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A single-cell atlas of mouse central
nervous system immune cells reveals
unique infection-stage immune
signatures during the progression of
meningitis caused by Streptococcus suis
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Meningitis caused by Streptococcus suis serotype 2 (SS2) in humans and pigs is an acute nervous
disorder associated with serious sequelae. Bacterial meningitis is tightly associated with immune cell
responses and the local immune microenvironment. However, the dynamic changes of the immune
system during the disease progression in the brain remains unclear. Here, single-cell mass cytometry
analyses are used to comprehensively profile the composition and phenotypes of femalemouse brain
immune cells at different stages of SS2 meningitis. Ten major immune cell lineages are identified
among which T cells and dendritic cells significantly increased during meningitis, with B cells
increasing in the late stage. Specifically, SS2+PD-L1+ neutrophils with strong phagocytosis,
bactericidal and apoptotic effects accumulate in the acute phase of SS2 infection. Microglia
sequentially display the features of homeostasis, proliferation, and activation (enhanced MHCII and
TLR2 signals and TNF-α secretion) during the process of meningitis. Both border-associated and
monocyte-derived macrophages contribute to the process of SS2-induced meningitis, exhibiting
upregulation of CD38 and MHCII. Interestingly, CD11c+CD8+T cells are the main contributor of IFN-γ
and specifically appeared duringSS2 infection. In addition, the appearanceof other lymphocytes such
as CCR6+/lo B cells, CX3CR1+ NK and MHCII+ ILC3 are related to the progression of meningitis.
Moreover, correlation analysis between the composition of immune cell clusters and the SS2 infection
process yield a dynamic immune landscape in which key immune clusters, including some previously
unidentified, mark different stages of infection. Together, these data reveal the unique infection-stage
immunemicroenvironment during theprogressionofmeningitis causedbySS2andprovide resources
for the analysis of immunological pathogenesis, potential diagnostic markers and therapeutic targets
for bacterial meningitis.

The existence of significant communication between the immune system
and the central nervous system(CNS) is generally accepted.As an important
componentof theCNS, thebrain includesparenchyma, themeningeal layer,
and ventricles containing the choroid plexus and cerebrospinal fluid, as well
as the blood-brain barrier (BBB), the blood-leptomeningeal barrier (BLMB)
and the blood-CSF barrier (BCSFB)1. The BBB and BLMB directly separate

the circulating blood from CNS surroundings. The BCSFB exists out of an
epithelial layer interconnected by tight junctions, preventing cells from the
accessible choroidplexus stroma to enter theCSF2.However, this barrier can
be disrupted during inflammation3. Immune cell migration across the BBB
comprises a conserved cascade of sequential steps. Immune cells can enter
the perivascular and leptomeningeal spaces to a limited degree. The dura
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mater and choroid plexus have a fenestrated vasculature and are therefore
more accessible. Microglia are resident immune cells in the CNS, which
contribute to neuronal synapse shaping and immune surveillance under
homeostatic and disease conditions4,5. Outside the parenchyma, the blood-
accessible border regions of the brain contain a diverse immune repertoire.
Immune surveillance is mediated by dendritic cells (DCs) and CNS border-
associatedmacrophages (BAMs) that line themeninges, choroidplexus, and
perivascular spaces6,7. Recent studies have also shown that the meninges
have a lymphohematopoietic microenvironment that exists at the border of
theCNS, and early B cell subsets that normally exist in the bonemarrow can
also be found in the duramater under steady-state conditions8. In summary,
numerous cellswith dynamic, complex anddiverse characteristics, and their
interactions with other immune subpopulations, together shape the
immune microenvironment of the CNS.

Streptococcus suis type 2 (SS2) is a re-emerging zoonotic pathogen that
causes severe disease, mainly meningitis, in pigs and people who have
occupational contactwithpigs orpork9,10. If SS2 fails to causedeath via septic
shock, bacteria in the blood can cross the BBB or BSCFB and enter the CNS
to inducemeningitis11. It has been reported that several SS2 components can
mediate the release of pro-inflammatory cytokines12 and contribute to the
development of meningitis, including capsular polysaccharide (CPS),
hemolysin, and muramidase-releasing protein (MRP)13,14. Streptococcus
pneumoniae activated nociceptors through its pore-forming toxin pneu-
molysin, hijacking CGRP-RAMP1 signaling in meningeal macrophages to
facilitate brain invasion15. Overproduction of proinflammatory cytokines is
considered the most important cause of SS2 meningitis as well as toxic
shock-like syndrome (STSLS)16,17. Therefore, the immune cell response in
the brain may be closely related to the progression of meningitis through
releasing complex cytokines. Pathogensmay induce overproduction of pro-
inflammatory cytokines, leading to septic shock or the recruitment and
activation of leukocyte populations, leading to acute inflammation of the
CNS. Dominguez-Punaro et al. demonstrated for the first time that SS2
invades the CNS and causes activation of microglia and astrocytes, and the
cytokines it secretes may induce Th1-type immune responses16,18. During
neuroinflammation, the composition of immune cells in the CNS changes
dramatically. During the pathogenesis of meningitis, S. suis interacts with a
diverse array of immune cells, such asneutrophils,monocytes, lymphocytes,
DCs, andmicroglia, and uses a series of virulence factors to evade the host’s
innate and adaptive immune defenses19,20. The specific immune cell types
involved in the process of neuroinflammation caused by bacterial menin-
gitis and their unique functions have not yet been explored. The high-
dimensional composition and marker characteristics of heterogeneous
CNS-infiltrating immune cells may identify new biological markers and
develop novel therapeutics.

High-dimensional mass cytometry can detect over 40 marker
expression on the cells in the brain parenchyma simultaneously at a single-
cell resolution21. Here, we used mass cytometry to identify immune cell
subpopulations involved in the progression of meningitis post-SS2 infec-
tion. We further defined the immune response phenotypes and character-
istics of lymphoid and myeloid cells (including T cells, B cells, innate
lymphoid cells (ILCs), DCs, monocytes, macrophages and microglia) dur-
ing meningitis. This study extensively describes the relative abundance of
brain immune cell infiltrating populations in the process of Gram-positive
bacterial meningitis as exemplified by SS2 infection and comprehensively
maps the brain tissue immune cell landscape in response to meningitis.

Results
SS2-infection shapes themajor immune lineages inmouse brain
To capture the complexity of cellular phenotypes and cell numbers in brain
tissue during the pathogenesis of meningitis in mice infected with SS2
(Fig. 1A), we first developed amousemeningitis model22. Themice showed
characteristics of sepsis 24 h post-infectionwith SS2 as themortalitywas the
highest. Mice infected with SS2 for 5 days displayed typical meningitis
characteristics (neurological symptoms) with frequent head tremors,
uncontrolled nodding, turning, and spontaneous turnover. The bacterial

load in the brain reaches peak at SS2-24h, and as neurological symptoms
appear, the bacterial load gradually decreases over time22. Next, we devel-
oped a mass cytometric panel consisting of 42-metal labeled antibodies
(Supplementary Table 1), which includes lineage markers representing cell
differentiation, activation, adhesion, and anti-SS2 polyclonal antibodies.
This panel enabled the analysis of immune cells in the brain ofmice without
and with SS2 infection. Single, live CD45+/lo immune cells were dis-
tinguished by DNA, CD45 antibody staining, and physical parameters
(event length, residual, width, center) (Supplementary Fig. 1A). All anti-
bodies showed a clear discrimination between antibody-positive and
-negative cells (Supplementary Fig. 1B). To determine immune lineage
heterogeneity, 4×106 immune cells derived from 20 brain samples were first
selected at the overall level and embedded into the second level of H-SNE
analysis in Cytosplore23,24. Next, we determined 10 major immune lineages
based on the marker expression profiles and cell density features (Fig. 1B
and C), among which the myeloid lineage included microglia
(CD45loCD11b+CX3CR1+), macrophage (CD45+CD3-CD19-NK1.
1-Ly6G-F4/80+), neutrophils (CD45+CD3-CD19-NK1.1-Ly6G+), monocyte
(CD45+CD3-CD19-NK1.1-Ly6G-Ly6C+/CD14+) and DCs (CD45+CD3-

CD19-NK1.1-CD11c+MHCII+). Lymphoid lineages included CD4+T cells
(CD45+CD3+CD4+), CD8+T cells (CD45+CD3+CD8+), γδ T cells
(CD45+CD3+TCRγδ+), B cells (CD45+CD19+) and ILCs (CD45+CD3-

NK1.1+/IL-7Ra+) (Fig. 1D). Quantification of the counts of the major
lineages at each time point revealed that during sepsis (24 h after SS2
infection), neutrophils and monocytes exhibited strong infection time
specificity, i.e., their proportion increased significantly, especially
SS2+neutrophils (Fig. 1E-F). The number of CD4+T, CD8+T, γδ T, ILCs,
microglia, DCs, and macrophages during meningitis (5 d to 15 d after SS2
infection) was significantly higher than that in control andmice infected for
24 h (Fig. 1F). During the period of neurological symptoms, the B cell
numbers also continued to increase.Conversely, theproportionofmicroglia
significantly decreased throughout the entire disease stage (Supplementary
Fig. 2). Together, our data indicate that SS2 infection shapes the major
immune lineages in the mouse brain as meningitis develops.

Microglia sequentially display features of homeostasis, pro-
liferation, and activation during the process of meningitis
Microglia, as innate immune cells of the CNS, play a key role in brain
development, immune defense and maintenance of CNS homeostasis25.
First, a t-SNE dimensional reduction analysis was performed on the col-
lected microglia population (1,519,032 cells). Based on the density features
of the t-SNE-embedded cells and using Gaussian mean-shift clustering
analysis, four phenotypically distinct clusters were identified (Fig. 2A-C).
Microglia subsets displayed strong specificity as meningitis progressed
(Fig. 2D). These clusters were further divided into two main meta-clusters
by unbiased hierarchical clustering of the heatmap based on the differential
expression of markers such as TLR2, MHCII, Ki-67, and F4/80 (Fig. 2E,
Supplementary Fig. 3A).During the time course of infection, the stackedbar
analysis identified dramatic changes in immune cell composition (Fig. 2F).
Microglia in the homeostatic environment of control brains are character-
ized by high expression of the core gene P2ry1226–28, which inhibits the
development of neuroinflammation29. The expression of P2RY12 in the
microglia of the control groupwas significantly higher than those of all SS2-
infection groups. When neurological symptoms occurred, the level of
P2RY12was further reduced compared with SS2 infection at 24 h (Fig. 2G).
At 24 h of SS2 infection, the number of Ki-67 positive microglia increased
significantly, and these Ki-67+ microglia did not express activated markers
such as MHCII and TLR2 (Fig. 2G, Supplementary Fig. 3B, C). The results
are consistent with a previous study in which Ki-67+ microglia generally
appear after nerve injury30. Microglia lost their ramified morphology and
assumed a more amoeboid morphology, characteristic of activated micro-
glia.Microgliosis, a hallmarkof neuroinflammationand infection31,was also
observed after SS2 infection as shown by the increase in Ki-67+ microglia
(Fig. 2H). The main phenotype of microglia with neurological symptoms
was MHCII+F4/80+TLR2+Ki-67- (Cluster 1) (Supplementary Fig. 3D).
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Fig. 1 | CyTOF identifies Brain-associated leukocyte diversity in mice after SS2
infection. A Schematic representation of the experimental design. B H-SNE
embeddings of 4.8 × 106 immune cells derived from the female mouse brain (N = 20,
each sample contains brains of six mice) at the overview level. Each dot represents a
landmark, whose size is proportional to the number of cells it represents. Colors
indicate the ArcSinh5-transformed expression value of each indicated marker.
CH-SNE plots show cell densities.DH-SNE plots show the major immune lineage

cluster partitions in different colors. E H-SNE map displaying all immune cells in
each group from the brain of healthy and SS2-infected ICRmice analyzed byCyTOF.
F Cell counts of each major immune lineage during SS2 infection. N = 4 in each
group. Error bars represent the median ± SEM. A one-way ANOVA or Dunnett’s
test was performed for analysis of multiple groups. P value < 0.05 (*); p < 0.01 (**);
p < 0.001 (***); NS no significant difference.
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There was no significant difference in the expression of F4/80 and TLR2
during neurological symptom progression, while MHC-II expression
decreased significantly in the late stage of meningitis (Fig. 2I, Supplemen-
tary Fig. 3E).

Next, we detected the phagocytic function of the three dominant
phenotypes of microglia at different stages of SS2-infection. Ki-67-MHCII+

microglia had the strongest phagocytic ability, followed by Ki-67+MHCII-

and Ki-67-MHCII- microglia (Fig. 2J). Interestingly, Ki-67-MHCII+

microglia had a strong ability to secrete TNF-α (Fig. 2K), while Ki-
67+MHCII- microglia is the main contributor of IL-6 and IFN-γ during
acute infection (Fig. 2L-M). Therefore,microgliosis,morphological changes
and inflammatory cytokine expression, indicate robust neuroinflammation
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and tissue damage. Taken together, these results indicate that SS2 infection
leads to microglia proliferation, followed bymicroglia activation during the
meningitis disease course.

Both monocyte-derived and border-associated macrophages
contribute to the process of SS2-induced meningitis
CNS macrophages include microglia and border-associated macrophages
(BAMs). Additionally, during infection peripheral myeloid cells can enter
the borders and parenchyma, leading to inflammation2,32,33. Therefore, we
focused on these cells to study their response to SS2 as they were shown in
other infection models to impact the infection course. Based on the density
features of the t-SNE-embedded cells, we identified 10 phenotypically dis-
tinct clusters (Fig. 3A, B). The phenotypic heatmap and proportional bar
chart identified the main population of macrophages in the control mouse
brain under physiological conditions as CD38+CD206+MHCII- BAMs
(Cluster 6) (Fig. 3D,E).Twenty-fourhpost-SS2 infection (the acutephaseof
infection),monocyte-derivedmacrophages (Clusters 5)with low expression
of CD14 and no expression of MHCII invaded the brain in notably higher
proportions compared to those observed in the control and neurological
symptom groups (Fig. 3C, D). In addition, monocyte-derivedmacrophages
expressed higher adhesion-related markers, i.e., CD45, CD44 and CD49d
(Fig. 3C), showing that CD44 and CD49d can be used to distinguish
between resident and infiltrated cells34. Similar to the microglia, monocyte-
derived macrophages and BAMs with an increased proportion during
neurological symptoms also upregulated activationmarkers such asMHCII
(Fig. 3C, D).BAMs could be reliably distinguished from monocyte-derived
macrophages using the expression of relevant markers F4/80, Ly6C, CD38,
MHCII and CCR234 (Fig. 3C, D). Nearly 90% of the macrophages in the
brain of control mice were BAMs (cluster 6 and 8), further confirmed via
immunofluorescence of the brain (Fig. 3F). The BAMs of controlmicewere
evenly arranged in the pia mater area and perivascular space (Fig. 3F).
Consistent with the mass cytometry results, immunofluorescence
staining identified that CD38 expression increased with the pro-
gression of infection (Fig. 3F, Supplementary Fig. 4A). Within the
choroid plexus, BAMs proliferated during neurological symptoms
neurological symptoms, which was less apparent within the lepto-
meninges and then this nicely defines the resident macrophage
response (Fig. 3G, Supplementary Fig. 4B). Monocytes appeared at
the stage of neurological symptoms (Supplementary Fig. 4C-E).
Meanwhile, the adoptive transfer of monocytes confirmed that
macrophages in the brain could be derived from monocytes (Sup-
plementary Fig. 4F). In conclusion, based on phenotypic differences,
resident macrophages in the brain during meningitis can be dis-
tinguished from infiltrating monocyte-derived macrophages, and
both BAMs and monocyte-derived macrophages have phenotypic
characteristics elated to infection.

Neutrophils accumulate in the brain in the acute but not menin-
gitic stage of SS2-infection
The substantial inflammation characteristic of bacterial meningitis leads to
further recruitment of neutrophils and inflammatory cells35. Under phy-
siological conditions, a small number of neutrophils were present in the

brainr, with a peak at 24 h after SS2 infection, while the number decreased
sharply after the onset of neurological symptoms compared with the acute
infection period (Supplementary Fig. 5A-B).Nine clusterswere identified in
all neutrophils (480,000 cells), which displayed different disease signatures
as meningitis proceeded (Fig. 4A–E). The phenotype of neutrophils under
physiological conditions was mainly non-activated, with a phenotype of
CD44+CD14loTLR2lo (Clusters 3) (Fig. 4D, E, Supplementary Fig. 5D).After
24 h of SS2 infection, we observed a large number of Ly6G+neutrophils
around thepiamater and choroidplexus (SupplementaryFig. 5B,C). PD-L1
is upregulated in neutrophils and correlates with sepsis-induced
immunosuppression36. Interestingly, SS2+PD-L1+ neutrophils were spe-
cific to SS2 infection for 24 h (the acute infection period) (Fig. 4F, Supple-
mentary Fig. 5E). Compared with PD-L1-neutrophils, PD-L1+neutrophils
exhibited significantly higher rates of apoptosis (Fig. 4G). In addition, the
phagocytic capacity of PD-L1+neutrophils were stronger than that of
PD-L1-neutrophils (Fig. 4H). Confocal laser scanning also found that
PD-L1+neutrophils expressed higher levels of Histone H3 (H3) and mye-
loperoxidase (MPO) (Fig. 4I). These results suggested that PD-
L1+neutrophils are in a more activated stage post-SS2 infection. We also
found that the neutrophils that appeared 24 h following SS2 infection had
the common characteristics of high expression of CD14 and TLR2 (Fig. 4J).
The expression of CD14 peaked at the acute stage of infection with low or
no expression in the brain of normal mice, and medium expression in
mice with neurological symptoms (Fig. 4J), suggesting that CD14
expression on the surface of neutrophils can be used as an indicator for
different stages of meningitis. We also found that the percentage of two
CX3CR1+neutrophil clusters (Clusters 5 and 6) increased significantly at
24 h after SS2 infection and at the stage of neurological symptoms,
among which Cluster 5 also expressed MHCII (Fig. 4D-E, Supplemen-
tary Fig. 5F). These findings suggested that neutrophils passed from the
peripheral circulation (via chemotaxis) to the brain and then acquired the
meningitis-specific phenotype. Moreover, cluster 8 (CD38+CD8lo) spe-
cifically increased in the stages of infection involving neurological
symptoms. Interestingly, cluster 8 expressed low CD8 (Supplementary
Fig. 5G-H). Hence, our data revealed substantial neutrophil hetero-
geneity and identified cell subpopulations specific to each stage of SS2-
induced meningitis.

Phenotypic alterations of T and B cells during meningitis
development
Compared with control mice, we found that T cells were the largest group
invading brain tissue during the development of meningitis (Fig. 1F), sug-
gesting the important role of T cells in the process of SS2-induced menin-
gitis. Consistent with mass cytometry data, we observed a large number of
T cells in the leptomeninges and choroid plexus after 5 days of SS2 infection
(Fig. 5A). To explore disease-specific changes in T cells with the develop-
ment of SS2 meningitis, we divided CD3+T cells into 13 different cell
Clusters, including 5 CD4+T (T1-T4, T12), 6 CD8+T (T5-T9, T13), 2 γδT
(T10-T11) (Fig. 5B–D). Next, we compared the distribution of each T cell
subset among each group and found, comparedwith the control group, that
the proportion of CCR2+Tregs increased throughout the entire SS2 infec-
tion stage (Fig. 5D–F). MHCII+CD4+T cells can induce more extensive

Fig. 2 | Heterogeneous composition and phenotypic changes of microglia after
SS2 infection. A–C t-SNEmap, density map and boundaries of clusters of microglia
are shown. t-SNE plot shows expression of the indicated marker. The density plot
shows the local density of cells and the cluster partition shows the boundaries of the
four clusters of microglia. D t-SNE plots of microglia from the CNS samples of five
groups are shown. E A heatmap displays the median marker expression value and
hierarchical clustering of the markers for nine clusters identified inC. FVertical bar
graph depicting the composition of themicroglia compartment in eachmouse brain
sample at the indicated time points. The colored segment lengths represent the
proportion of cells as a percentage of total microglia in each sample. Colors as in E.
G Median expression and statistical result of P2RY12 expression on microglia of
control and SS2 infected mice (N = 3) at different stages. H Immunohistochemical

images of IBa-1+ microglia in control and SS2-infected mice (N = 3) at different
stages. Scale bar = 50 μm. IMedian expression of F4/80, MHCII and TLR2
expression on microglia in healthy and infected SS2 mice at different stages. J The
phagocytic ability of three phenotypes microglia (Ki-67-MHCII-microglia, Ki-67+

MHCII-microglia and Ki-67-MHCII+microglia) at different stages of SS2 infection
was detected by flow cytometry. Four female mouse brains were pooled in one
sample, N = 3. K–M The levels of cytokines (TNF-α, IL-6 and IFN-γ) secreted by
three types of microglia were detected by flow cytometry. Error bars represent the
median ± SEM. A one-way ANOVA or Dunnett’s test was performed for analysis of
multiple groups. Student’s t-test was used to compare the two groups. P value < 0.05
(*); p < 0.01 (**); p < 0.001 (***); NS no significant difference.
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Fig. 3 | BAMs and peripheral invasive macrophages show distinct phenotypes in
the brain. A, B The density map and the boundaries of clusters of macrophages are
shown. The density map shows the local density of cells and the cluster partition
shows the boundaries of 10 clusters of macrophages. C t-SNE maps showing the
expression of specific marker molecules in macrophages. D, E Phenotypic heatmap
and bar stacking charts show the phenotypic characteristics of the 10 identified

macrophage clusters and their distribution in each sample. F Control and SS2
infected mouse brains and coronal sections at the pia mater area and perivascular
space, stained for indicated markers. CD206 (red), CD38 (white), and blood vessels
were marked in green. Scale bar = 20 μm. G Choroid plexus immunohistochemical
images of CD206+ BAMs in control and SS2-infected mice at different stages. Scale
bar = 50 μm.
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inflammation and demyelinating lesions in mice with multiple sclerosis37.
Interestingly, CD11bhiTLR2+MHCII+CD4+T cells (Cluster 12) accumu-
lated significantly throughout the progression of meningitis (Fig. 5D, E, G).
However, the percentage of CD11c+CD8+T (Clusters 8) significantly
increased 24 h post-infection (Supplementary Fig. 6A). Next, we isolated
CD11c+CD8+Tcells andCD11c-CD8+Tcells to examine their function, and

found that the CD11c+CD8+T cells mainly produced cytotoxin-related
factors, such asPerforin andGranzymeB (Supplementary Fig. 6B) and IFN-
γ (Supplementary Fig. 6C). Additionally, γδ T cells occur mainly in healthy
brain tissue (Fig. 5D, E). In summary, these results indicated that significant
changes in T cell composition and functional molecule expression were
identified in different stages of meningitis.
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We also observed a significant increase in the number of B cells in the
piamater and choroidplexusduring the late stageof neurological symptoms
(Supplementary Fig. 7A). We further divided B cells into seven clusters,
among which resting state B cells (Cluster 7 CD45loCD19loMHCII- B cells)
constituted themajority of the B cell population in the brain of healthymice
(Supplementary Fig. 7A–C). It is worth noting that a CCR6+B cells (Cluster
1 CCR6+MHCIIhi) were significantly increased only during meningitis
(Supplementary Fig. 7D). In addition, there was a significant increase in
CD11b+B cell subsets (Clusters 3, 6) in mice with neurological symptoms,
especiallyCluster 6 (CD11bhiCX3CR1+Bcells),whose proportion increased
throughout the whole neurological symptom period, while the proportion
of cluster 3 (CD11blo B cells) was significantly higher in the middle stages
compared to the early and late stages of neurological symptoms (Supple-
mentary Fig. 7E). The expression of functional markers on B cells, such as
CD19, CCR6, CD38 and CD49d, also increased during the development of
meningitis (Supplementary Fig. 7F). Thus, our data revealed specific B cell
phenotypes in the development of meningitis, and thatMHCII, CCR6, and
CD11b expression of B cells can be used to mark different stages of
meningitis.

CX3CR1+ NK and MHCII+ ILC3 accumulate in the meningitic
mouse brain
Recent studies have shown that various subgroups of ILCs exist in the
brain and have major roles in regulating BBB integrity, and brain
homeostasis38. Similar to the above analysis, we grouped ILCs and par-
titioned them into 13 cell clusters with distinct phenotypes, which mainly
included NK and ILC3 (Lin-CD127+c-kit-) subsets (Fig. 6A, B). Distinct
variations were evident in the composition of ILCs within the brains of
healthy mice, as compared to those at different stages post-SS2 infection
(Fig. 6B, C). In a healthy brain there were small amounts of NK and
CD127+ILCs with the latter mainly composed of MHCII-ILC3 (Fig. 6B).
Post-infection, there was an upregulation of CD11b and KLRG1 on NK
cells (Fig. 6C, D). The proportion of CD11blo/+KLRG1+CX3CR1-NK
(Clusters 9–11) significantly increased 24 h post-SS2 infection (Fig. 6D,
E), while CD11b+KLRG1+NK had significant increased CX3CR1
expression during neurological symptoms (Clusters 12–13) (Fig. 6D, E),
suggesting that the increase in the proportion of CX3CR1+NK may be a
signal for the occurrence of meningitis. In addition, three clusters of ILC3
(Clusters 1–3) were identified in mouse brain (Fig. 6B, F). During neu-
rological symptoms, the proportion of inflammatory MHCII+ ILC3
(Clusters 3) was significantly increased (Fig. 6B, G). In summary, our
results demonstrated the heterogeneity of ILC population in the mouse
brain, in which CX3CR1+ NK and MHCII+ ILC3 accumulate in the
brains of meningitic mice.

Immune-system-wide analysis identified correlations between
immune cells during SS2 infection
To study the comprehensive immune spectrum after SS2 infection, a t-SNE
analysis was performed on all brain tissue samples based on the cluster cell
frequency of CD45+/lo immune cells (Fig. 7A–C). This analysis identified a
clear progression trajectory of different stages of SS2 infection, with samples
fromthe acute infectionperiod (SS2–24h) clearly distinguishable fromthose
from the neurological symptom period, while samples from different per-
iods of SS2-5d, SS2-10d, and SS2-15d, where neurological symptoms

appeared, were connected (Fig. 7A). Therefore, our findings indicated that
there were cell progression patterns associated with development of
meningitis during SS2 infection. To identify which cell clusters are closely
associated with infection progression, a second t-SNE analysis was per-
formedon the samedata set to visualize the cellular network by clustering all
clusters instead of samples (Fig. 7B). This approach identified the top six
clusters contributing to infection time-specific t-SNE signatures (Table 1).
The main types responsible for the immune cell signature in healthy brains
were CD38+MHCII-BAMs, MHCII-Ki-67-Microglia, TLR2loCD11b+DCs
and CD19loB. Twenty-four h post-SS2 infection, innate immune cells such
CD14hiTLR2+/CD14hiCX3CR1+neutrophils, CD14loMHCII- macrophages
and Ly6C+CD14+/Ly6C+CD14+CX3CR1hi monocyte dominated in the
brain. After the onset of neurological symptoms, KLRG1+

CX3CR1+CD8+Tem and CD11c+CD8+Tem were significantly enriched in
the brain. In the middle stage of neurological symptoms (SS2-10d), the
proportion of adaptive immune cells such as CD11b+CX3CR1-DCs,
CD4+Tem and CD8+Tem cells increased. In the late stage of neurological
symptoms (SS2-15d), the CCR6+MHCIIhi and CD11b+/lo B cells clusters
contributed the most (Table 1). Subsequent proportion correlation analysis
of all clusters identified a strong infection time-specific pattern and further
confirmed the top cluster identified in Fig. 7C. Proportion correlations were
mainly betweenmajor subsets of lymphocytes (such asCD4+T,CD8+T, and
ILC3) and DC and B cells (Table 1 and Fig. 7C). In the later stages of
meningitis, B cells were the main contributor (Fig. 7C). Thus, the com-
prehensive analysis of immune responses during SS2 infection identified a
highly dynamic landscape of time-dependent interconnected networks of
innate and adaptive immune cell clusters.

Discussion
Bacterial meningitis is often accompanied by a strong immune response
including the activation of inflammatory cells and their infiltration into the
brain. Understanding the immune cell dynamic landscape during menin-
gitis is crucial for identifying novel therapeutic approaches. There is still a
lack of the composition andbalance of the brain immune system in bacterial
meningitis. In this study, we used CyTOF to construct a comprehensive
unsupervised clustering and visualization map of different disease stages of
SS2 induced meningitis at the single-cell protein level. This extensive ana-
lysis enabled the identification of previously unknown infiltrating immune
populations in the brain after SS2 infection, demonstrating the phenotypic
range and richness of resident myeloid cells and infiltrating cells.

Several studies have demonstrated that most infiltrating immune
cells are mainly present at the borders of the brain (e.g., meninges and
choroid plexus) rather than in the parenchyma2,6,7,32, which are consistent
with our results. The acute phase of SS2 infection (24 h post-infection)
was characterized by a surge in neutrophils, particularly PD-L1+SS2+

subsets. The association of PD-L1+ neutrophils with sepsis-induced
immunosuppression39 aligns with their observed high apoptosis and
phagocytic activity, suggesting a paradoxical role: while eliminating
pathogens, these cells may simultaneously dampen excessive inflamma-
tion through PD-L1-mediated signaling. Our results with SS2 contrast
with viral meningitis models, where neutrophil infiltration is minimal
and delayed33. Conversely, in parasitic meningitis caused by Toxoplasma
gondii, neutrophils are rapidly recruited but exhibit IL-12-dependent
anti-parasitic functions40.

Fig. 4 | Heterogeneous cellular composition and phenotypic characteristics in
neutrophils. A The t-SNEmap of neutrophils shows the expression of Ly6G. B The
t-SNE map shows the cluster partitions. C t-SNE plots of neutrophils derived from
the brain samples of five groups are shown. Colors indicate different groups.D, E A
heatmap displays the medianmarker expression value and hierarchical clustering of
the markers for 9 clusters identified in B. Vertical bar graph depicting the compo-
sition of neutrophils in mice brain in indicated time points. The colored segment
lengths represent the proportion of cells as a percentage of total neutrophils in each
sample. Colors as in D. F t-SNE maps show the expression of PD-L1 and SS2 in
neutrophils. G Apoptosis of PD-L1+ neutrophils and PD-L1- neutrophils were

detected by flow cytometry. Four female mouse brains were pooled in one sample,
N = 3. H The phagocytic capacity of PD-L1+ neutrophils and PD-L1- neutrophils
was detected by flow cytometry. Four female mouse brains were pooled in one
sample,N = 3. I Laser confocal results showed the expression ofH3 andMPO in PD-
L1+ PMN and their negative counterpart. Scale bar = 10 μm. J Median expression
and statistical plots of CD14 and TLR2 expression on neutrophils in indicated
groups. N = 4. Error bars represent the median ± SEM. A one-way ANOVA or
Dunnett’s test was performed for analysis of multiple groups. Student’s t-test was
used to compare the two groups. P value < 0.05 (*); p < 0.01 (**); p < 0.001 (***); NS
no significant difference.
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Fig. 5 | Characteristics of T cell phenotype changes during the progression of
meningitis. A Control and SS2 infected mouse brains and coronal sections at the
leptomeninges and choroid plexus, stained for anti-CD3. Scale bar = 20 μm.
Immunohistochemical images of CD3+ T cells in control and SS2-infected mice at
different stages. Scale bar = 50 μm. B t-SNEmaps showing the expression of specific
marker molecules in T cells. C The t-SNE map shows the cluster partitions.
DPhenotypic heatmap shows the phenotypic characteristics of the 13 clusters.EThe

cluster frequency heatmap shows their distribution and the Spearman clustering
according to the cell proportion in each sample. F, G t-SNE maps showing the
expression of specific marker molecules in T cells and the proportion of specific
subgroups in T cells. N = 4. Error bars represent the median ± SEM. A one-way
ANOVA or Dunnett’s test was performed for analysis of multiple groups.
P value < 0.05 (*); p < 0.01 (**); p < 0.001 (***); NS no significant difference.
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Fig. 6 | ILC inmouse brain exhibits NK and ILC3 subpopulations associated with
meningitis. A The t-SNE map shows the cluster partitions. B Phenotypic heatmap
shows the phenotypic characteristics of the 13 clusters. The cluster frequency
heatmap shows their distribution and the Spearman clustering according to the cell
proportion in each sample. C t-SNE plots of ILCs from the brain samples of five

groups are shown. D, F t-SNE maps showing the expression of specific marker
molecules in ILCs. E, G The proportion of specific subgroups in ILCs. N = 4. Error
bars represent the median ± SEM. A one-way ANOVA or Dunnett’s test was per-
formed for analysis of multiple groups. P value < 0.05 (*); p < 0.01 (**); p < 0.001
(***); NS no significant difference.
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Resident macrophages, including specialized populations such as
microglia and BAMs demonstrate remarkable proliferative capacity
through efficient self-renewal mechanisms while maintaining exceptional
cellular plasticity that enables dynamic functional adaptation34,41. Consistent
with previous research6,42, CD206+ BAMs form the largest part of the BAM
population in healthy brains, while we found monocyte-derived macro-
phages still drove acute inflammation through adhesion molecule upregu-
lation. During Trypanosoma brucei infection, recruited monocyte-derived
macrophages adopted transcriptional states that were distinct from those of
resident microglia or BAMs, indicating that monocytes react differently to
ongoing tissue inflammation2. Similarly, resident macrophages promoted
the initial bacteria defense and then monocyte-derived macrophages con-
tribute significantly to both types ofmeningitis. Among these,macrophages
expressing CX3CR1 increased in the middle and late stages of neurological
symptoms, suggesting that this group of BAMs may promote brain tissue
repair and regeneration in the late stage of SS2-induced meningitis43. Our
results also show that monocytes can supplement the brain macrophage
pool in a highly inflammatory state. This is consistent with transplantation

studies, where transplanted monocytes can develop into resident alveolar
macrophages44. While CCR2+monocytes promote an acute inflammatory
response and may become pathological microglia for a long period after
brain injury45, further confirmation is needed to determine whether these
monocytes and brain-infiltratingmacrophages can fuse with the phenotype
of microglia. Microglia transitioned sequentially from homeostatic (Ki-
67-MHCII-) to proliferative (Ki-67+MHCII-) and finally to activated
(MHCII+TLR2+) states during meningitis progression. However, unlike
bacterial LPS-induced models, MHCII upregulation was transient46. Our
results showed that the expression of MHCII in microglia gradually
decreased in the late stage of neurological symptoms, but did not return to
the steady-state level. One of the reasons may be that the time of disease
model tracking is insufficient. After the disappearance of T. brucei, most
microglia experienced gradual inactivation and returned to a steady-state
phenotype within 8 weeks2. Such changes may reflect the intrinsic adapt-
ability of immune cells, such as via epigenetic reprogramming32.

Our atlas identified significant changes in T cells under different stages
of disease conditions, including a sustained increase inCD4/CD8+Temcells

Fig. 7 | Immune-system-wide analysis showing correlations between immune cell
types during SS2 infection. A A t-SNE embedding of 20 brain samples, where the
t-SNE was computed based on the cell frequencies of all immune clusters (% of
CD45+/lo cells). A point represents a sample. B t-SNE embeddings of all immune
clusters from 20 samples. A point represents a cluster. The size of the point is

proportional to the cell frequency value, and the cell frequency value is more similar
in the tissue, with clusters being closer.CHeatmap showing correlations between all
subsets of each immune clusters based on cell frequency and hierarchical clustering
of total CD45+/lo cells in each sample.
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when comparing the control with the neurological symptom group. The
dominance of T cells (particularly CD11bhiTLR2+MHCII+CD4+ and
CD11c+CD8+ subsets) and B cells (CCR6+MHCIIhi) during the meningitic
phaseshighlights the role of adaptive immunity in response to infection.The
cytolytic function of CD11c+CD8+ T cells (Perforin/Granzyme B) parallels
their role in viral encephalitis but is novel in bacterial meningitis. Similarly,
CCR6+ B cells, known for homing to inflamed tissues, may facilitate
antibody-independent immune modulation. Studies have shown that
CCL20 is the only known high affinity ligand that binds with CCR6 and
drives the migration of CCR6+cells in tissues47. Destroying the CCR6-
CCL20 interaction by using antibodies or antagonists can prevent the
migration of immune cells expressing CCR6 in inflammatory sites and
reduce disease severity48. Thismay become a potential therapeutic target for
SS2 induced meningitis.

As a resource, our study has comprehensively characterized compre-
hensive immune cells in the mice brain throughout the disease process
including the development of neurological symptoms after SS2 infection.
Our study has some limitations. For example, we have focused on disease-
specific changes in immune cell composition and phenotype at the single-
cell protein level during the disease process, but not comprehensively
analyzed accompanying cytokine changes. In addition, we selected several
clusters of interest to validate their function, such as PD-L1+ neutrophils,
but not all identified cell clusters. In future research, we will conduct in-
depth biological studies on other key subsets. The spatial location of cell
subpopulations in the during different stages of meningitis is still unclear,
which need to further investigated by using technique such as imagingmass
cytometry. Nevertheless, we have identified new cellular subsets in response
to bacterialmeningitis, and these and our resultswill form the basis of future
work aimed at novel therapeutic interventions to decrease the burden of SS-
meningitis.

Methods
Bacterial strains, and conditions
S. suis strain JZLQ022 was isolated from the brain of a meningitic pig.
Culture and viability were done as described previously in our laboratory49.
Briefly, a single colony was transferred into a 5mL Brain Heart Infusion
(BHI) containing 5% (v/v) fresh foetal bovine serum (FBS) and incubated at
37 °C for 10 hours (h). Bacteria were quantified by multiple dilutions and
adjusted by optical density (OD)with a spectrophotometer. The absorbance
was 1.0 ± 0.1 at OD630nm to obtain 1 × 108 CFU (colony forming units).

Experimental infection
Female, 4–6week aged ICR (Institute of Cancer Research) femalemicewere
purchased from Liaoning Changsheng Biotechnology Co., Ltd (Production
License Number. SYXK2020-0001). Animals were maintained in a 12 h-
light/12 h-dark cycle environment with free access to rodent chow and

water. All mice were randomly divided into 5 groups. Then, mice were
intraperitoneally injected with 1.3–1.4 × 108 CFU SS2: mice showed typical
neurological symptoms 5 days (d) post-infection. We collected brain sam-
ples of mice 24 h after infection (SS2-24h) when neurological symptoms
appeared (SS2-5d), neurological symptoms lasted for 5 days (SS2-10d), and
neurological symptoms lasted for 10 days (SS2–15d). The control group
mice were injected with an equal amount of physiological saline. Observe
the clinical symptoms of infected mice daily, and consider weight loss of
over 20% as a humane endpoint. All animal experiments were conducted in
accordance with the guidelines established by the Institutional Animal
Care and Committee of Jilin University and approved by the Institutional
Animal Care and Committee of Jilin University (Approval number
SY202201009). We have complied with all relevant ethical regulations for
animal use.

Tissue harvesting and single-cell suspension preparation
Mice were sacrificed 0 h and 24 h post-infection, within 24 h of menin-
gitis onset, lasting for 5 and 10 days, respectively. Mice were anesthetized
by intraperitoneal injection of 1% pentobarbital sodium, followed by
cardiac perfusion using cold PBS for 5 minutes (min) per mouse. We
mixed six mouse brain tissues into one sample, with four samples in each
group. After complete removal of brain tissue, the pia mater, their sur-
rounding brain parenchyma and choroid plexus were processed into
single cells. Briefly, the brain was cut into small pieces and incubated with
digestion buffer (RPMI supplemented with 2 mg/mL Collagenase IV and
0.2 mg/ml DNaseI) for 30min rotating at 500 RCF(g) at 37 °C. Enzy-
matic digestion was stopped with FBS, the sample was filtered through a
70 μm cell filter to obtain a single-cell suspension. This was followed by
gradient centrifugation with 30% and 70% Percoll (GE Healthcare Life
Sciences) in PBS (v/v) (500 g for 30min at 18 °C)50. Throughout the
digestion procedure, samples were maintained on ice until addition of
mass cytometry antibodies.

Mass cytometry
Approximately 3 × 106 cells per sample and a guaranteed survival rate of
over 90%. Antibodies used for mass cytometry are listed in Supplementary
Table 1. Coupling antibodies with corresponding metal tags to prepare
metal tag conjugated antibodies and diluting them to the optimal staining
concentration24. The cells were resuspended and stained with Live/Dead
194Pt Cisplatin (Fluidigm) for 5min and incubated with Fc Receptors
Blocker Mixture (Equitech-Bio; anti-human/mouse/hamster/rat IgG) to
block the non-specific Fc binding. Next, the cells were co-incubated with
surface staining antibodies for 30min. Subsequently, the cells were incu-
bated overnight with Fix and Perm buffer (Fluidigm) supplemented with
191Ir and 193Ir DNA markers (Fluidigm) at 4 °C. Samples were washed
twice with cell staining buffer and incubated with intracellular staining

Table 1 | Top six ranked clusters contributing to the infection time-specific t-SNE sample signatures

Nr Control SS2-24h SS2-5d SS2-10d SS2-15d

1 Mac-6 Neu-1 Mon-6 T-7 B-1

CD38+MHCII-BAMs CD14hiTLR2+Neu CD14loLy6C-Mon CD8+Tem CCR6+MHCIIhi B

2 DCs-1 Mac-5 Mac-9 ILC-3 B-6

TLR2loCD11b+ DCs CD14loMHCII-Mφ CD38loMφ MHCIIhiILC3 CD11bhi CX3CR1+B

3 ILC-12 Mon-1 T-9 T-1 Mac-2

CD11bhiKLRG1+ NK CD14+Ly6C+Mon KLRG1+ CX3CR1+ CD8+Tem CD4+Tem Ly6C+CD14hi Mφ

4 DCs-5 ILC-7 DCs-6 T-13 ILC-1

PD-L1loCD11b+ DC CD11bloKLRG1- NK CX3CR1+CD11b+ DCs CD11bhiCD8+T MHCII-ILC3

5 Microglia-3 Mon-3 T-8 DCs-11 B-3

MHCII-Ki-67-Microglia CD14+Ly6C+ CX3CR1hiMon CD11c+CD8+ Tem CX3CR1-CD11b+ DCs CD11bloB

6 B-4 Neu-6 T-5 T-4 B-2

CD19loB CD14hiCX3CR1+Neu CD8+Tem KLRG1+CD4+ Tem CD38hiMHCIIhiB
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antibodies for 30min. Finally, cells were acquired with a Helios mass cyt-
ometer (Fluidigm), and data were normalized using EQ Four Element
Calibration Beads (Fludigm)24.

Data processing and analysis
FlowJo (version 10.4) was used to identify single, live, CD45lo/+ immune
cells. Next, all immune cells were analyzed using Cytoplore+H-SNE software23.
In Cytoplore+H-SNE, we excluded CD45-Ly6C+ endothelial cell clusters and
zoomed in the remaining immune cell clusters. To visualize high-
dimensional data, the t-SNE dimensionality reduction algorithm was
applied to all samples23. Thedefault setting (Perplexity: 30; Iteration: 1000) is
used for hierarchical randomneighbor embedding (H-SNE) analysis.AllH-
SNE, t-SNE plots, and Gaussian Mean shift clustering-derived cell clusters
were generated by theCytoplore software.Each cell cluster contained at least
100 cells. In Matlab 2016, hierarchical clustering of phenotypic heatmaps
was performed using Euclidean correlation and average linkage clustering
methods51. For the cluster t-SNE maps, the data matrix with cluster fre-
quencies of CD45lo/+ cells in the individual samples was normalized
and computed to select the top 10 highest variance principal components
as input to the t-SNE analysis, where the clusters with similar profiles
clustered together. Median expression was obtained by FlowJo (version
10.4) analysis.

Flow cytometry
The single-cell suspension of mouse brain immune cells was obtained
according to the above method. Cells were diluted to 1 × 106/100 μL and
incubated with a non-specific binding-blocking reagent cocktail of anti-
mouse CD16/CD32 antibody (93, BioLegend). For cell surface antigen
staining, cells were stained with the following fluorochrome-conjugated
antibodies, PerCP-Cy5.5-anti-mouse CD45, PE-Cy7-anti-mouse CD45
(30-F11, 1:80, BioLegend), BV421-anti-mouse CD11b (M1/70, 1:200, Bio-
Legend), APC-Cy7-anti-mouse CX3CR1 (SA011F11, 1:150, BioLegend),
BV605-anti-mouse MHCII (M5/114.15.2, 1:150, BioLegend), PE-anti-
mouse PD-L1 (11F6, 1:180, BioLegend), PerCP-Cy5.5-anti-mouse Ly6G
(1A8, 1:100, BioLegend), PerCP-Cy5.5-anti-mouse CD3 (17A2, 1:400,
BioLegend), APC-Cy7-anti-mouse CD11c (N418, 1:20, BioLegend), APC-
anti-mouse CD8 (53-6.7, 1:200, BioLegend). Cultured cells were washed
twiceusingFACSbuffer and stainedwith surfacemarkers for 30minat 4 °C.
cells were filteredwith a 70 μmcell strainer before data acquisition on aflow
cytometer (Beckman, USA). For intracellular cytokine staining, brain single
cells were stimulated with (Phorbol 12-myristate 13-acetate (PMA) (50 ng/
mL, Sigma) and ionomycin (1mg/mL, Sigma) for 2 h at 37 °C, and 1x
brefeldinAandmonensin solution (BioLegend)were added for thefinal 4 h.
Cultured cells were washed twice using FACS buffer and stained with sur-
face markers for 30min at 4 °C. The cells were then fixed, permeabilized
with Cyto-Fast™ Fix/Perm Buffer Set (BioLegend) for 20min at room
temperature and incubated with intracellular antibodies (APC-anti-mouse
IL-6 (MP5-20F3, 1:20, BioLegend), APC-anti-mouse TNF-α (MP6-XT22,
1:20, BioLegend), PE-anti-mouse IFN-γ (XMG1.2, 1:20, BioLegend), PE-
anti-mouse Perforin (S160069A, 1:20, BioLegend), FITC-anti-mouse
Granzyme B (QA16A02, 1:20, BioLegend) for 30min at 4 °C. After wash-
ing the cells with FACS buffer once, cells were analyzed on a flow cytometer
(Beckman, USA), and data were analyzed with FlowJo (version 10.4). The
gating strategy for all flow cytometry data was presented in the supple-
mentary information.

Monocyte adoptive transfer
For adoptive cell transfer of monocytes, mice peripheral blood monocytes
(CD11b+Ly6C+F4/80-/lo) were stained and sorted on a FACS Aria III (BD
Biosciences) to achieve a purity > 95%. Then labeled with CellTrace violet
(Thermo Fisher) for 20min. Cells were washed with PBS to remove
unbound dyes. 5 × 106 cells were intravenously transferred into recipient
mice infected with SS2 for 2 h. After 12 h, CellTrace violet-positive donor
monocyte-derived cells recovered from recipient brains were analyzed by
flow cytometry.

Immunohistochemistry and immunofluorescence
Mice were deeply anesthetized by intraperitoneal injection of 1% pento-
barbital sodium and transcardially perfused with 4% paraformaldehyde
(PFA, Sigma-Aldrich) in PBS solution. The central nervous system
(excluding the dura mater) was further fixed at 4 °C for 6–12 h, rinsed in
PBS, and then cryoprotected in 30% (wt/vol) sucrose dissolved in PBS.
Sampleswere embedded inOCTcompound (Sigma-Aldrich). Cryosections
with a thickness of 12–30 μm were prepared using a Hyrax C60 cryostat
(Zeiss)6. Sections were pretreated with heat-mediated antigen retrieval for
15–20min in sodium citrate buffer (0.1 mM) (pH 6.0) and sections were
incubated overnight at 4 °C in diluted IBA-1 antibody (Abcam ab108539
1:500), Ly6G antibody (Abcam ab25377 1:500), CD3 (Abcam ab16669
1:500), Mac 2 (Abcam ab76245 1:1000), CD19 (Abcam ab245235 1:500)
and CD206 (Abcam ab64693 1:500), respectively. Immunochemical stain-
ing was performed using the IHC (MXb, CN) and DAB (MXb, CN) kits
according to the manufacturer’s instructions. Next, sections were washed
with distilled and then with tap water, counterstained with hematoxylin for
5min, washedwith tapwater, dehydratedwith ethanol, treatedwith xylene,
and thenmountedwithneutral resin. For immunofluorescence staining, the
sections are blocked with 10% goat serum (Sigma). Subsequently the sec-
tions were stained with primary antibodies (IBa-1, CD206, Ly6G, Ly6C,
CD3, CD19, CD38, CD11c(Servicebio,1:500)) in 1% PBS-T (overnight,
4 °C).And then stainedwith secondary antibodies in 1%PBS-T (1.5 h, room
temperature). The sections were stained with DAPI (Sigma) solution for
5min and washed twice with PBS. Finally, all slides were observed and
scanned with a PANNORAMIC MIDI II automatic digital slide scanner
(3DHISTECH, Budapest, Hungary). The statistical results were completed
by ImageJ (version:2.3.0) software.

Laser confocal imaging
PD-L1+ and PD-L1- neutrophils were placed on the climbing piece after
poly-L-lysine treatment. Then 4% paraformaldehyde (PFA) was used to fix
the cells, and 0.5% Triton X-100 was used to penetrate the cells for 15min
after three PBS rinses to remove the PFA. Before immunostaining, 5% goat
serum was used for blocking. Blocking solution was then replaced with
staining solution (PBS with 0.1% Bovine Serum Albumin) containing the
primary antibodies H3 (1:200, ImmunoWay) and MPO (1:200, Pre-
oteintech) at 4 °C overnight. Sampleswerewashed at least 5 timeswith PBS-
0.5% Tween (PBST) and then incubated with staining solution containing
the secondary antibodies anti-mouse IgG conjugated with Alexa Fluor 488
(1:2000, Cell Signaling Technology) and anti-rabbit IgG conjugated with
Alexa Fluor 594 (1:2000, Cell Signaling Technology) at room temperature
for 1 h. The samples were washed five times with PBST, the blocking agent
containing DAPI (4’,6-diamidino-2-phenylindole) was added dropwise,
and the coverslips were finally covered. Fluorescence imaging was per-
formed using a laser confocal microscopy (AXR, Nikon).

Statistical analysis and reproducibility
The sample size (N, representing biological replicates per group) is provided
in all figure legends. For key experiments, independent replication was
performed a minimum of three times. Statistics were performed on
Graphpad Prism 9 (GraphPad Software, San Diego, CA). Statistical differ-
ences between groupswere determined using a one-way analysis of variance
(ANOVA) or Dunnett’s multiple comparison test. Student’s t-test was used
to compare the two groups. The data are presented as the mean ± standard
error of three independent replicates’mean (SEM). Statistical significance:P
value < 0.05 (*); p < 0.01 (**); p < 0.001 (***); NS no significant difference.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Mass cytometry data of CNS leukocytes from female ICR mice (https://
community.cytobank.org/cytobank/experiments/122065) are available
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online. Numerical source data for graphs and charts can be found in Sup-
plementary Data 1. All other data are available from the corresponding
author on reasonable request.
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