).

The meningeal T,y compartment is a heterogeneous
population with repeated TCR sequences
Thregs operating in non-lymphoid tissues have distinct transcriptomes,
T cell receptor (TCR) repertoires, and growth-factor dependencies,
enabling their functional adaptation and survival within particular
settings (19). To explore their phenotype and functional potential, we
performed population-level RNA sequencing (RNA-seq) on three
meningeal-T\.g replicates, each pooled from five 15wk-old males.
Thregs in meninges were distinct from those in lymphoid tissues and in
all other non-lymphoid tissues, including inflamed brain (23) (Fig.
S3A). Nonetheless, meningeal Ty preferentially expressed a previ-
ously reported pan-tissue-Tyy signature (19) in comparison with
their splenic counterparts (Fig. S3B). The meningeal-T . transcrip-
tome was enriched in transcripts encoding molecules involved in cell
adhesion and locomotion (e.g. Ccl5, Cxcl10, Itga4, Itgav, Ccr2, Cxcr3);
promotion of cell death; the inflammatory response; regulation of
myeloid-cell differentiation; and, notably, regulation of neuron death
(Ifng, 1110, Cd200r, Wisp, Ptgs1) (24-30) (Fig. S3C). The transcrip-
tomes of meningeal Treg, from male and female mice were very simi-
lar, the major difference being an enrichment for cell-cycle pathways
in males (Fig. S3D, E), a finding confirmed by their higher fraction of
Ki67* cells (Fig. S3F). Similarly, an elevation in cell-cycle pathways
was the major transcriptional feature distinguishing adult (16wk-old)
from old (53wk-old) mice (Fig. S3G, H).

Skull bone marrow (BM) and the meninges are interconnected
by small conduits through which myeloid and B cells are able to mi-
grate (31-33). Although T cells have been reported to access the me-
ninges via the circulation (32, 34), we compared the transcriptomes
of Tregs isolated from the meninges and skull BM, in part to assess
potential contamination of the meningeal-T, isolate by skull-BM
cells. The two Tyeg compartments were clearly distinct (Fig. S3]), the
meningeal population expressing relatively few transcripts specify-
ing molecules related to catabolic processes and protein transport
and enriched in transcripts encoding proteins involved in metabolic
pathways (Fig. S3I).

To explore the subtype heterogeneity of meningeal T'eg, We sort-
ed the total CD4" T cell populations from two cohorts of mice (15
and 25 individual mice) and performed scRNA-seq coupled with
scTra/b-seq. After quality control, we retained a total of 4090 CD4*
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T cells, with a mean of 2453 unique fragments per cell. Dimension-
ality reduction, unsupervised clustering, and signature overlay re-
vealed a clear group of Foxp3* Thregs (Fig. S4A), which we extracted
for downstream analyses. Re-clustering the T.g revealed three dis-
tinguishable subtypes (Fig. 2A), each with approximately equal frac-
tional contributions from the two scRNA-seq replicates (Fig. S4B).
A heatmap of the most differentially expressed genes confirmed the
cluster parsing (Fig. 2B), and the genes’ identities prompted us to
annotate the clusters “T helper (Ty)-1-like”, “T follicular regulatory
(Ter)-like”, and “quiescent.” Ty1-like Tregs express the transcription
factor (TF) Tbet and multiple interferon-stimulated genes (ISGs),
notably Cxcr3, and control Tyl, CD8" T, and NK cell responses
(35, 36). Tfr cells, expressing transcripts encoding CXCR5 and PD-1,
are generally localized in follicles or germinal centers (GCs), where
they control the magnitude and output of the local B cell response
(37, 38). The so-called quiescent cluster, typical of tissue-Tyegs, €X-
presses genes characteristic of unreactive Tregs (39, 40). The three
subtype designations were further reinforced by overlaying corre-
sponding gene signatures (19, 39, 41, 42) (Fig. 2C) or key marker
transcripts (Fig. S4 C-E) on the UMAP. Lastly, flow cytometry con-
firmed the existence of the three subtypes within the meningeal Ty,
compartment, each as a higher fraction of CD4" T cells than was
found in the spleen (Fig. 2D-F). Also consistent with the Tyg sub-
type designations is that analogous processing of the non-Te, CD4"
T cells from the same scRNA-seq cohorts yielded clear Ty1, IFN-
responsive, and Tgg clusters (Fig. S4F).

From the same two cell pools, we also obtained scTra/b sequences.
We were particularly interested in repeat sequences, defined as the
presence of two or more cells with the exact same nucleotide se-
quences encoding their TCRa and TCRp chains, suggestive of clonal-
ity. Even though we could examine sequences from a total of only 366
cells from a total of 40 mice (data file S1), making detection of repeats
rather unlikely, we observed 5.5% repeat sequences within the total
dataset. Intra-subtype sharing was restricted to the Ty1-like cluster
(Fig. 2G); in addition, a few repeat sequences were shared between
the Ty1-like cluster and the Tgr-like or quiescent clusters (Fig. 2H, I).

Meningeal T,¢qs restrain the proliferation and IFN-y
production by local lymphocytes

To investigate their function in the meninges, we performed punctual
Treg depletion in 6wk-old B6.Foxp3.Dtr* and B6.Foxp3.Dtr ™ male lit-
termates (hereafter referred to as DTR* and DTR’, respectively) by
intraperitoneal (ip) injection of diphtheria toxin (DT) on three con-
secutive days, followed by analysis 3 days after the last injection (Fig.
3A). This relatively short depletion protocol, chosen to minimize
long-range systemic influences, effectively reduced the frequency of
Tregs in the meninges (Fig. 3B) without affecting total immunocyte
numbers (Fig. 3C). Nonetheless, the fractions and numbers of aff T
and B cells increased and decreased, respectively, with no evident
changes in the frequencies of other major immunocyte types (Fig.
3D). Meanwhile, splenic immunocyte and T cell numbers remained
unchanged (Fig. S5A). Within the meningeal T cell population, both
the CD4" and CD8" fractions expanded, while the double-negative
fraction decreased (Fig. 3E). Confocal imaging of meninges whole-
mounts revealed the expanded T-cell populations to be confined to
the typical niche, accompanied by an increased MHCII signal (Fig.
3F). The B-cell loss reflected a reduction in the follicular B cell stages
(Fig. 3G; Fig. S5B). Additionally, meningeal Tyegs formed clusters in
close proximity to B cells (Fig. 3H).
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Fig. 2. Heterogeneity and clonal expansions within the meningeal T, compartment. (A-C) Merged scRNA-seq data from dura mater Tregs of 40 mice (15 weeks: n =
15, 36 weeks: n = 25). (A) UMAP plot. Percentages indicate the fractional representation of each cluster. (B) Heatmap of the 50 genes most differentially expressed by each
cluster. The 10 genes (excluding Rps genes in cluster 2) most specific are indicated to the right. (C) Expression density plots of the indicated signatures. (D-F) Flow cytom-
etry of the three meningeal Treg-subtypes’ key marker proteins. Left: representative dot plots; right: summary data. For (E) and (F) representative flow plots depict 3 sam-
ples concatenated. (G-I) scTcr-seq data from the meningeal Treq-subtypes. (G) Pie-charts showing the proportion of clonally expanded cells in each cluster. Individual
clones are depicted by different colors; non-expanded clones are in gray. (H) Bar plot showing the clonal overlap between the various clusters. x-axis: clone names: y-axis:
number of Treqs Of that particular clone. Bar colors correspond to the clusters of (A). (I) Expanded TCR clones situated on the UMAP plot from (A). UMAP, Uniform Manifold
Approximation and Projection; Tfr, T follicular regulatory cell; Th1, T helper1; M, meninges; S, spleen; IC, isotype control; FMO, fluorescence minus one. Mean + SEM, p-
values as per Fig. 1. Mean + SEM; p-values as per Fig. 1 by unpaired Student’s t test [(D-F)]. Summary plots show data pooled from >2 independent experiments.
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We examined the Ty.,-depleted meningeal environment more
comprehensively via whole-tissue RNA-seq of DTR” and DTR™ lit-
termates. Meninges lacking T'.g, were enriched in IFN-response sig-
natures (both type I and II), while showing reduced expression of
genes related to brain development (e.g. lower expression of Lrp2,
Nrxnl, Ins2, Unc5c, Foxcl) (Fig. 31, J). To confirm IFN induction and
identify putative IFN-producing cells, we cytofluorometrically quan-
tified meningeal cells expressing IFN-y and other lineage-defining
cytokines from DTR" and DTR* mice (Fig. S5C). After Ty depletion,
immunocytes expressing IFN-y, but not those making the other cyto-
kines examined, were enriched in the meninges (Fig. 3K). Foxp3
CD4" conventional T (Tconv) cells and CD8" T cells were the major
producers of IFN-y in both the presence and absence of Tiegs; loss of
Thregs further increased IFN-y production by CD4" Tconv and NK
cells, although the contribution of NK cells remained low (Fig. 3L).
Neither the fraction of Ty17 cells nor that of IL-17-producing ydT
cells was increased in the meninges in the absence of Tregs (Fig. 3M).

To address whether meningeal Tiegs drove these effects, we first
injected an anti-CD25 monoclonal antibody (mAb) or an irrelevant
anti-IgG control mADb into the cisterna magna and performed whole-
tissue RNA-seq 72 hours later. Anti-CD25 injection is an alternative
method to deplete Treg (at least those that are CD25™) [e.g. (43-45)];
intracisternal injection allows preferential delivery to the meninges
while minimizing systemic spread (however, technical limitations
permit only a single injection). CD25 was expressed on ~50-70% of all
meningeal-Tg subtypes (Fig. S5D) and none of the IFN-y—producing
cell types in the meninges expressed high levels of CD25 (Fig. S5E). In
any case, ablation of such effector cells would have an opposite, anti-
inflammatory, effect. As previously described, this protocol did not
change total Ty numbers but completely eliminated the CD25* Treg
component (determined using a different, non-competing anti-CD25
mAb) (Fig. S5F). Nonetheless, this method of Ty, ablation also elic-
ited a clear response to IFN-y in the meninges (Fig. S5G, H).

As a second approach, exploiting up-regulation of MHCI as a
marker of IFN-y sensing, we compared the time course of IFN-y re-
sponsiveness in the meninges and spleen (Fig. S5, J). In the meninges,
up-regulation of MHCI expression was evident on both immunocytes
and stromal cells by 24 hours after the first DT injection, while in the
spleen, up-regulation was observed only at 72 hours [consistent with
(46)] and only on stromal cells (Fig. S5K). Along with the short deple-
tion protocol we employed, these two sets of findings argue that the
punctual ablation of meningeal Tegs incited a local response, and the
resulting immunological changes did not simply reflect systemic ef-
fects ensuing from loss of the circulating Treg pool.

Tregs inhibit lymphocyte invasion of the brain parenchyma
Immunocytes within the dura mater, especially T cells, have a direct
route of communication with the brain parenchyma (2). Moreover,
the meninges are indispensable for proper brain function (47), with
intrinsic roles in B cell differentiation (48, 49), innervation (50), and
defense against pathogens (50, 51). Thus, we examined how the brain
is affected by our previously employed punctual T\, depletion pro-
tocol. More CD45™ cells, particularly afT and NK cells, were found
in the brain parenchyma of perfused DTR* than DTR  mice (Fig. 44,
B). There seemed to be no preference for CD8" vs CD4* T cells (Fig.
S6A, B). Residual contamination by circulating cells (identified by
intravascular labelling of blood cells with a fluorescent anti-CD45
mADb (52)) was limited to just 9.7% and 12.1% CD457 cells in the
parenchyma and meninges, respectively (Fig. S6C).
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To study the effects of Tyy depletion on brain T cells, we per-
formed confocal microscopy on sections from four brain regions: the
hippocampus, cingulate cortex, cortex region overlying the hippo-
campus, and thalamus (Fig. 4C). Ablation of T\ resulted in more T
cell accumulation in the hippocampus and, to a lesser extent, in the
cingulate cortex but not in the other two brain regions examined (Fig.
4D). The T cells were scattered throughout the hippocampus (Fig.
4E). We also stained brain sections with a mAb recognizing cFos, an
immediate-early marker of cell activation and thereby neuronal activ-
ity (53). cFos* cells were reduced in the hippocampus as a whole and
in the cortex just above it but were specifically increased in the den-
tate gyrus (DG) of the hippocampus, a major site of adult neurogen-
esis (Fig. 4F; Fig. S6D).

For a comprehensive view of brain changes following T\, deple-
tion, we performed whole-tissue RNA-seq on four dissected brain re-
gions: the cortex, hippocampus, thalamus plus hypothalamus (T&H),
and cerebellum (Fig. 4G). Primarily in the hippocampus (Fig. 4H, I),
but also to a lesser extent in the T&H and cortex regions (Fig. SEE, F),
there was an increase in IFN-y signaling pathways. In stark contrast,
the cerebellum did not show an enrichment in these gene sets (Fig.
S6E, F) even though transcripts encoding IFN receptors were amply
expressed throughout the brain (Fig. S6G). Consistent with a localized
induction of IFN-y signaling pathways, the response of both total and
IFN-y-induced transcripts to punctual loss of Tregs in the meninges vs
hippocampus revealed the former to temporally precede the latter
(Fig. S6H). Hippocampi from DTR* mice also showed an enrichment
for gene signatures indicative of reactive and disease-associated glia
(54-57) coupled with a reduction in signatures associated with my-
elination, neuronal differentiation, and neurogenesis (Gfap, Sox2, Ascll,
Hes1, Wnt2) (Fig. 4], Fig. S6I).

We employed several experimental approaches to examine the
route by which T cells enter the brain upon Tz depletion. First, the
size of DT (~58 kD) should prevent it from penetrating the brain via
the blood/brain barrier (BBB), arguing against a purely local effect
due to a loss of the very few brain Treg. In fact, brain T numbers
were not reduced with our Treg-ablation protocol; rather they were
increased, likely in response to the local inflammation (Fig. S7C).
Second, we employed dyes of three different sizes — Evans blue (~960 D
alone, ~67 kD when bound to albumin), FITC-Dextran (40 kD),
and FITC-Dextran (70 kD) - to assess levels of BBB permeability.
No BBB impairment was detected either in the whole brain paren-
chyma or the hippocampus (Fig. S7A, B). Third, we evaluated the
contribution of T cells circulating through peripheral lymphoid or-
gans by blocking their egress with FTY720, a functional antagonist
of the S1P receptor. FTY720 prevented T cell accrual in the brains of
DTR" and DTR mice to a similar degree (60-65%) (Fig. S7D, E),
indicating that some brain T cells could infiltrate from the circula-
tion, either directly or via the meninges, in response to Treg ablation
but that such recruitment was similar to that during homeostasis.
Lastly, we examined the velum interpositum (VI), a double-layered
invagination of the pia mater under the hippocampus known to be a
site of immunocyte trafficking during inflammation (58). T cells were
almost never found in the VI of DTR™ mice but were readily ob-
served in parallel sections of their DTR™ littermates (Fig. S7F).

The signals guiding T cell infiltration into the brain parenchyma
remain unclear. Interestingly, we found that transcripts encoding
CXCL14, a chemokine implicated in brain invasion by T cells dur-
ing viral infections, stroke, and tumors (59-61), was upregulated in
the hippocampus, primarily by astrocytes and RGL cells (Fig. S7G).
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Thus, meningeal Ty serve as gatekeepers to the brain parenchyma.
In their absence, lymphocyte invasion of the brain occurs, likely by
multiple routes.

Tregs restrain glial cells in the hippocampus

Hippocampal glial cells, both microglia and astrocytes, are vital for
brain development and function (62), including removal of newborn
neurons undergoing apoptosis, regulation of the survival and prolif-
eration of new neurons, regulation of neuronal stem-cell prolifera-
tion and differentiation (63) and control of memory formation (64-66).
To explore the state of glia after punctual Ty; depletion (as per Fig.
3A), we performed confocal microscopy on dentate gyrus sections.
Ibal* microglia acquired the morphology of activated cells, with re-
duced arborization, including fewer branches and processes per cell,
fewer branches per process, and shorter processes (Fig. 5A). The high
abundance and low heterogeneity of adult hippocampal microglia
(67) permitted us to sort them from DTR” and DTR littermates and
perform population-level RNA-seq. We observed over-representation
of both disease-associated (56) and damage-associated (57) microg-
lia signatures in microglia from DTR* mice (Fig. 5B). In addition,
pathway analysis showed an enrichment for terms related to anti-viral
responses, cytokine secretion, and responses to IFN-y (Fig. S8A).
GFAP* astrocytes in the hippocampus exhibited a parallel reduction
in arborization in Tres-deficient mice (Fig. 5C), suggesting wide-
spread glial activation in the hippocampus.

We also performed scRNA-seq analysis of the hippocampus from
DTR and DTR* mice (in duplicate), excluding mature neurons
(Thy1+) and microglia (CD45%) so as not to obscure differences in
rarer cell types. After quality control, we retained a total of 10,234
cells with an average of 2,182 unique transcripts per cell. Dimension-
ality reduction, unsupervised clustering, and signature analysis re-
vealed all of the major cell types known to participate in the neuronal
stem-cell niche (68) (Fig. 5D) in both conditions (Fig. 5E). Although
the same cell types were present in hippocampi from DTR™ and
DTR™ mice, their distribution differed in the absence of Theg, the
hippocampus showing an increase in astrocytes and oligodendrocyte
precursor cells (OPCs), the latter in association with a reduction in
oligodendrocytes (Fig. 5E).

Re-clustering of the astrocytes revealed four subtypes (Fig. 5F),
the validity of which was confirmed by a heatmap of the twenty
genes most differentially expressed by each subcluster (Fig. S8B).
Given the identity of differentially expressed genes among subclus-
ters, we termed the four subtypes: immature, pro-neurogenic, reac-
tive, and active, as per (69, 70). Upon punctual Ty, ablation, the
hippocampal astrocyte landscape evolved from primarily immature
and pro-neurogenic to reactive (Fig. 5G). An analogous procedure
was applied to the OPC cluster, yielding two previously characterized
subtypes: pro-myelinating (OPC2s) and pro-inflammatory (OPCls)
(71) (Fig. 5H, Fig. S8C, D). Loss of Tregs provoked a switch to the pro-
inflammatory phenotype (Fig. 5I). Thus, Treg promote an unreactive
glial landscape in the hippocampus at homeostasis.

Tregs regulate hippocampal neurogenesis

The hippocampus is one of the few brain regions where new neu-
rons are generated in adult mice and humans (72, 73). Hippocampal
neurogenesis is required for effective learning and memory forma-
tion throughout adulthood (74, 75). Hippocampal pluripotent pro-
genitors, i.e. radial-glia-like (RGL) cells, reside in the subgranular
zone (SGZ) of the DG (Fig. S9A). As they differentiate into neurons,
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RGL cells proliferate and migrate axially, becoming intermediate
progenitor cells for neurons (nIPC). nIPCs migrate vertically into
the granular cell layer (GCL), where they are known as neuroblasts.
Neuroblasts undergo a complex series of changes that resolves in
either cell death or integration into the neuronal circuitry (72, 76).

Re-clustering neuronal cells from the scRNA-seq data of Fig. 5D
revealed 5 subtypes: early progenitors, proliferating IPCs, nIPCs,
neuroblasts, and a few contaminating OPCs (Fig. S9B). Loss of Tregs
(in DTR* mice) resulted in a very slight decrease in early progenitor
cells and a small increase in nIPCs (Fig. S9B). The transcriptomes of
the various subtypes were very similar in the presence and absence
of Tregs (Fig. S9C); although, suggestively, cells from the early-
progenitor or nIPC clusters of DTR™ mice showed small reductions
in several transcripts encoding proteins crucial for stem-cell identi-
ty (e.g. Sox9, Hesl, Fezf2, Neurodl, Hmgn2) (74, 77-81), differences
that were no longer evident at the neuroblast stage.

To more precisely examine potential changes undergone by early
neural progenitors in the absence of T\egs, we re-clustered them in
isolation, yielding three discernable and replicable subtypes (Fig.
S9D, E). A heatmap of the most differentially expressed genes con-
firmed the clustering (Fig. S9F), and the gene identities prompted us
to designate the subtypes “RGL cells,” “activated neural stem cells”
(aNSCs), and “quiescent neural stem cells” (QNSCs). These designa-
tions were supported by heatmaps of transcripts encoding the key
RGL cell identifiers, Gfap and Sox2 (Fig. S9G), and by overlaying
published signatures of gNSCs and aNSCs (82) on the UMAP (Fig.
S9H). RNA-velocity analysis suggested with high confidence that
RGL cells could differentiate into either gNSCs or aNSCs in the pres-
ence of Tregs (Fig. SIL, left), as has been reported (82), which was
further supported by Partition-based Graph Abstraction (PAGA)
(Fig. S9L, left). Punctual ablation of Tregs, resulted in loss of most of
the velocity vectors (and, consequently, loss of directional confi-
dence), suggesting a block of both of these differentiation routes (Fig.
S9I, right), Consistent with this finding, the biggest change in the
RGL-cell compartment subsequent to Ty, ablation was an increase
in the fraction of Gfap*Sox2* progenitor cells (Fig. $9]). In addition,
the transcriptomes of hippocampal RGL cells from Treg-depleted
mice were relatively enriched in transcripts associated with aerobic
respiration [a feature of NSC activation (72, 83-85)], stress, and apop-
tosis. They also expressed low levels of transcripts associated with
evolving RGL cells, such as radial-glia-like cell differentiation and
gliogenesis (86, 87) (Fig S9K). Gene-Set-Enrichment analysis (GSEA)
confirmed this reduction in pathways associated with neurogenesis
and gliogenesis in RGL cells from mice lacking Tcgs (Fig. SOL). No-
tably, these pathways did not come up when comparing 10 randomly
re-shuffled datasets.

Tregs Protect RGL cells from IFN-y-induced death and
promote short-term memory

As an orthogonal approach to validate the observed changes in neu-
rogenesis after Tr; depletion, we performed quantitative stereologi-
cal imaging of the DG, examining both the SGZ, which encompasses
RGL cells, and the GCL, which hosts immature and mature neurons
(Fig. 6A). There was no evidence of macro-morphological abnor-
mality in the absence of Ty as we did not observe any differences in
either GCL volume (Fig. 6B) or SGZ area (Fig. 6C). There were also
no significant differences in the number of immature (DCX+) neu-
rons (Fig. 6D, Fig. S10A), and only a small increase in cellularity of
the GCL zone (mostly mature neurons) (Fig. 6E). Focusing on the
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Fig. 5. Tregs control hippocampal glial cells. (A) Left: representative confocal images of DG microglia (Iba1+); right: summary quantification of classical morphological
changes in activation. n = 5. (B) “Activation upon demyelination” (56) (top) and “Disease-associated” (55) (bottom) microglia signatures are red-highlighted on a volcano
plot comparing transcripts expressed in sorted hippocampal microglia from DT-treated DTR- versus DTR+ mice. Duplicate samples. (C) Same as (A), but with images of
astrocytes (GFAP+). (D-1) scRNA-seq analyses of dissected hippocampal cells depleted of mature neurons (Thy1+) and microglia (CD45+). Duplicate samples. (D) UMAP
representation. (E) Normalized local cell densities on the UMAP space from DTR- (left) or DTR+ (center) mice. Density differential map between the two genotypes (right).
(F) UMAP representation of re-clustered astrocytes (light green) from (D). (G) Same as (E) except specifically for the astrocyte cluster (light green) in (D). (H-1) Same as
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Mean + SEM; p-values as per Fig. 1, by unpaired Student’s t test [(A), (C)] or chi-square test [(B)]. Summary plots show data pooled from >2 independent experiments.
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SGZ, we found more RGL cells (SOX2TGFAP") in DTR" mice (Fig.
6F), consistent with our scRNA-seq data (Fig. S9]). Such an increase
in RGL cells without changes in immature neurons prompted us to
assess their state. There were more dead cells (Fractin®) in the SGZ of
DTR" mice (Fig. 6G), but no increase in proliferation [phosphory-
lated histone (pH)3"] (Fig. 6H). This observation was substantiated
by scRNA-seq data demonstrating an increase in transcripts encod-
ing pro-apoptotic BAX in the absence of Treg, with no change in tran-
scripts specifying anti-apoptotic BCL2 (Fig. 6I) nor enrichment of
proliferation signatures (Fig. S9K). Flow-cytometric analysis (Fig.
S10B) also confirmed that RGL cells (CD45 SOX2%) from DTR"
mice were more frequently undergoing apoptosis (Annexin-V* and
cleaved-caspase-3*) in the absence of Tregs (Fig. 6]), a change not
compensated for by increased proliferation (Fig. 6K). More mature
neurons showed the opposite dynamics (CD45 SOX2") (Fig. 6E, Fig.
S10C, D). Importantly, there was a significant negative correlation
between the fraction of Tregs in the meninges and the fraction of dead
RGL cells in the hippocampus (Fig. 6L).

The other major adult neurogenic niche is located in the ventricular-
subventricular zone (V-SVZ), which plays a crucial role in generating
new olfactory neurons (88). Following T ablation, there were no
significant changes in the frequency or cell death of NSC or neural
progenitor populations (B1 or B2 cells), nor of mature neurons and
their niche (C or ependymal cells) in the V-SVZ (Fig. S10E, F). Addi-
tionally, there was no evidence of T cell infiltration within the V-SVZ
(Fig. S10G), emphasizing once again the localized nature of the chang-
es following punctual loss of Treg.

Because loss of Tyegs resulted in a strong enrichment of IFN-y sig-
naling pathways in the hippocampus, we questioned whether IFN-y
was involved in neuronal cell death. IFN-y has been reported to have
a concentration-dependent effect on RGL cells, mostly in in vitro set-
tings (13, 29, 85, 89-94). Hippocampal RGL cells expressed both
subunits of the IFN-vy receptor (Fig. S10H). Furthermore, IFN-y re-
sponse genes were specifically enriched in the RGL-cell cluster of
Fig. S9D (Fig. S10I). We co-administered an anti-IFN-y mAb or an
irrelevant anti-IgG control mAb 8 hours before the first DT injection
of the Tyeg ablation protocol and then every other day until day 5.
Neutralization of IFN-y was indeed able to reduce the fraction of
dead RGL cells in the hippocampus to the levels of T -replete mice
(Fig. 6M), without affecting death of non-RGL cells (Fig. S10]). De-
spite the ability of anti-TFN-y to curb death, the CD4" and CD8" ef-
fector T cell populations still expanded in the meninges (Fig. S10K-L)
and in the hippocampus (Fig. S10M), indicating that expansion of
T effector cell populations was [FN-y-independent. To determine
whether IFN-y had a direct impact on RGL-cell survival, we gener-
ated neurospheres from the hippocampus of 3 to 10-day-old mice
(95, 96). When rIFN-y was added at the initiation of neurosphere
formation, there was a dose-dependent reduction in live RGL cells
(Fig. S10N, O) as well as the appearance of dead-cell blebs a week
later (Fig. S10Q), likely signaling a reduction in the initial pool of
hippocampal RGL cells. Parallel results were obtained when pre-
formed neurospheres were treated with rIFN-y (Fig. S10P).

Lastly, we examined whether the inhibition of RGL-cell differen-
tiation provoked by loss of T4 had a functional impact on the hip-
pocampus. Short-term spatial-reference memory, which is dependent
on the hippocampus (74), was tested by placing a mouse in a Y-maze
with one arm closed off during a training period. After a resting pe-
riod, the mouse should remember which arm it already explored and
visit it less frequently than the unexplored arm. Whereas DTR™ mice
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did enter the novel arm more often, DTR* mice did not show a sig-
nificant preference, indicating an inability to remember what they
had previously explored (Fig. 6N). Surprisingly, this defect was main-
tained for at least 8wks after Tz depletion, demonstrating that the
functional damage to the hippocampus endures over time (Fig. 60).
At neither timepoint was there a change in locomotion in the ab-
sence of Tregs (Fig. S1I0R).

Tegs control IFN-y levels by depriving T and NK effector

cells of IL-2

We next addressed the mechanism(s) underlying T control of T- and
NK-cell activities in the meninges and brain parenchyma, in particular
their production of IFN-y. We previously reported that punctual de-
pletion of local T4 unleashes proliferation of, and IFN-y production
by, NK and T cells in the pancreatic islets by depriving effector cells of
IL-2 via CD25-dependent competition (97). We hypothesized that a
similar process could occur in the meninges upon Tz depletion. In
support of this notion, near-total ablation of CD25" Tregs using an anti-
CD25 mAb (with a much milder effect on total T g numbers) induced
a meningeal IFN-y response that closely mimicked that achieved by
punctual depletion of the entire Tyeg compartment (Fig. S5D-F).

IL-2 binding activates a STAT5-directed transcriptional program
(98). Staining meningeal immunocytes from wild-type mice revealed
frequent expression of phosphorylated STAT5 (pSTAT5) by CD4*
Tconv, CD8" T, NK and B cells, suggestive of IL-2 sensing, but not by
y0T cells or MFs. Littermates punctually depleted of Tyegs showed in-
creased pSTAT5-positivity for only CD4* Tconv, CD8" T, and NK
cells, pointing to an IL-2 boost (Fig. 7A). This interpretation was sup-
ported by the induction of a previously published IL-2-response signa-
ture in NK cells and CD4" Tconv cells 24 hours after a single injection
of DT into Foxp3.Dtr".Gfp™ mice (Fig. SI1A), less strongly for the
T cells likely due to their slower activation kinetics (99, 100).

If Treg control of IL-2 availability is indeed important for guarding
homeostasis of the meningeal immune system, co-incidental Tyg de-
pletion and neutralization of IL-2 should prevent the usual expansion
of and IFN-y production by meningeal T and NK cell populations.
Neutralization of IL-2 in the presence of Tregs (as per the protocol de-
picted in Fig. 7B) did not significantly change the numbers of total
meningeal Tregs (Fig. S11B), total immunocytes (Fig. S11C), or any
lymphocyte subset examined (Fig. 7C). In contrast, neutralizing this
cytokine in littermates concomitantly depleted of Tegs strongly re-
duced expansion of the total, CD4* Tconv and CD8" T cell popula-
tions (Fig. 7C). Similarly, neutralization of IL-2 in mice hosting Treg
had little effect on immunocyte accumulation within the brain paren-
chyma, while it inhibited the typical expansion of brain CD8" T and
NK populations in Trg-deficient littermates (Fig. 7D and Fig. S11D,
E). IL-2 neutralization also reduced the death of hippocampal RGL
cells following T, depletion (Fig. 7E) without impacting their cell-
cycle entry (Fig. 7F). In addition to the lack of an anti-IL-2 effect in
Treg-replete mice, the specificity of these observations is supported by
the absence of splenic T and NK population expansion in anti-IL-2-
treated Treg-deficient mice (Fig. S11F-H).

Injection of IL-2/anti-IL-2 complexes containing the antibody
clone S4B6 has been shown in several systems to highly preferentially
agonize the low-affinity IL-2R dimer expressed by CD4* Tconv, CD8"*
T and NK cells but not the high-affinity IL-2R trimer expressed pri-
marily by Tregs (97, 98, 101); in contrast, injection of IL-2/anti-IL-2
complexes containing the antibody clone JES6 better agonizes CD25-
containing IL-2R, thereby preferentially expanding T populations
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Fig. 7. Dura mater IL-2 availability is fine-tuned by Tegs. (A) Frequency of pSTAT5+ select immunocyte populations in mice with or without T,.q depletion. n > 8 (B-F)
Flow-cytometric quantification of DTR* and DTR” male littermates (6-7wks old) ip-injected with DT and anti-IL2 or isotype control mAb. n > 5. (B) Anti-IL2 blocking proto-
col and schematic of the different conditions. (C) Numbers of select meningeal immunocyte populations (top) and T cell subsets (bottom). (D) Same as (C) except for the
brain parenchyma. (E) Frequency of Annexin-V* hippocampal RGL cells. (F) Frequency of Ki-67* hippocampal RGL cells. (G-P) Flow-cytometric analysis of the duramater
and brain parenchyma of B6 WT littermate males (6 — 7wks old) after ip-injection of PBS (black), JES6-containing complex IL2 (cIL2) (gray) or S4B6-containing clIL2 (white).
n > 14. (G) Schematic representation of the both cIL2 and their target cells (H) Percentage of meningeal Tregs. (I) Total meningeal immunocyte counts. (J) Percentage of
meningeal select immunocyte populations (left) and T cell subsets (right). (K) Percentage of IFN-y" immunocyte populations. n > 10. (L) Total brain immunocyte counts.
n > 10. (M) Same as in (1) except for the brain. n > 10. (N) Same as in (J) except for the brain. n > 10. (O) Frequency of Annexin-V" hippocampal RGL cells. n > 10. (P) Fre-
quency of Ki-67* RGL cells. n>10. Mean + SEM, p-values as per Fig. 1, by unpaired Student’s t test [(A)], one-way ANOVA [(E), (F), (H), (1), (L), (), (P)], two-way ANOVA
[(C), (D), (J), (K), (M), (N)]. For simplicity, only relevant statistical differences are shown. Summary plots show data pooled from >2 independent experiments.
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(Fig. 7G). Indeed, the meningeal Tre; pool was not expanded 3 days
after injection of IL-2/S4B6 complexes but was increased by parallel
injection of IL-2/JES6 complexes (Fig. 7H). In contrast, there was a
large increase in total meningeal immunocytes after injection of
S4B6-containing, but not JES6-containing, complexes (Fig 71), the
largest changes being among T and NK cells (Fig. 7]). There was also
a striking increase in the fractions of T and NK cells expressing IFN-y
(Fig 7K). The brain parenchyma showed parallel changes with IL-2/
S4B6 vs IL-2/JES6 complex injection: more total immunocytes (Fig.
7L), particularly T and NK cells (Fig. 7M) and an expansion of the
IFN-y" T and NK populations with S4B6-containing complexes (Fig.
7N). Moreover, there was more hippocampal RGL-cell death after in-
jection of S4B6-containing complexes, with no changes in the fraction
of dividing cells (Fig 70, P).

On the basis of these experiments, we propose the following sce-
nario (Fig. $12): In unperturbed wild-type mice, meningeal T\,
keep the activation, proliferation, IFN-y production and parenchy-
mal infiltration of T and NK cell effectors in check by out-competing
them for limiting amounts of the growth and survival factor, IL-2.
Upon punctual loss of Ty, T and NK populations become acti-
vated, rapidly expand, and potently produce IFN-y. They also de-
velop the capacity to invade the brain parenchyma, where they
activate glial cells, especially in the hippocampus, and promote
death of hippocampal RGL cells, likely both directly and indirectly,
thereby compromising their differentiation and short-term spatial-
reference memory.

DISCUSSION

Several studies over the past several years have revealed the richness
of the meningeal immune system in mice and have uncovered the
important roles they can play in brain responses to aging, injury, or
infection (34, 102). Most of these explorations concentrated on the
cellular and molecular impacts of various myeloid (MF) or lymphoid
(T or B cell) effector populations. Our study, in contrast, focused on
an essentially uncharacterized population of meningeal Ty and the
regulatory mechanisms they mobilize to safeguard brain homeosta-
sis at steady state.

Besides controlling meningeal immunocyte responses, including
impeding their access to the brain parenchyma, Ty exerted wide-
spread influences on the hippocampus. Upon acute loss of Teg, the
entire hippocampal region switched to a reactive, pro-inflammatory
state, without evidence of the compensatory dampening mechanisms
reported to arise in more progressive brain insults (57, 103-105).
RGL cells underwent the most dramatic changes, including differen-
tiation blockade and death induction. To some extent, these effects
may have resulted from the profound changes in glial cells known to
promote neurogenesis (68, 106-108). As discussed below, the RGL-
cell changes almost certainly also reflected direct influences of IFN-y.
Regardless, T\g depletion appeared to leave a “scar” in the hippocam-
pus, leading to a persistent functional defect in short-term memory
formation. Notably, a pattern of hippocampal changes very similar to
that induced by punctual ablation of Tyees was recently observed in
several human neurodegenerative diseases (73).

How do meningeal T supervise the RGL cell niche? Com-
pared with their lymphoid-organ counterparts, meningeal Tregs
preferentially express a number of transcripts encoding proteins ca-
pable of influencing neurogenesis and brain function: 1110, Wnt3,
Hpgds, Psap or Ptgs1, amongst others (24-27, 109). And, there is
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precedent for meningeal cytokines diffusing into the brain and hav-
ing profound impacts on cognitive behavior (8-11, 16, 17). Howev-
er, our data highlight a different scenario: meningeal T'g kept local
IFN-y-producing T and NK cells in check. Punctual ablation of
Thregs led to rapid production of IFN-y in the meninges, which ulti-
mately resulted in RGL-cell death and sustained defects in neuro-
genesis within the DG.

The mechanisms(s) by which effector lymphocytes accumulate
in the brain parenchyma upon T, depletion seem complex and
their definitive elucidation will almost certainly require sophisticat-
ed experimentation. Here, we established that the proliferation of
brain effector lymphocytes in response to depletion of Tregs in their
vicinity or the loss of BBB integrity were probably not major ele-
ments. Instead, recruitment of circulating cells, either directly or by
way of the meninges, and migration from the meninges to the hip-
pocampus through the VI were likely to be involved.

We were struck by the similar profile of immunocytes that in-
filtrated the hippocampus (or the brain more generally) in the
Treg-depletion model and that reported to occur with aging or neu-
rodegeneration in mice and humans. Like the loss of Treg, aging is
associated with increased levels of IFN-y (110), coupled with T and
NK cell invasion of the brain parenchyma (111-113). Relatedly, T
cells have been increasingly implicated as key pathogenic agents in
human and mouse neurodegenerative diseases such as Parkinson’s
disease, Lewis body dementia, and AD (114-118). For example, in
a mouse model of AD, T cells, especially CD8* T cells, producing
IFN-v infiltrated the brain parenchyma, in particular the hippocam-
pus, and were a major driver of disease progression (116). Intrigu-
ingly, in AD patients, Tyeg were one of the immunocyte subsets
collected from the cerebrospinal fluid that was most changed in
comparison with those from healthy controls (119). But how and
why these pathogenic, clonally expanded T cells access the brain pa-
renchyma has remained unclear.

The fact that many of our experiments entailed organismal de-
pletion of Foxp3* cells raises the question of whether the effects we
observed primarily reflect a local or systemic loss of Tregs. Several
observations argue that depletion of Ty in the meninges was re-
sponsible for the defects manifest in mice rendered T .g-deficient
via our standard protocol. First, we performed assays quite a short
time after the depletion protocol in order to mitigate systemic ef-
fects. Second, injection of an anti-CD25 mAb into the cisterna
magna, a means to remove Tregs that is less inflammatory (44) and
is meninges-preferential (33), provoked meningeal changes very
similar to those observed upon DT-mediated T depletion. Third,
a very early time course analysis revealed a meningeal response to
IEN-y that was earlier and encompassed more cell types than did
the splenic response (as a systemic-response indicator). And, lastly,
perturbations of the brain parenchyma were localized to specific
functional regions, notably the hippocampus, and were absent from
others, e.g. the cerebellum. A striking illustration of this point were
the effects on adult neural stem/progenitor cells in the hippocampal
but not V-SVZ niche. Nonetheless, we cannot completely rule out
any systemic effects from the Ty.s-depletion protocol, via circula-
tion of either cells or mediators. Nor can we completely rule out
an input from the leptomeninges or choroid plexus, although this
seems unlikely given that they host much fewer (15-fold and 29-
fold less, respectively) Tregs than the dura does. Regardless, the sa-
lient finding of our study is that Treg safeguard brain homeostasis
in healthy mice.

130f 18

G20z ‘0T Afeniged uo AsieAIUN peAkeH e 610°80us 105 MMmM//Sdny LWoJ) pepeojumod



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

MATERIALS AND METHODS

Study design

This study aimed to assess the role of regulatory T cells (Tregs) in the
dura mater of the mouse meninges in maintaining brain homeosta-
sis. We employed confocal imaging, flow cytometry, population-level
RNA-seq and single-cell RNA/Tra/b-seq of meningeal Ty, to explore
their representation, phenotype, putative functions and heterogene-
ity. Then we used an acute depletion system to remove T g and ex-
amine the effects in the meninges and brain parenchyma. Finally, we
performed loss-of-function experiments, using blocking antibodies
(anti-IFN-y and anti-IL-2), and gain-of-function experiments, using
complexes of antibodies and recombinant cytokines (cIL2), to dissect
how Ty exert their effects. Sex- and age-matched littermates were
assigned randomly to groups. This study was not blinded. Each ex-
periment was repeated at least two, usually three, times. Experimen-
tal and sample replicates as well as types of statistical analyses for
each experiment are stated in the corresponding figure legends.

Mice

Foxp31RES’GF P (termed B6.Fox 367 here) mice (120) were obtained
from V. Kuchroo (Brigham and Women’s Hospital, Boston, MA), while
Foxp3D R (termed B6.FoxP3P" here) mice (46) came from A. Rudensky
(Memorial Sloan Kettering Cancer Center, NY, NY). 6wk- to 7wk-old
male mice were used for all experiments unless otherwise specified.
For RNA-seq experiments, 6wk- or 15wk-old male mice were used.
Mice were housed in our specific-pathogen-free facility at Harvard
Medical School (HMS). For the time course experiment, 3wk-, 52wk-,
and 72wk-old C57BL/6] (B6) mice were purchased from the Jackson
Laboratory and acclimated in our facility for at least 3 wks. Balb/c],
NOD/Shilt] and C3H/HeJ mice were purchased at 3 wks of age from
Jackson Laboratory and acclimated in our facility for at least 3 wks. All
experiments were conducted under a protocol (#IS00001257) ap-
proved by HMS’s Institutional Animal Care and Use Committee.

Mouse treatments

For all the experiments, mice were intracardially perfused with at
least 35 mL of cold phosphate-buffered saline (PBS) before harvesting
tissues. For Treg ablation, B6.Foxp3Dtr+ mice and B6.Foxp3Dtr- lit-
termates received 20 ng/g DT (Sigma) i.p. for 3 days. Intravascular
immunocyte labeling followed established protocols (52): mice were
anesthetized, injected intracardially with 25 pL (5 pg) anti-CD45 PE
mAb (BioLegend), and blood collected 3 min later to confirm label-
ing. Mice were then perfused and tissues harvested.

For IFN-y neutralization, mice received 250 pg i.p. anti-IFN-y
mAb (BioLegend, Ultra-LEAF purified XMG1.2) or IgGlk isotype
control every 48 hr, starting 8 hr before DT injection. For IL-2 neu-
tralization, mice received 100 pg i.p. anti-IL-2 mAb (BioLegend
Ultra-LEAF purified, JES6-1A12,) or IgG2ak isotype control daily,
starting 6 hr before DT injection. IL-2-anti-IL-2 complexes were
prepared by incubating IL-2 (PeproTech) with anti-IL-2 antibod-
ies JES6-1A12 (5 pg/0.5 pg) (121) or S4B6 (50 pg/5 pg; BD or
BioXcell) (97), on ice for 30 min, resuspended in 100 pL PBS, and
injected i.p. To block lymphocyte egress, mice received 1 mg/kg i.p.
FTY720 (Cayman Chemical) 6 hr before DT injection and daily
thereafter (39).

Intracisterna-magna injections

Injections into the cisterna magna were used to deliver 2.5 pg anti-
CD25 mAb (BioLegend, Ultra-LEAF purified PC61) or an isotype
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control mAb (Biolegend, Ultra-LEAF purified rat IgG1A) into the
subarachnoid space in order to deplete meningeal Tyegs. The proce-
dure was performed as previously described (50).

Isolation of leukocytes from dura mater, leptomeninges, and
choroid plexus dissection and digestion

All steps were performed on ice or cold blocks to preserve tissue qual-
ity. After perfusion, the bottom of the skull was removed to expose
the brain parenchyma, and the brain was carefully extracted. Skull-
caps with adhered meninges were stored in cold RPMI-1640 medium
(Thermo Fisher) with 2% FBS until dissection. Dura mater was peeled
from the skull under a dissecting microscope and digested in 2 mL
RPMI with 2% FBS, 0.1 pg/mL DNAse I (Sigma), and 0.5 mg/mL col-
lagenase P (Roche) at room temperature (RT) with shaking for
45 minutes. Digested samples were filtered through 100 pm strainers
(Falcon) pre-wet with RPMI/FBS to reduce stickiness, using pre-
coated pipette tips for disaggregation. Filters were washed twice with
15 mL RPMI/FBS, and cell suspensions were centrifuged at 520xg for
6 minutes. Pellets were resuspended in RPMI/FBS to the desired vol-
ume for downstream applications.

Skull bone marrow dissection

After meninges removal, skullcaps were placed in 1.5 mL Eppendorf
tubes with 1 mL RPMI/FBS, finely chopped, and filtered through
70 pm strainers to remove bone fragments. The samples were washed
with 10 mL RPMI/FBS, centrifuged at 520xg for 5 minutes,
subjected to red blood cell lysis (Gibco), and washed again with
10 mL RPMI/FBS.

Spleen preparation

Immunocytes were isolated by mechanical disruption, followed by
red blood cell lysis, filtration through a 40 pm strainer, and washing
with 10 mL RPMI/FBS.

Brain dissection and digestion

Brains stored in cold HBSS (Gibco) were placed on ice to minimize
cell death. Whole-brains (minus cerebellum) were minced with a
blade on an ice-cold Petri dish, collected in HBSS, and centrifuged at
500xg for 5 minutes. After decanting the supernatant, 4 mL of pre-
warmed digestion buffer (RPMI, 10 mM HEPES, 0.5 mg/mL Colla-
genase IV [Gibco], 0.6 mg/mL DNase I [Sigma]) was added, and
samples were incubated at 37°C with constant agitation for 45 min-
utes. Samples were centrifuged (500Xg, 5 minutes), the supernatant
decanted, and the pellet resuspended in 2 mL cold FACS buffer (PBS,
2.5% FBS, 2 mM EDTA, 0.1% sodium azide). Tissue was triturated
with a 1 mL pipette (20-30 times), filtered through a 70 pm strainer
into a 15 mL Falcon tube, and mixed with 5 mL of 25% BSA. After
centrifugation (1200xg, 10 minutes), the myelin layer was removed,
the supernatant aspirated, and the pellet resuspended in FACS buffer
for downstream analysis.

Regions of interest were dissected under a microscope, avoiding
choroid plexus contamination, and placed in 2 mL microtubes (AXYGEN,
ref MCT-200-C-S). Single-cell suspensions were prepared using the
Miltenyi Neural Dissociation Kit (T) (ref 130-093-231) with modifica-
tions: manual mechanical dissociation replaced GentleMACS, fol-
lowed by a 15-minute incubation at 37°C with slow rotation. Enzyme
Mix 2 was added, and tubes were pipetted gently (15 times) in a 37°C
water bath, repeating for 20 minutes. Samples were filtered and washed
per the manufacturer’s instructions.
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Flow cytometry

The antibodies we used for flow cytometric staining (concentration
1:100, unless specified) are listed on table S1. Surface staining was per-
formed for 30 minutes at 4°C, with viability assessed using Zombie
UV Fixable Viability Dye (1:250), Zombie Yellow (1:1000), or Zombie
NIR (1:1000) Fixable Viability Dye (BioLegend), following the manu-
facturer’s instructions. For Annexin V, samples were washed twice
with Annexin V binding buffer (BioLegend) and incubated with An-
nexin V alone for 15 minutes at RT. Intracellular staining used eBio-
science’s Foxp3/Transcription Factor Staining Buffer Set. For ex-vivo
intracellular cytokine staining, single-cell suspensions were stimulated
for 3.5 hours at 37°C with 50 ng/mL PMA and 1 mM ionomycin
(Sigma-Aldrich), with protein transport inhibitor (eBioscience) in
complete RPMI medium supplemented with 10% FBS. Cells were ac-
quired on a FACSymphony flow cytometer (BD Biosciences) and ana-
lyzed using FlowJo software (Tree Star).

Statistical analyses

All statistical analyses were performed using GraphPad Prism software.
If not stated otherwise, data are presented as mean + SEM. Statistical
significance was calculated by an unpaired Student’s ¢ test (two-tailed).
For multiple comparisons involving two independent variables we
used two-way ANOVA, and for multiple comparisons with one inde-
pendent factor the statistical significance was calculated using a one-
way ANOVA. For correlation between two factors simple linear
regression analysis was performed. As indicated in the figure legend,
p < 0.05 was considered significant. P-values for gene-signature en-
richment or impoverishment between a pairwise comparison via
volcano plots or FC/FC plots were determined using the y* test. *p <
0.05, *#p < 0.01, ***p < 0.001, ****p <0.0001. The statistical test
used in each panel is described in the figure captions.
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Abstract

One-sentence summary: Meningeal regulatory T cells restrain local interferon-y-producing lymphocytes,
thereby safeguarding parenchymal brain homeostasis.
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