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NEUROIMMUNOLOGY

Immaturity of immune cells around the dural venous
sinuses contributes to viral meningoencephalitis in
neonates
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High neonatal susceptibility to meningitis has been attributed to the anatomical barriers that act to protect the
central nervous system (CNS) from infection being immature and not fully developed. However, the mechanisms
by which pathogens breach CNS barriers are poorly understood. Using the Armstrong strain of lymphocytic
choriomeningitis virus (LCMV) to study virus propagation into the CNS during systemic infection, we demon-
strate that mortality in neonatal, but not adult, mice is high after infection. Virus propagated extensively from
the perivenous sinus region of the dura mater to the leptomeninges, choroid plexus, and cerebral cortex. Al-
though the structural barrier of CNS border tissues is comparable between neonates and adults, immunofluor-
escence staining and single-cell RNA sequencing analyses revealed that the neonatal dural immune cells are
immature and predominantly composed of CD206"" macrophages, with major histocompatibility complex
class Il (MHCI™ macrophages being rare. In adults, however, perivenous sinus immune cells were enriched
in MHCII™ macrophages that are specialized for producing antiviral molecules and chemokines compared
with CD206" macrophages and protected the CNS against systemic virus invasion. Our findings clarify how sys-
temic pathogens enter the CNS through its border tissues and how the immune barrier at the perivenous sinus

region of the dura blocks pathogen access to the CNS.

INTRODUCTION
Neuroinfectious diseases are among the most devastating illnesses
and can cause severe morbidity and mortality (I). To maintain an
immune-privileged central nervous system (CNS) environment,
multiple anatomical barriers including the blood-brain barrier
(BBB) and blood—cerebrospinal fluid (CSF) barrier (BCSFB)
protect the CNS (2). Despite the multiple barriers covering the
CNS, systemic pathogens sometimes invade the CNS and propa-
gate, leading to uncontrolled immune cell trafficking into the
CNS (3-6). Exploring the underlying mechanisms of how and
where systemic pathogens breach CNS barriers is thus important.
A minimum threshold of pathogen in the bloodstream is re-
quired to cause meningeal invasion (5); however, the route taken
by pathogens penetrating the CNS has not been precisely elucidated.
Previous research has focused on the perivascular spaces of the lep-
tomeninges and choroid plexus (CP) as primary sites of systemic
virus entry into the CNS (I), but the outcomes were based on
disease-progressed human samples or models involving pathogen
injection into the brain, which do not reflect the natural infection
route. Furthermore, despite the substantial disease burden with
long-term neurologic sequelae in neonatal meningitis (7), it is still
unclear why neonates are more susceptible to CNS infection with
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pathogens that are normally blocked from reaching the CNS in
adults. Several presumable causes, including direct exposure to
the pathogen-rich birth canal, CNS barriers being immature in ne-
onates, and unestablished cellular and humoral immunity, have
been suggested (6, 8, 9), but key contributors to the high suscepti-
bility are poorly understood.

The CNS borders—meninges, CP, and skull bone marrow—
constitute a functional barrier at CNS interfaces, with resident
immune cells that vigilantly patrol the CNS borders (10). Recent re-
search has led to a deeper and more extensive understanding of CNS
immunosurveillance (11, 12). Each CNS border tissue is compart-
mentalized and shaped as a distinct immunologic niche for CNS
immunosurveillance under normal conditions (13). Among these
border tissues, the CP and leptomeninges are classically known to
serve as gateways for immune cells and pathogens (14). In compar-
ison, the dura mater (dura) has been considered a peripheral tissue
physically separated from the CNS by the tight arachnoid barrier
(15). However, emerging evidence highlights the dura as a key stra-
tegic site of immune surveillance for the CNS (11, 16-18). The
immune cells along the venous sinuses at the dura serve as a hub
for relaying CNS-derived antigens (18). Moreover, CNS antigen—
specific adaptive immune cells at the dura play critical roles in ag-
gravating CNS autoimmune diseases (16—18).

Nevertheless, there is some controversy about the roles of the
dural immune system in the pathogenesis of CNS autoimmune dis-
eases: Not only is CNS antigen—specific T cell trafficking confined
to the leptomeninges but CNS antigens are also not very accessible
to the dura (19). Considering the peripheral location of the dura,
clarifying the specific responses of the dural immune system to sys-
temic pathogens is important and beginning to be understood (20).
Although adaptive immune cells such as plasma cells at the dural
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venous sinus protect against fungal infection (21), an understanding
of how innate immune cells respond to peripheral pathogens has
been elusive. Border-associated macrophages—innate immune
cells that function in host defense and maintain tissue homeosta-
sis—include major histocompatibility complex class II (MHCII)"
and MHCII" macrophages and are extensively distributed in CNS
border tissues (20, 22, 23). A recent report (24) demonstrates that
the border-associated macrophages serve as the immune barrier for
CNS protection but subsequently facilitate monocyte infiltration
across the CNS border tissues when the Trypanosoma brucei para-
site invades the border tissues. However, how the border-associated
macrophages shape and establish cellular and functional innate
immune barriers in these tissues is poorly understood.

Here, we show that MHCIIT™ macrophages at the perivenous
sinus within the dura play a crucial role in preventing virus propa-
gation into the CNS during early systemic infection. They are dy-
namically recruited to the perivenous sinus from the systemic
circulation in an adhesion molecule-dependent manner during
the postnatal period. The immaturity of this immune barrier at
the perivenous sinus allows pathogen entry from the systemic circu-
lation into the CNS in neonatal mice.

RESULTS

The dural venous sinus is an initial entry site for
systemically invading LCMV

Given that neonates show a high susceptibility to meningitis caused
by hematogenous pathogens (5), we hypothesized that the CNS bar-
riers of neonatal mice would be immature and defective, allowing
systemic entry of microbes into the CNS. To test this hypothesis,
we intraperitoneally injected Armstrong strain lymphocytic chorio-
meningitis virus (LCMV), a noncytolytic rodent virus that infects
CNS border tissues, including meninges, CP, and the ependymal
cell layer (25, 26), into postnatal day 7 (P7, neonates) or 4-week-
old (P28, young adult) mice (Fig. 1A). The neonates died within 2
weeks after systemic LCMV infection, whereas young adult mice did
not show any lethality (Fig. 1B). In line with this finding, LCMV
particles were detected primarily in the perivenous sinus region of
the dura (called the “perisinus” hereafter) at days postinfection (dpi)
4 and 6 in neonates (Fig. 1, C, D, and G), infecting particularly vi-
mentin-positive stromal cells (fig. S1, A to C). At dpi 6, LCMVs
were detected in perivascular space from the medial side (adjacent
to the venous sinus) of the leptomeninges and cerebral cortex (we
designate these regions together as the “LM-CC") but not in the CP
in the neonates (Fig. 1C and fig. S1, G and H). To exclude the pos-
sibility that LCMV reached the LM-CC by leakage from brain
vessels, we systemically injected fluorescence-labeled ovalbumin
(Fluor-OVA) into neonates at dpi 6 after the systemic LCMV infec-
tion (fig. S1, E to H). No Fluor-OVA was detected in LCMV-infect-
ed LM-CC, whereas widespread Fluor-OVA was detected in the
dura and CP (fig. S1, F to H). These findings indicate that LCMV
propagates from the dura to the LM-CC rather than directly from
the systemic circulation to the LM-CC in neonates.

At dpi 8, LCMV propagation was extensively found in all three
regions including the epithelial cells of the CP and brain parenchy-
mata in the neonates (Fig. 1, C, E, H, and [, and fig. S1D). In com-
parison, no LCMV propagation was detected in the CNS border
tissues or brain parenchyma at any time point, except for the tran-
sient appearance of LCMYV in the dura at dpi 4 in young adult mice
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(Fig. 1C). In line with these histological findings, reverse transcrip-
tion polymerase chain reaction (RT-PCR) analysis revealed that
LCMYV viral transcripts were increased exponentially in the dura
and to a lesser extent in the LM-CC and CP up to dpi 8 in neonates
(Fig. 1F). In parallel, we observed that massive infiltration by
CCR2"MHCII Tbal™ myelomonocytic cells was accompanied by
LCMYV propagation in the perisinus and LM-CC, but not the CP,
in neonates (fig. S2, A to C), indicating that the CP is not the
main route for inflammatory cell recruitment into the CNS upon
viral infection. These data suggested that the dura has a barrier
system specialized in preventing pathogen entry from the systemic
circulation in young adult mice. To investigate this, we directly in-
jected 3 x 10° plaque-forming units of LCMV into the cranial cavity
via the cisterna magna [intracisterna magna (i.c.m.)] in adult mice
(fig. S2D). In contrast to the findings of systemic LCMV (Fig. 1), we
detected high levels of LCMV in the perisinus, LM-CC, and CP at
dpi 3 and dpi 6, resulting in T cell recruitment into the perisinus and
LM-CC and death within 8 days, consistent with a previous report
(fig. S2, E to G) (27). Together, these findings signify that the dural
venous sinus is the initial CNS entry site for systemic LCMV and
imply that the perisinus serves as a barrier against LCMV invasion.

The perisinus is devoid of a definitive tight barrier against
systemic or CSF pathogen access in both neonates

and adults

To delineate how the barrier system of the perisinus at the dura con-
tributes to CNS protection against neurotropic pathogens, we com-
pared the barrier features of each CNS border tissue between
neonates and adult mice. In adults, vascular endothelial cells
(ECs) of the dura and CP were equipped with high levels of plasma-
lemma vesicle—associated protein, whereas those of the LM-CC had
high levels of claudin-5, a tight-junction molecule (fig. S3, A to C).
Consistent with this finding, intravenously injected Fluor-OVA
through the retro-orbital sinus was detected in perivascular macro-
phages of the dura and CP but not in the LM-CC (fig. S3, D to G).
Fluor-OVA injected i.c.m. was detected in perivascular macrophag-
es of the dura and LM-CC but not of the CP (fig. S3, H to K) and
reached the perisinus beyond the subarachnoid space (fig. S3L),
consistent with a previous report (18). Furthermore, intracerebro-
ventricular-injected Fluor-OVA was detected in the large, Ibal®
macrophages (fig. S3, M to O), which are likely “epiplexus macro-
phages” that are present along the apical epithelial surface (28), in
the CP. These findings indicate the lack of a vascular barrier in the
dura and the presence of a tight vascular barrier in the LM-CC and
BCSFB in CP. This result highlights the perisinus’ lack of any tight
barrier against pathogen access from systemically circulating blood
or CSF. Compared to young adult mice, neonates showed no
notable differences in levels or distribution of claudin-5 and
zonula occludens-1 (ZO-1) in vascular ECs of LM-CC and CP or
CP epithelium (fig. S3P). Moreover, no differences were found in
the distribution of systemically delivered Fluor-OVA at CNS
borders between the two groups (fig. S3Q). Thus, neonates and
adults have comparable tight barriers in the LM-CC and CP but
lack a barrier in the perisinus against systemic or CSF patho-
gen access.
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Fig. 1. LCMV penetrates the perivenous sinus
region of the dura mater and invades the CNS
in neonatal mice. (A) Diagram depicting the ex-
perimental procedure for intraperitoneal (i.p.) in-
jection of the weight-adjusted amount of LCMV-
Arm into P7 and P28 B6 mice and analyses at in-
dicated dpi. (B) Survival rate of the indicated mice
(each n = 10) after the LCMV-Arm infection. P
values were calculated by log-rank test. (C) Rep-
resentative immunofluorescence images of LCMV
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Abundant macrophages per se in the dura fail to limit virus
dissemination in neonates

The above findings led us to compare resident immune barriers and
their responses to viral invasion at the dura between neonates and
young adult mice. To examine differences in resident immune cells
at the dura, we intravenously injected fluorophore-labeled CD45
antibody (CD45iv) before perfusion and gated on CD45iv-CD45"
cells to exclude contamination by intravascular CD45" cells, in
keeping with a previous report (29), before conducting single-cell
RNA sequencing (scRNA-seq) (Fig. 2A). Unexpectedly, our
scRNA-seq analysis of the dural extravascular CD45" cells revealed
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marked differences in types and fractions of immune cell subpop-
ulations between the two groups (Fig. 2B). In neonates, most of the
immune cells were macrophages, whereas in young adults, diverse
and mature types of immune cell subpopulations were detected
(Fig. 2, B and C, and fig. $4, A to C).

To identify critical cell types controlling the viral invasion of
CNS border tissues, we pretreated recombination activating gene
2 (RAG2)—deficient mice with anti-CD90.2 antibody to deplete
lymphoid lineage cells; wild-type (WT) mice with anti—-Gr-1 anti-
body to deplete neutrophils and Ly6C"™ monocytes; WT mice
with a combination of anti—c-Kit antibody, anti—plasmacytoid
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Fig. 2. Abundant macrophages in the dura fail to limit viral dissemination in neonates. (A) Experimental procedures of scRNA-seq for extravascular CD45" cells in the
dura. CD45iv was intracardially given, followed by perfusion with ice-cold PBS for 30 s performed on normal P7 neonatal (n = 30) and P28 young adult B6 mice (n = 30).
Leukocytes from the dura were gated for CD45iv"CD45" cells to exclude contamination of intravascular CD45" cells and sorted for 10x chromium scRNA-seq. (B) UMAP
plots visualizing extravascular CD45" cells in the dura of P7 (4964 cells) and P28 mice (4734 cells). (C) Donut plots show a fraction of each indicated cell cluster in the
indicated total number of cells. ILC, innate lymphoid cell. (D) Diagram depicting the experimental procedure for intraperitoneal injections of cocktails of depleting
antibodies (Abs) into P28 young WT B6 or RAG2-deficient mice, and then the mice are infected with intraperitoneal injection of LCMV-Arm and analyzed 6 days
later. (E) Diagram depicting the experimental procedure for intraperitoneal injections of diphtheria toxin (DT) into P28 CX3CR1-DTR or WT B6 mice, and then the
mice are infected with intraperitoneal injection of LCMV-Arm and analyzed indicated days later. (F to H) Representative immunofluorescence images and quantifications
of LCMV foci (red) at the dura and LM-CC. CD31 (blue) for blood vessels showing the infection routes in the dura and LM-CC. Scale bars, 1.0 mm. Note that LCMV prop-
agation is detected in the dura and LM-CC of CX3CR1-DTR mice but not in those of WT mice at dpi 8. In (G) and (H), bars indicate mean + SD. Data are derived from n=4to
6 mice per group pooled from two independent experiments. P values in (G) and (H) were calculated using one-way ANOVA followed by Tukey's post hoc test. *P < 0.05,
*#*P < 0.001, and ****P < 0.0001. n.s., not significant.
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dendritic cell antigen-1 (PDCA-1) antibody, and anti-CD161
(NK1.1) antibody to deplete innate immune cells including mast
cells, plasmacytoid dendritic cells, and NK cells; and CX3C chemo-
kine receptor 1 (CX3CR1)-diphtheria toxin receptor (DTR) mice
with diphtheria toxin to deplete macrophages (Fig. 2, D and E).
We confirmed substantial depletion of targeted immune cells in
the dura by flow cytometry analysis (fig. S5, A to D) and immuno-
fluorescence staining (IFS) analysis (fig. S6, A and B). Nevertheless,
among the groups, the macrophage-depleted CX3CR1-DTR mice
showed apparent LCMV spread from the perisinus to the whole
dura and LM-CC (Fig. 2, F to H, and fig. S6, C to G). Although in-
traperitoneal administrations of diphtheria toxin depleted most of
the tissue-resident macrophages in the CNS borders and microglial
cells in the brain parenchymata of the CX3CR1-DTR mice (fig. S6,
A and B), no apparent LCMV foci were observed in the CP and
brain parenchyma, whereas it was highly accumulated in the LM-
CC at dpi 8 (fig. S6, C to G). As a control, diphtheria toxin—
treated WT mice did not show the LCMV spread from the perisinus
to the whole dura and LM-CC (Fig. 2, E, F, and H). These findings
suggested that macrophages in the dura and LM-CC could serve as
the initial defensive barrier against systemic pathogen invasion to
the CNS before activation of the adaptive immune system. Never-
theless, our findings show that the abundant macrophages in the
dura failed to limit virus dissemination in neonates (Figs. 1C and
2B). This raises the question of whether the difference in macro-
phage composition between neonates and young adult mice is a
critical determinant of the high susceptibility of the neonates to
LCMV-induced meningoencephalitis.

MHCII™ cells at the perisinus are a distinct macrophage
subpopulation in adult mice

To explore the differences and heterogeneity in dural macrophages
between neonates and young adult mice, we subclustered the mac-
rophage populations and compared them (Fig. 3A). Notably, most
macrophages in neonates were CD206™ or proliferating macro-
phages, whereas a distinct MHCII™ macrophage population consti-
tuted a major type of the macrophages in young adult mice (Fig. 3, B
and C). Intriguingly, compared with the CD206™ macrophages,
MHCII™ macrophages highly expressed the transcripts of Ccr2
(chemokine receptor), Cxcl2, Ccl6, Ccl4 (chemokine), and II1b
(proinflammatory cytokine) (Fig. 3, D and F). Gene ontology anal-
ysis revealed that these MHCII™ macrophages were specialized for
producing chemokines and mediating the inflammatory response
(Fig. 3E). Consistent with these single-cell transcriptomic findings,
two distinct macrophage subpopulations, MHCII™ and CD206"™
macrophages, were identified by flow cytometric analysis in the
dura of young adult mice (Fig. 3G). MHCII™ macrophages were
CD206 negative or CD206 low, which is compatible with previous
findings (Fig. 3G) (22, 30). The spatial distribution patterns of these
cells in the CNS borders of adult mice were distinct, with dense in-
filtration of MHCII™ cells in the perisinus and evenly dispersed
CD206™ cells along the vascular network throughout the CNS
borders (Fig. 3, H and I). We found that most of the MHCI™
cells in the perisinus were Ibal™ macrophages, and they were dis-
tinct from the CD206™ macrophages, given that the most MHCIT™
Ibal" macrophages were CD206 negative or CD206 low but CCR2
positive (Fig. 3]).

Kim et al., Sci. Imnmunol. 8, eadg6155 (2023) 6 October 2023

MHCIIM cells are recruited along the venous sinus at the
dura during the postnatal period

To investigate the emergence of MHCII™ cells in the dura, we used
double Cx3cr1*/S*?/Ccr2*/**P neonatal mice and performed IFS
for MHCII in CNS border tissues during the postnatal period.
CX3CR1 single-positive cells, mainly CD206" cells, were extensive-
ly distributed in CNS border tissues without notable changes
throughout the postnatal period (Fig. 4, A and B, and fig. S7A).
In contrast, the numbers of both CCR2" cells and MHCII" cells in-
creased along the dural venous sinus during the early postnatal
period (Fig. 4, A to C, and fig. S7A). The density of CCR2" cells
in the LM-CC was relatively low and stable, but MHCII expression
in the CCR2" cells progressively increased, and they became
CCR2"MHCII" double-positive cells during the postnatal period
(fig. S7, B to D). In the CP, the numbers of both CCR2" and
MHCII" cells were low during the postnatal period but slowly in-
creased from a young age (fig. S7E).

To delineate the postnatal recruitment of MHCII™ cells to the
perisinus, we visualized MHCII and Ibal in the perisinuses of
CCR2™P"* mice by immunofluorescence. In P7 neonates, most
Ibal*CCR2" cells were MHCII™, but a few Ibal"MHCII"CCR2"
cells were present as round and small in shape (Fig. 4D).
However, in P28 young adult mice, the number of Ibal "MHCII"
CCR2" cells increased, and most of their shapes ware elongated
and large (Fig. 4D). Flow cytometry analysis with WT mice con-
firmed that, among the CD11b"CD64" macrophages, the propor-
tion of MHCII™ macrophages progressively increased, whereas
the proportion of CD206" macrophages decreased from P7 to
P28 (Fig. 4, E and F, and fig. S8A). Furthermore, Ly6C" monocytes
increased from P7 to P28, but they did not express MHCII (fig. S8,
B, D, and E). In comparison, conventional dendritic cells (cDCs)
were relatively highly populated in the dura of P7 and then gradually
decreased (fig. S8, C, F and G). Thus, MHCIM macrophages are
gradually recruited along the venous sinus at the dura as an
immune barrier during the postnatal period.

To investigate mechanisms underlying the preferential recruit-
ment of dural MHCII™ cells to the perisinus versus other CNS
borders, we performed scRNA-seq on isolated ECs across the
border tissues (fig. S9A). Through unsupervised clustering, we
identified a distinct EC cluster in each CNS border region according
to the expression of EC subtype—specific marker genes (fig. S9, B
and C) (31, 32). We selected and grouped genes related to adhesion,
fenestration, or tight junctions and displayed these groups in three-
dimensional (3D) scattering and violin plots. As shown in Fig. 5A
and fig. S9D, dural sinus ECs were distinguished by their high ex-
pression of genes related to adhesion and fenestration and lack of
expression of genes related to tight junctions. Gene ontology anal-
ysis based on differentially expressed genes (DEGs) revealed that the
molecular functions of dural ECs were related to inflammatory re-
sponses, responses to pathogens, regulation of the defense response,
and cell adhesion molecules. These were different from both LM-
CC ECs (selective transport and maintenance of BBB) and CP
ECs (protein phosphorylation and lipid metabolism) (fig. S10, A
and B). Consistent with these findings, dural ECs were characterized
by higher expression of adhesion molecule genes (Vcaml, Icaml,
and Selp) and inflammatory response genes (Cxcl10, Irfl, and
Nfkbia) (Fig. 5B). In addition, dural ECs had high expression of
genes related to signaling mediators for interferon and other cyto-
kines (Jakl, Jak2, Itfl, Irf8, 1l6st, I117ra, Socs2, and Socs3), innate
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immune regulatory molecules (Lbp, Fgl2, Csf3, and Cfh), and pro-
coagulant production (F8 and Serpinel) (Fig. 5, C and D). IFS anal-
ysis confirmed that the leukocyte trafficking molecules intercellular
adhesion molecule-1 (ICAM-1) and P-selectin were highly and se-
lectively present in the ECs of the venous sinus lumen but not in
ECs far from the sinus in the dura and in the LM-CC and CP
without notable differences between P7 and 8-week-old mice (fig.
S11, A to D). These patterns suggest that dural sinus ECs serve as
sites of immune cell recruitment to the perisinus by expressing high

Kim et al., Sci. Imnmunol. 8, eadg6155 (2023) 6 October 2023

levels of adhesion molecules for leukocyte trafficking, consistent
with the emerging concept of the sinus vasculature as a strategic
site for active immune-vessel cross-talk (18).

To address the role of high adhesion molecule levels in the post-
natal recruitment of immune cells to the perisinus, we performed
subcutaneous injections of blocking antibody cocktails against
PSGL-1, VLA-4, and LFA-1 integrin (PVL) into P1 CC-chemokine
receptor 2 (CCR2)-green fluorescent protein (GFP) neonates
(Fig. 5E). ICAM-1 was high in dural sinus ECs at P1 (Fig. 5F).
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Fig. 4. MHCII" macrophages increase postnatally along venous sinuses of the dura mater. (A to C) Immunofluorescence images and comparisons of distributions of
CCR2", MHCII™, and CX3CR1" cells in the dura during postnatal development. Dotted line indicates the dural venous sinus. Scale bars, 200 um (top) and 50 um (bottom).
Dots indicate mean =+ SD. Data in (A) to (C) show or are representative of n = 3 mice per group pooled from two independent experiments. (D) Representative immu-
nofluorescence images showing distributions of MHCII" (green) and Iba1* (blue; red in magnified view) cells in the dura of P7 and P28 CCR2°7™* mice. The dotted line
box is magnified as the three right panels. Scale bars, 50 um. Note that most MHCII" cells are CCR2* (red) cells (white arrowheads) in both P7 and P28 mice. Data are
representative of n = 3 mice per group pooled from two independent experiments. (E and F) Flow cytometry analysis and quantification of MHCII" and CD206" mac-
rophages in P7, P14, and P28 mice. Individual data points represent data from each experiment (four to six mice pooled per group), and bars indicate mean + SD. Data are
derived from three independent experiments. Each dot indicates a mean value from four mice, and bars indicate mean + SD. n = 12 mice per group from three inde-
pendent experiments. P values in (B) and (C) were calculated by one-way ANOVA and in (F) by one-way ANOVA followed by Tukey's post hoc test. **P < 0.01 and ****P

< 0.0001.

Compared with mice treated with immunoglobulin G (IgG) at P8,
PVL reduced CCR2" cell counts by 73% and vessel coverage of
MHCII" cells by 91% in the perisinus (Fig. 5, G and H).
However, CCR2" and MHCII" cell numbers were not reduced in
CCR2-deficient (Ccr2SF¥'SFP) animals (Fig. 5, G and H), indicating
that the postnatal recruitment of CCR2* and MHCII" cells was not
dependent on the chemokine receptor. These findings imply that
distinct endothelial characteristics of the dural venous sinus facili-
tate the establishment of an innate immune barrier at the dura
during the postnatal period.

Dural sinus-associated MHCII™
CNS against systemic LCMV

The innate immune barrier at the perisinus is the initial site of
contact with systemic LCMV. To uncover the roles of perisinus
macrophages, we depleted them by i.c.m. injection of clodronate li-
posome (clodronate) (33) with intraperitoneal injection of PVL an-
tibodies (clodronate + PVL) in adult mice (Fig. 6, A and B). We
confirmed that the i.c.m.-injected fluorescent liposomes spatially
targeted immune cells at the perisinus (Fig. 6C). Both IFS and

macrophages guard the

Kim et al., Sci. Imnmunol. 8, eadg6155 (2023) 6 October 2023

flow cytometry analyses showed that a single clodronate treatment
effectively depleted perisinus CD206™ macrophages, but CCR2*
Ibal "MHCII™ macrophages were rapidly recruited to the perisinus
after the treatment (Fig. 6, D to G, and fig. S12, A and B). On the
other hand, clodronate + PVL reduced both the numbers and pro-
portions of MHCII" and CD206" macrophages in the perisinus
(Fig. 6, D to G). However, cDCs were not changed in the whole
dura after either clodronate or clodronate + PVL treatment
(Fig. 6, F and G). After systemic LCMV injection, LCMVs and
viral transcripts were abundant in the perisinuses and LM-CC of
mice receiving the combination treatment, but few or none were de-
tected in animals receiving either clodronate or PVL alone (Fig. 6, H
to J). The combination of i.c.m. injection of clodronate and intra-
peritoneal injection of CSF1R-depleting antibody also allowed viral
infection at the perisinus and LM-CC (Fig. 6I). Thus, among the
cells generating innate immunity, a sustained MHCII™ macrophage
population appears to be key to building the dural immune barrier
against viral spread into the CNS early during infection. Notably,
the LCMV transcript level in the spleen did not differ between
PVL- and clodronate + PVL-treated mice (Fig. 6]). Collectively,
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these results indicate that viral propagation at the dura and LM-CC
was mainly attributable to impaired local innate immune responses
at the perisinus.

These findings led us to compare the molecular responses to the
LCMYV infection between MHCII™ macrophages and CD206" mac-
rophages in the dura of young adult mice. We isolated each set of
macrophages from the dura at control time point (0 hours) and 12
hours after infection of systemic LCMV and performed plate-based
scRNA-seq analysis (fig. S12C). Heatmap and violin plots showed
that some of the up-regulated genes in the MHCII™ subset were

Kim et al., Sci. Imnmunol. 8, eadg6155 (2023) 6 October 2023

19G IgG  PVL Abs

MHCII CCR2-GFP CD31

classified as “cell-type intrinsic DEGs"—genes that differed from
those of CD206™ cells regardless of their response to infection.
These genes included Cxcl16 (antiviral chemokine), I11b (proin-
flammatory cytokine), Csfr2a (colony-stimulating factor receptor),
Ccr2 (C-C motif chemokine ligand 2 chemokine receptor), Slamf7
[signaling lymphocytic activation molecule (SLAM) family—medi-
ates stimulatory signal that promotes immune cell activation and
differentiation], and S$100all (calcium-binding protein). The
genes that were up-regulated in the MHCII™ subset were classified
as “infection-induced DEGs"—genes that differed from those of
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Fig. 6. MHCII" perisinus macrophages guard
the CNS against systemic LCMV infection. (A)
Diagram depicting the experimental procedure
for i.c.m. injection of fluorescent liposomes into
WT B6 adult mice and analyses 2 hours later. (B)
Diagram depicting the experimental procedure
for depleting dural phagocytes. Either i.c.m. in-
jection of control liposome (control) or clodronate
liposome (Clod) followed by intraperitoneal in-
jections of IgG or PVL-blocking Abs or anti-CSF1R—
depleting Abs into adult WT B6 mice and analyses
3 days later. (C) Image showing uptake of lipo-
somes (red Fluoroliposome) by perisinus (CD31,
blue) phagocytes. Data are representative of two
independent experiments with a total of n = 4
mice. (D and E) Images and comparisons for dis-
tributions of MHCII™ (red) or CD206"" (green)
macrophages in the perisinus (CD31, blue) region
of each indicated group. Each dotted line box is
magnified below. Scale bars, 200 um. The sinus
coverage (%) was calculated as either total MHCII*
or CD206" area divided by the total CD31* peri-
sinus area. Individual data points represent data
from one mouse, and bars indicate mean + SD.
Data in (D) and (E) show or represent n = 4 mice
per group pooled from two independent experi-
ments. (F and G) Flow cytometry analysis and
comparisons of CD26" cDC, MHCIIhi, and CD206M
macrophages in the control group, clodronate li-
posome i.c.m. injection group (Clod), and clodro-
nate liposome i.c.m. injection followed by PVL-
blocking Abs intraperitoneal injection group
(Clod + PVL). In (G), the proportion of cell types
(%) was calculated from the parent population of
either CD45*Lin"CD11b" cells (cDC) or CD45"
Lin"CD11b*CD64" cells (MHCII" or CD206M). In-
dividual data points represent the results of each
experiment (four to six mice pooled per group),
and bars indicate mean + SD. Data are derived
from four independent experiments. (H) Diagram
depicting the experimental procedure for i.c.m.
injection of control liposome or clodronate lipo-
some followed by intraperitoneal injection of
cocktails of IgG or PVL-blocking Abs or anti-
CSF1R—-depleting Abs into adult WT B6 mice, and
then the mice are infected with intraperitoneal
injection of LCMV-Arm and analyzed 6 days later.
(1) Immunofluorescence image of LCMV foci (red)
showing that LCMV invades the perisinus (CD31,
blue) region of the dura (yellow arrowheads) and
the medial side of LM-CC (white arrowheads) in
the Clod + PVL-blocking Abs group and Clod +
anti-CSF1R—depleting Ab group. Scale bars, 1.0
mm. Data represent two independent experi-
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ments in n =6 mice per group. (J) Comparisons of relative expression of LCMV glycoprotein RNA in the spleens and LM-CC of each indicated group. The RNA level from the
control group was used as the standard group for comparison. Each data point represents data from one mouse, and bars indicate mean + SD. Data from two independent
experiments with total n = 6 mice per group are shown. P values in (E), (G), and (J) were calculated by one-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P <

0.01, and ****P < 0.0001.
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CD206™ cells only in response to infection. These genes included
Klrkl (NK cell lectin-like receptor), Rgsl (type I interferon—
induced gene), S100a6 and S100a10 (calcium-binding proteins),
Slamf8 and Slamf9 (SLAM family), and Kcnn4 (potassium
calcium—activated channel subfamily). However, in the CD206™
subset, the up-regulated genes were Fcgr (Fc gamma receptor);
Lyvel (immune modulation); and Clqa, Clgb, and C4b (comple-
ment components) (fig. S12, D and F). Thus, we conclude that
the resulting gene signatures provide distinct MHCII™ cell respons-
es, which differ from those of CD206™ cells, indicating that
MHCII™ cells contribute to antiviral responses in the dura, both
through cell-intrinsic mechanisms (maintaining high transcript
levels) and infection-induced mechanisms (rapidly responding to
virus infection).

The venous sinus—associated macrophage barrier protects
against LCMV through a type 1 interferon-mediated
signaling

To elucidate the mechanisms by which perisinus MHCII™ macro-
phages protect the CNS from systemic LCMV infection, we inves-
tigated the ability of the adaptive immune system to limit viral
propagation. In WT adult mice, we noted no differences in the
number and distribution of T cells after treatment with either clodr-
onate or PVL (fig. S13, A to C). To examine whether the adaptive
immune system is required for perisinus macrophages to protect
against systemic LCMV, we used RAG2-deficient mice (fig. S13,
A to C). Clodronate treatment in RAG2-deficient mice markedly
reduced CD206™ macrophages but elicited no change in MHCIT™
macrophages in the perisinus (fig. S13, D and E). After systemic
LCMV injection, LCMVs and transcripts were scarce or not
found in the dura and LM-CC at dpi 6 (Fig. 7, A, B, and K).
These results imply that the adaptive immune system plays a
minor role in limiting viral invasion into the CNS early during in-
fection. Moreover, clodronate combined with either MHCI- or
MHCII-blocking antibody did not induce any LCMV propagation
into the CNS (Fig. 7, A, B, and K), suggesting that the antiviral
mechanism of MHCII™ macrophages is neither MHCI nor
MHCII dependent.

We then investigated whether cytokines secreted by perisinus
MHCII™ macrophages could enhance antiviral barrier function.
We compared changes in the expression of antiviral gene transcripts
in the dura between neonates and young adult mice and between
clodronate- and clodronate + PVL-treated mice at an early infec-
tion time point, 36 hours after LCMV infection (Fig. 7, C and F).
Compared with neonates, young adult mice showed increased tran-
script levels of CCL chemokines (Ccl4 and Ccl5), interferon regula-
tory factors (Irf5 and Irf7), and other inflammatory molecules
(Fig. 7D). Gene ontology analysis revealed that the up-regulated
transcripts in young adult mice encoded cytokines, including gran-
ulocyte-macrophage colony-stimulating factor and interferon-a
(Fig. 7E). Furthermore, compared with the clodronate + PVL
group, the clodronate group showed higher expression of chemo-
kines (Ccl5, Cxcl9, and Cxcl10) and proinflammatory cytokines
(I1b and 1112b) (Fig. 7, G and H). Type 1 interferon and interfer-
on-y signaling pathways are critical in restraining viral spread, and
they nonredundantly dictate cytokine production as interferon-a/p
receptor (IFNAR) dependent [e.g., interleukin-12b, CCL4, and
CCL5] and interferon-y receptor (IFNGR) dependent (e.g.,
CXCL9, Statl, and Irfl) (34). Therefore, to delineate the

Kim et al., Sci. Imnmunol. 8, eadg6155 (2023) 6 October 2023

downstream targets, we treated the adult mice with or without
i.c.m.-injected clodronate and with either intraperitoneally injected
IFNGR-blocking or IFNAR-blocking antibody (Fig. 7I). We found
that IFNAR blockade but not IFNGR blockade led to viral propaga-
tion at the dura and LM-CC (Fig. 7, ] and K). This implies that type
1 interferon—mediated signaling is critical for the maintenance of
MHCII™ macrophage-dependent antiviral barriers at the perisinus,
which is in line with the recent report by Rebejac et al. (20).

DISCUSSION

Our work suggests that MHCII™ macrophages at the dura play a
crucial role in preventing early CNS infection by activating the
type 1 interferon—-mediated signaling before the emergence of
antigen-specific T cells. These myeloid cells are mainly located
along the venous sinus of the dura and are dynamically recruited
after birth. Distinct features of venous sinus ECs contribute to the
preferential recruitment of immune cells and the establishment of a
distinct immune barrier at the dura. Insufficient establishment of
the immune barrier at the perisinus due to either immaturity (in
neonates) or suppressed recruitment of MHCI™ macrophages is
sufficient to allow LCMV entry to the CNS from the systemic circu-
lation (fig. S14).

Our findings provide insights into the mechanism underlying
neonates’ high susceptibility to viral meningoencephalitis.
Because most previous observations of CNS infection have been
conducted within the framework of prolonged infections, postmor-
tem exams (35, 36), or direct intracranial inoculation of pathogen
models (33, 37), these do not accurately represent real-world
primary CNS infections (5, 38). To overcome these caveats, we
adopted systemic injection of LCMV for this study. LCMV is a non-
cytopathic virus that does not destroy CNS barrier structures and
allows pathogens to be observed as they infiltrate the CNS from
the periphery.

How systemic pathogens enter the CNS through its border
tissues has long been debated (I, 5, 39, 40). CNS borders constitute
distinct compartments with differing accessibility to the afferent
and efferent arms of the immune system (10). By comparing the
structural components of CNS borders, we found that the perisinus
is devoid of a definitive tight barrier and thus susceptible to patho-
gen invasion from the CSF and systemic circulation, consistent with
a previous report (18). Moreover, our findings confirm the belief
(21) that the route from the perisinus to the subarachnoid space
is highly vulnerable as a portal to the CNS for systemic pathogens.
Our findings show that LCMYV infection after systemic inoculation
initially takes place in the perisinus and later in the LM-CC without
notable vascular leakage, supporting the “perisinus to LM-CC"
route of pathogen invasion. However, this convincing concept is in-
consistent with the previous view (1, 5, 41) claiming pathogen entry
via the BCSFB or across the BBB into the CNS. Furthermore, there
has been controversy over whether the immaturity of CNS barriers
affects viral invasion of the CNS in neonates. Although one view
suggests that pathogens can access the CNS through immature
structural CNS barriers (9, 42), the opposite view (43, 44) claims
the existence of a functionally competent tight barrier in neonates.
Nevertheless, our findings show that the immaturity of the immune
cell landscape in the dura, particularly in the perisinus region, leads
to extensive LCMV propagation from the perisinus to the CNS and
fatal lethality by systemic virus infection in neonates. Therefore, we
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Fig. 7. MHCII" perisinus macrophage barrier
protects against LCMV through a type 1 inter-
feron—-mediated signaling. (A) Diagram depict-
ing the experimental procedure for i.c.m. injection
of control liposome or clodronate followed by
intraperitoneal injections of cocktails of IgG or
MHCI- or MHCII-blocking Abs into adult WT B6 or
RAG2-deficient mice, and then the mice are in-
fected with intraperitoneal injection of LCMV-Arm
and analyzed 6 days later. (B) Representative im-
munofluorescence images showing the absence
of LCMV foci (red) and blood vessels (CD31, blue)
at the dura and LM-CC in both RAG2-deficient and
MHCI/Il blockade groups. Scale bars, 1.0 mm. Data
are representative of two independent experi-
ments with n = 6 mice per group. (C) Diagram
depicting the experimental procedure for intra-
peritoneal injection of the weight-adjusted
amount of LCMV-Arm into P7 and P28 B6 mice
and harvest of dura at 36 hours after injection
followed by gqPCR array analysis. (D) Volcano plot
displaying DEGs (log, fold change > 0.4, —logqo
adj. P > 1.3) between P28 versus P7 dura. (E) Top
GO Biological Process terms based on DEGs (log,
fold change > 0.75, —logqoP > 3) between P28
versus P7 dura. GM-CSF, granulocyte-macrophage
colony-stimulating factor. (F) Diagram depicting
the experimental procedure for intraperitoneal
injection of LCMV-Arm into the clodronate injec-
tion group (Clod) and clodronate + PVL-blocking
Abs injection group (Clod + PVL) and harvest of
dura at 36 hours after injection followed by qPCR
array analysis. (G) Volcano plot displaying DEGs
(log, fold change > 0.4, —log;, adj. P > 1.3)
between Clod versus Clod + PVL dura. (H) Venn
diagram displaying DEGs that are distinct and
shared between P28 versus P7 or Clod versus Clod
+ PVL. In (C) to (H), data are from or representative
of n = 10 mice per group for each experiment,
from four independent experiments. (I) Diagram
depicting the experimental procedure for i.c.m.
injection of control liposome or clodronate fol-
lowed by intraperitoneal injection of IgG, anti-
IFNAR-blocking Ab, or anti-IFNGR-blocking Ab
into adult WT B6 mice, and then the mice are in-
fected with intraperitoneal injection of LCMV-Arm
and analyzed 6 days later. (J) Immunofluores-
cence images showing LCMV foci (red) and blood
vessels (CD31, blue) at the dura and LM-CC in in-
dicated groups. Note that the clodronate +
IFNAR-blocking Ab group or only IFNAR-blocking
Ab group shows LCMV foci in the dura and LM-CC.
Scale bars, 1.0 mm. Data represent two indepen-
dent experiments with n = 6 mice per group. (K)

A
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propose that the immaturity of the perivenous sinus immune
barrier is a key factor in neonates’ high susceptibility to viral
meningoencephalitis.

We identified MHCII™ macrophages along the venous sinus at
the dura as providing protection within the CNS against systemic
LCMYV infection. These cells are CD206 negative or CD206 low
and are recruited from circulating blood in a leukocyte adhesion
molecule-dependent manner not only in both neonates and
adults. The perisinus immune barrier constituted by these
MHCII™ macrophages seems equipped with constitutive type 1 in-
terferon—mediated signaling. Moreover, neither RAG2-deficient
mice nor WT mice treated with the MHCII blockade showed im-
pairment of the immune barrier against LCMV propagation from
the perisinus to the CNS, suggesting that adaptive immune cells
play a minor protective role, at least in the early infection Eeriod.
Hence, it would be interesting to examine the role of MHCIIT™ mac-
rophages at the perisinus to protect the CNS against systemic infec-
tion of T. brucei, a cytopathic parasite that destroys CNS barrier
structures (24).

A recent study (20) reports that MHCIT*CD206™ macrophages,
extensively and evenly distributed across dura, protect the CNS
against infection by neurotropic viruses. However, the MHCII™
macrophage subpopulation we identified in this study differs
from the MHCII*CD206™ macrophage subpopulation in regard
to its preferential localization, shaping the venous sinus—associated
barrier, formation of a protective immune barrier against virus in-
vasion, molecular profile, recruitment mode, and its link to neona-
tal susceptibility to meningoencephalitis.

In summary, our study reveals that in systemic viral infection,
immaturity of the perisinus innate immune barrier constituted
mainly by MHCIT™ macrophages allows virus entry to the CNS
from the dura, causing fatal meningoencephalitis in neonatal
mice. Establishing and maintaining the perisinus innate immune
barrier is key to preventing virus-induced meningitis and CNS
infections.

MATERIALS AND METHODS

Study design

This study aimed to determine the structural and functional differ-
ences among the CNS borders to understand the immunosurveil-
lance mechanisms that protect normal adult mice, including 4-
week-old (young adult) and 8-week-old adult mice, but not P7 ne-
onates, against virus-mediated meningitis. We used the systemic
LCMYV infection model, which does not destroy CNS barriers,
and used immunofluorescence to evaluate CNS structures; fluores-
cent-OVA tracing to evaluate barrier function; scRNA-seq analyses
and flow cytometry to characterize immune and endothelial cells;
blocking antibodies or diphtheria toxin to deplete specific
immune cells populations in the CNS borders of mice; and blocking
antibodies or/and clodronate to examine macrophage recruited to
the perisinus in neonates. Similar ages of adult male mice were as-
signed randomly to the experiment groups. For neonates, we used
both male and female mice. The samples we used for experiments
were unblinded throughout quantification and analysis.

Study approval
The experiments on the mice were conducted according to the ap-
proval (KA2020-78 and KA2020-79) of the Animal Care
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Committee of the Korea Advanced Institute of Science and Tech-
nology (KAIST).

Mice

C57BL/6J, Ccr2®PCx3cr19F* dual-reporter mice [B6.129(Cg)-
Cx3cr1t™itt Cepptm21fe Jerny, #032127], Cer2-GFP knock-in
mice [B6(C)-Cer2™1¢"/7 #027619], and CXCL12-dsRed mice
(Cxcl12tm2.1Sjm/], #022458) were obtained from the Jackson Lab-
oratory. RAG2-deficient (C57BL/6 N-Rag2™"/“P"*Rj) mice were
purchased from Janvier Labs (Le Genest-Saint-Isle, France).
CX3CRI1-DTR mice (45) were obtained from K. Soon Kim and
C. D. Surh (Academy of Immunology and Microbiology, IBS/
POSTECH, Pohang, Republic of Korea) and transferred and bred
in our animal facilities. All mouse strains were bred and maintained
under specific pathogen—free conditions at KAIST. Mice were anes-
thetized with intraperitoneal injection of a combination of anesthet-
ics (80 mg/kg of ketamine and 8 mg/kg of xylazine) before all
experiments or being sacrificed.

Administrations of Fluor-OVA via three routes

For adult mice, 50 pl (2 mg/ml) of Alexa Fluor 488-conjugated ov-
albumin (Fluor-OVA) was intravenously administered via the retro-
orbital route. For neonatal mice, 15 pl (5 mg/ml) of Fluor-OVA was
intraperitoneally administered. For i.c.m. administration, the necks
of adult mice were shaved, cleaned with 70% ethanol, and laid prone
on a stereotaxic frame under a microscope. As previously reported
(46), the head was adjusted to a 90° angle to the body axis to facil-
itate access to the cisterna magna. After a skin incision to the
midline of the posterior neck, muscle layers were carefully separated
with microretractors. The atlantooccipital membrane overlying the
cisterna magna was superficially penetrated using a 33-gauge
NanoFil needle (World Precision Instruments). Then, 3 ul (5 mg/
ml) of Fluor-OVA was infused into the subarachnoid space at 1 pl/
min for 3 min using a syringe pump (Chemyx). The needle was
slowly removed after the mouse was left in the position for 5 min
to prevent CSF leakage. The muscle layers and neck skin were
then sutured with black silk.

For intracerebroventricular injection, a small hole was drilled at
the medial-lateral axis 1 mm and anterior-posterior axis —0.5 mm
relative to the bregma after the skull exposure on a stereotaxic frame.
A 30-gauge NanoFil needle (World Precision Instrument) connect-
ed to a PE-20 catheter was inserted to a depth of 2.2 mm. A total of
2.5 ul of phosphate-buffered saline (PBS) containing Flour-OVA (5
mg/ml) was infused into the ventricle at a 1 pl/min rate for 2.5 min
using a microsyringe (88000, Hamilton) and a microinfusion
machine (Fusion 100, Chemyx Inc.). After infusion, the NanoFil
needle was left in place for 5 min to prevent backflow and then
slowly removed. The hole was sealed with a mixture of super glue
and resin. The mice were sacrificed 30 min after intravenous injec-
tion, intracerebroventricular injection (for adult mice), or intraper-
itoneal injection (for P7 pups) and 2 hours after i.c.m. injection to
trace administered Fluor-OVA at the CNS borders.

LCMYV inoculation

To induce acute meningitis, mice at the indicated age were infected
with LCMV Armstrong (LCMV-Arm) (47, 48), a gift from S.-J. Ha
(Yonsei University, Korea). LCMV stocks were prepared by infect-
ing BHK-21 cells and harvesting the supernatant at 72 hours after
infection. Viral titers were determined by plaque formation on Vero
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cells. All experiments involving LCMV were carried out at biosafety
level 2. To observe CNS pathogen entry patterns, LCMV was ad-
ministered either intraperitoneally (100 pl for adults and 10 pl for
neonates) or i.c.m. (3 pl for adults, 1 pl/min for 3 min using a
syringe pump). After the injection of viruses, survival was moni-
tored daily.

In vivo dural immune cell depletion

All antibodies used for the following experiments were purchased
from Bio X Cell (data file S1). For the neonatal mice, a cocktail of
100 pg of each rat anti-mouse PSGL-1 (clone 4RA10), VLA-4 (clone
PS/2), and LFA-1 antibody (clone M17/4) was injected subcutane-
ously every other day from P1 until the sampling time point. The
control group mice were given cocktails of the same dose of rat
anti-mouse IgGl isotype (clone HRPN), rat anti-mouse 1gG2b
isotype (clone LTF-2), and rat anti-mouse IgG2a isotype (clone
2A3) in the same manner. For depleting experiments in adult
mice, a cocktail of 400 ug each of rat anti-mouse CD90.2 (clone
30H12), Gr-1 (clone RB6-8C5), c-Kit (clone ACK2), PDCA-1
(clone 927), and NK1.1 (clone PK136) was intraperitoneally inject-
ed for three consecutive days. The control group mice were given
the same dose of rat anti-mouse IgG2a isotype. For Csflr depletion,
400 pg of rat anti-mouse Csflr (clone AFS98) was intraperitoneally
injected on days 1, 2, and 3 after i.c.m. injection of clodronate lipo-
some. For the experiment targeting the perisinus, cocktails of 250 ug
each of rat anti-mouse PSGL-1, VLA-4, and LFA-1 antibody were
intraperitoneally injected every day on days 1, 2, and 3 after i.c.m.
injection of clodronate liposome. The control group mice were
given the same dose of rat anti-mouse IgGl isotype, rat anti-
mouse IgG2b isotype, and rat anti-mouse IgG2a isotype in the
same manner. To deplete dural phagocytic cells, 5 pl of clodronate
liposome or control liposome (CLD-8901, Encapsula NanoScien-
ces) was injected i.c.m. at 1 pl/min for 5 min using a syringe
pump (Chemyx). The same volume of Fluoroliposome (CLD-
8911, Encapsula NanoSciences) was injected i.c.m. to observe the
spatial distribution of liposome. For the blocking experiment, 400
ug of rat anti-mouse MHCII (clone M5/114), IFNAR-1 (clone
MARI1-5A3), and IFNGR (clone GR-20) was injected subcutane-
ously on days 1, 2, and 3 after i.c.m. injection of clodronate lipo-
some. For MHCI blocking, a combination of 200 pg of each rat
anti-mouse MHCI (H-2Kd, clone SF1.1.10) and MHCI (H-Kk,
H-2DKk, clone 15-3-1S) was injected after i.c.m. injection of clodro-
nate liposome.

Diphtheria toxin treatment for CX3CR1-DTR mice

To deplete macrophages at the dura, CX3CR1°™ mice or WT mice
were intraperitoneally injected with 600 ng of diphtheria toxin
(D0564, Sigma-Aldrich) dissolved in 150 pl of PBS for three consec-
utive days. One day after the last injection, the LCMV was injected
intraperitoneally.

Sample preparations for histological analyses

Mice were perfused with ice-cold PBS followed by 4% paraformal-
dehyde (PFA) through the left ventricle by puncturing the right
auricle. For a sampling of meninges in a whole-mounted or cryo-
sectioned, the covering skin and neck muscles were stripped, and
the mandible and brain were removed from the skull. Then, the
dorsal part of the skull was dissected as previously described (49).
An incision was made from the cisterna magna along the suture
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lines of the skull parietal bone until the rostral part was reached
on both sides, and the parietal bone containing meninges was dis-
sected. The whole-mounted skull bearing dura was then fixed with
2% PFA for 2 hours at 4°C and decalcified with 0.5 M EDTA (pH
7.4) at 4°C for a day. For cryo-section of the calvaria, the dissected
part of the skull was fixed with 2% PFA for 3 hours at 4°C and de-
calcified with 0.5 M EDTA (pH 7.4) at 4°C for a day, embedded and
frozen in a frozen section medium (Leica) without dehydration, and
cut into 12-um sections using Cryocut Microtome (Leica). The
brain was isolated for the preparation of the LM-CC, and incisions
were made along the longitudinal fissure to cut cerebral hemi-
spheres in half. The olfactory bulb and cerebellum were removed
with a scalpel knife. An additional incision was made along the an-
terior and posterior corpus callosum level to obtain leptomeninges
and attached dorsal brain cortical region. The dissected LM-CC was
fixed with 2% PFA for 2 hours at 4°C. For the brain parenchyma
section, the dissected brain was fixed with 4% PFA for 4 hours at
4°C, cut into a 100-pm-thick coronal section using a vibrating mi-
crotome (VT1200S, Leica), and postfixed with 4% PFA for 30 min at
4°C. For whole-mount staining of CP in the lateral ventricle (LV),
cerebral cortical hemispheres were separated, and incisions were
made along the anterior and posterior fornix to expose CP from
LV space according to the previous report (50). Then, CP was de-
tached from the hippocampus using fine forceps, and dissected CP
was fixed with 2% PFA for 2 hours at 4°C.

IFS and imaging

For IFS, samples were permeabilized and blocked with a blocking
buffer containing 5% donkey or goat serum in 1% Triton X-100/
1x PBS for 1 hour at room temperature. For the samples treated
with the PVL-blocking antibodies or their respective isotype
control antibodies, additional blocking with AffiniPure Fab Frag-
ment donkey anti-rat IgG (100 pg/ml) (712-007-003, Jackson Im-
munoResearch) in PBS was performed for 2 hours at room
temperature. Samples were then incubated overnight at 4°C with
the following primary antibodies (1:400 dilution): anti-LCMV
(clone VL-4), anti-ICAMI1 (clone YN1/1.7.4; all antibodies were
from Bio X Cell), anti-CD31 (clone 2HS8, Merck), anti-vimentin
(chicken polyclonal, Millipore), anti-vascular endothelial (VE)-
cadherin (goat polyclonal), anti—E-cadherin (goat polyclonal; all an-
tibodies were from R&D Systems), anti—claudin-5 (rabbit polyclon-
al), anti~ZO-1 (rabbit polyclonal), anti-MHCII (clone M5/114.15.2;
all antibodies were from Invitrogen); anti-Ibal (rabbit polyclonal,
Wako), anti—P-selectin (clone RB40.34), anti-plasmalemma
vesicle-associated protein (PLVAP) (clone MECA-32), anti-B220
(clone RA3-6B2), anti-CD3e (clone 145-2C11; all antibodies were
from BD Biosciences), anti-CD206 (rabbit polyclonal), anti-Ki67
(clone SP6; all antibodies were from Abcam), and anti-CD11c
(D1V9Y, Cell Signaling Technology). Please see data file S1 for
further information about the antibodies. Then, the samples were
washed and incubated for 3 hours at room temperature with
Alexa Fluor 488—, Alexa Fluor 594—, or Alexa Fluor 647—conjugated
secondary antibodies (1:1000 dilution) purchased from Jackson Im-
munoResearch. Nuclei were stained with 4',6-diamidino-2-phenyl-
indole (DAPI; 1:1000 dilution, Invitrogen). The samples were then
mounted with a fluorescent mounting medium (VECTASHIELD),
and immunofluorescent images were acquired using an LSM 800 or
LSM 880 confocal microscope (Carl Zeiss). ZEN 2.3 software (Carl
Zeiss) was used to acquire and process images. Confocal images of
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whole-mount samples were maximum intensity projections of tiled
z-stack images taken at the optimal interval through the entire
thickness of tissues with the following objectives: air objectives
Plan-Apochromat 10x/0.45 numerical aperture (NA) M27 and
Plan-Apochromat 20x/0.8 NA M27; water objectives C-Apochro-
mat 40%/1.20 NA water immersion Corr (LSM 800) and LD C-Apo-
chromat 40x/1.1 NA water immersion Corr M27 (LSM 880) with
multichannel scanning in the frame. 3D reconstruction images
were created from z-stack confocal images using the 3D tab in
ZEN 2.3 software.

Morphometric analyses

Quantification was performed using the maximum intensity projec-
tion images. Image analysis was done using Fiji software (National
Institutes of Health). The number of CNS border immune cells was
quantified by thresholding the positive signals and analyzing parti-
cles in five random 1.0 mm? fields per sample. The LCMV nucleo-
protein-positive area was measured in the total area of whole-mount
dura, LM-CC, and LV CP samples. For the measurement of perisi-
nus cell numbers and sinus coverage, the perisinus was defined as a
superior sagittal sinus region approximately 1 mm anterior from the
confluence of the sinuses region and 1 mm posterior to the bregma
point of the skull. The sinus coverage of MHCII" or CD206" mac-
rophages was defined as the total MHCII" or CD206" area divided
by the total CD31" area of the perisinus. The vessel coverage of
MHCII" or CD206" macrophages was defined as the total
MHCII" or CD206" area divided by the total VE-cadherin® area
in five random 1-mm? fields per sample.

Quantitative real-time RT-PCR

For RNA extraction, samples were homogenized in TRIzol solution
(15596026, Invitrogen) with a Precellys 24 tissue homogenizer
(Bertin Technologies) and extracted according to the manufactur-
er's instructions. Total RNA was reverse-transcribed into cDNA
using SuperScript IV VILO Master mix with an ezDNase Enzyme
kit (11766050, Invitrogen). Then, quantitative real-time PCR was
conducted using the FastStart Sybr Green Master Mix (Roche)
and QuantStudio 5 Real-Time PCR System (Applied Biosystems).
Primers for LCMV viral load measurement were designed accord-
ing to the previous report (51). Glyceraldehyde-3-phosphate dehy-
drogenase was used as a reference gene. PCR primer sequences are
as follows: LCMV-Arm glycoprotein, CATTCACCTGGACTTTG
TCAGACTC (forward) and GCAACTGCTGTGTTCCCGAAAC
(reverse); and Gapdh, CATCACTGCCACCCAGAAGACTG
(forward) and ATGCCAGTGAGCTTCCCGTTCAG. The follow
ing cycling conditions were used: an initial denaturation step of 9
5°C for 10 min followed by 40 cycles of 95°C for 5 s and 65°C for
30 s. Reactions were performed in triplicate, and postamplification
melting curve analysis was performed to ensure reaction specificity.

Real-time PCR arrays

RNA was extracted from the homogenized samples and purified
using the RNeasy Plus Mini Kit (74134, Qiagen). Total RNA was
reverse-transcribed into cDNA using the RT2 First Strand Kit
(330404, Qiagen) with 0.5 ug of RNA per sample. The cDNA was
loaded on an Antiviral Response quantitative PCR (qPCR) array
(330231 PAMM-122ZA, Qiagen), which profiles 84 standardized
gene transcripts involved in the innate antiviral immune response
and five reference genes, and quantitative real-time PCR was
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conducted using the QuantStudio 5 Real-Time PCR System
(Applied Biosystems) according to the manufacturer’s instructions.

Single-cell dissociation

The dural meninges, CP, brain, and deep cervical lymph nodes
(dcLNs) were sampled from the indicated mice. Meningeal layers
containing dura, CP in LV and fourth ventricle (by separating cer-
ebellum and pons), leptomeninges and attached dorsal brain corti-
cal regions (LM-CC), and dcLNs were isolated as described for the
histological analyses and placed in an ice-cold RPMI 1640 medium
(22400089, Gibco). Isolated samples were digested with enzyme
buffer containing collagenase type IV (2 mg/ml; 17104019,
Gibco), deoxyribonuclease I (0.1 mg/ml; 10104159001, Roche) at
37°C for 30 min, and neutralized with complete medium. For the
following steps, samples were kept on ice. Samples were then filtered
with a 70-pm nylon mesh strainer to remove cell clumps, and the
filtered samples were washed twice with ice-cold PBS and centrifu-
gation at 500g, 8 min at 4°C. For LM-CC, washed samples were
mixed 1:1 (v/v) with 22% bovine serum albumin in 1x PBS to
remove myelin, and then the mixture was centrifuged at 1000g, 10
min at 4°C. The myelin layer on top of the tube was carefully
removed, and the pellets were transferred to a fresh tube and
washed twice with ice-cold PBS. After washing, samples were resus-
pended in ice-cold PBS.

Flow cytometry analysis

Dead cells were excluded from analysis by staining with Ghost Dye
Violet 510 (#13-0870-T500, Tonbo). Single suspended cells were
blocked with anti-mouse CD16/CD32 (553142, BD Biosciences),
and extracellular staining was performed in fluorescence-activated
cell sorting (FACS) buffer (2% fetal bovine serum in PBS) with the
following antibodies at 1:100 dilution: phycoerythrin (PE) anti-
mouse CD206 (clone MR6F3), fluorescein isothiocyanate (FITC)
anti-mouse CD45 (clone 30-F11), peridinin-chlorophyll-protein
(PerCP)/Cyanine5.5 anti-mouse T cell receptor B (clone H57-
597), allophycocyanin (APC) anti-mouse CD31 (clone MEC13.3),
PE anti-mouse Ly6C (clone AL-21), APC/cyanine7 anti-mouse
CD45.2 (clone 104), APC/cyanine7 anti-mouse CDI11b (clone
M1/70), PE anti-mouse CD11b (clone M1/70), APC anti-mouse
CD11b (clone M1/70), PerCP/Cyanine5.5 anti-mouse CD11b
(clone M1/70), PerCP/Cyanine5.5 anti-mouse Ly-6G (clone 1A8),
Pacific Blue anti-mouse Ly-6G (clone 1A8), PE/Cy7 anti-mouse Gr-
1 (clone RB6-8C5), PerCP/Cyanine5.5 anti-mouse NK1.1 (clone
PK136), BV605 anti-mouse NKI1.1 (clone PK136), PerCP/
Cyanine5.5 anti-mouse CD19 (clone 1D3/CD19), PE/Cy7 anti-
mouse CD19 (clone 6D5), PerCP/Cyanine5.5 anti-mouse CD3e
(clone 145-2C11), PerCP/Cyanine5.5 anti-mouse lymphocyte
antigen 76 (clone TER-119), PE anti-mouse CD4 (clone GK1.5),
APC anti-mouse CD8 (clone 53-6.7), Pacific Blue anti-mouse I-
A/I-E (clone M5/114.15.2), PerCP/Cyanine5.5 anti-mouse Ly6C
(clone HK1.4), PE/Cy7 anti-mouse Ly6C (clone HK1.4), BV605
anti-mouse Ly6C (clone HK1.4), PE/Cy7 anti-mouse CDIlc
(clone N418), APC anti-mouse CD26 (clone H194-112), BV605
anti-mouse CD64 (clone X54-5/7.1), BV785 anti-mouse CD206
(clone C068C2), PE PDCA-1 (clone 927), APC anti-mouse ST2
(clone DIH9), PE anti-mouse CD127 (clone A7R34), Pacific Blue
anti-mouse CD25 (clone PC61), PE/Cy7 anti-mouse CD49b
(clone DX5), APC anti-mouse CD117 (clone ACK2), Pacific Blue
anti-mouse FceRIa (clone MAR-1), or Pacific Blue anti-mouse I-
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A/I-E (clone M5/114.15.2). Please see data file S1 for further infor-
mation about the antibodies. Data were obtained with FACS Aria IT
(BD Biosciences) and analyzed using FlowJo v10 (Tree Star Inc.,
Ashland, OR) software.

Droplet-based scRNA-seq

For EC scRNA-seq of the CNS borders, FACS-sorted live singlet
ECs (singlet'live"CD45"CD31") were collected from 30 adult
mice. For scRNA-seq of extravascular CD45" cells of the dura, in-
travascular CD45" cells were labeled by intracardiac injection of
anti-CD45-FITC antibody (11-0451-85, 30-F11, Invitrogen) for
30 s followed by intracardiac perfusion with ice-cold PBS to 30 P7
and 30 P28 B6 mice. Then, the dura was harvested, and single cells
were collected according to the single-cell dissociation methods.
Leukocytes were gated with anti-CD45-APC/cyanine7 antibody
(109824, 104, BioLegend), and 4850 (P7) and 4761 cells (P28)
singlet'live"CD45"CD45iv™ cells were collected. The collected live
cells were suspended in 2% fetal bovine serum/PBS buffer and pro-
cessed by 10x Chromium Single-cell 3’ Reagent Kit v3 (10X Geno-
mics) according to the manufacturer's protocols. Briefly, cells were
mixed with reverse-transcription reagent mix and primer and
loaded to 10x chips. Cells were separated into gel beads in emulsion,
where transcripts from individual cells were uniquely barcoded.
Barcoded transcripts were directly reverse-transcribed and ampli-
fied to produce cDNA libraries. Size selection of the initial cDNA
libraries was performed using SPRI beads (Beckman Coulter).
Then, the adaptors were ligated and amplified by sample-index
PCR. After another round of double-sided size selection, the
quality of the final library was checked by Agilent Bioanalyzer
High Sensitivity Chip. Libraries that passed the final quality
control were sequenced by the Illumina HiSeq-X platform.

Plate-based scRNA-seq (Smart-Seq3)

For plate-based scRNA-seq of the macrophages, MHCII™ and
CD206" macrophage populations (singlet live 'ivCD45~CD45"
Lin*CD11b"CD64") were sorted and collected from 15 to 20 P28
mice. The live single cells were sorted directly to each well in a
96-well plate containing the lysis buffer. After sorting, plates were
snap-frozen in liquid nitrogen and stored in a —80°C deep freezer.
Plate-based single-cell libraries were generated following the Smart-
Seq3 protocol (52). Briefly, cells were lysed, and mRNAs were
reverse-transcribed. cDNAs were amplified and purified using
Ampure XP beads (Beckman Coulter). Purified cDNAs were
diluted to 100 pg/ul and tagmented using a Tn5 tagmentation
mix (Illumina). Tagmented products were amplified with custom
index primers and pooled into a single tube. After final cleanup
using Ampure XP beads, resulting libraries were analyzed by tape
station for quality control. The Illumina Hiseq-X platform se-
quenced libraries passing the quality control.

Preprocessing of single-cell data

For droplet-based sequencing, sequenced libraries were demulti-
plexed and aligned to the mouse reference genome (mm10) by cell-
ranger (version 3.0.2). Then, the aligned reads were merged to
produce a raw read count matrix by featureCount function in the
Subread package. Raw expression matrices were constructed using
the Read10X function in the R package Seurat (version 3.1.1). Before
clustering analysis, low-quality cells detected with fewer than 500
genes, and putative dead cells with high mitochondrial percentages

Kim et al., Sci. Imnmunol. 8, eadg6155 (2023) 6 October 2023

(>10% of reads mapped to mitochondrial genes) were discarded.
Cells with more than twice the median of detected gene numbers
were considered as doublets and removed. For gene-based quality
control, genes detected in fewer than three cells were removed
from the raw expression matrix. After such quality control of un-
wanted cells and genes, expression matrices were normalized
column-wise, dividing each gene’s unique molecular identifier
(UMI) counts by the sum of UMI counts for a given cell. Then,
scale factor 10,000 was multiplied, and log, was transformed to
yield log counts per million equivalent values.

For plate-based sequencing, sequenced libraries were demulti-
plexed and aligned to mouse reference genome (mm10) by STAR
(version 2.7.9.a). Next, the featureCount (version 2.0.1) function
from the Subread package was used to merge the aligned files and
to create raw read count matrices. Quality control was performed by
discarding cells with fewer than 1000 genes detected or more than
10% of total reads mapped to mitochondrial genes, because they
were considered low-quality/dead cells. At the gene level, genes ex-
pressed in fewer than three cells were removed from the expres-
sion matrix.

Clustering analysis

Clustering and downstream analysis were performed by the R
package Seurat. The top 2000 most variable genes for each dataset
were identified by the FindVariableFeatures function with options:
selection.method = “vst." To reduce the effect of dissociation-
induced genes on reduction and clustering, we removed a previous-
ly described list of dissociation-induced genes (53) from the highly
variable gene list. For initial dimensionality reduction, principal
components analysis was performed. The top 20 principal compo-
nents were selected for further downstream analysis such as
Uniform Manifold Approximation and Projection (UMAP) for
2D visualization and shared nearest neighborhood graph for neigh-
borhood detection and cluster identification using the Louvain al-
gorithm. For the EC datasets, after initial clustering, a small number
of contaminating non-ECs [e.g., CD45" immune cells, platelet-
derived growth factor receptor alpha (PDGFRa)" stromal cells, E-
cadherin” epithelial cells, and others] were removed. The remaining
CD31%/VE-cadherin® ECs were dimensionality-reduced and clus-
tered again as described above. For the CD45" datasets, a small
number of contaminating nonimmune cells (e.g., PDGFRa"
stromal cells, E-cadherin™ epithelial cells, endothelial cells, and
others) and Tmem119" microglia were removed. For identification
of DEGs across the clusters, the FindMarkers function in Seurat was
used with options: test.use = "MAST,” min.pct = 0.3, and logfc.-
threshold = 0.3. For comparing CD206" and MHCII™ macrophag-
es, intersection of DEGs between two subtypes at control time point
(0 hours) and 12 hours after the LCMV infection (12 hours) was
defined as cell-type intrinsic DEGs. The relative complement of
DEGs at 0 hours in DEGs at 12 hours were defined as infection-
induced DEGs.

Integration of datasets

For integrative analysis of datasets showing substantial batch effects,
integration functions in Seurat were used. Two thousand genes with
the highest median variability across datasets were determined by
the SelectIntegrationFeatures function. Then, the FindIntegratio-
nAnchors function was used to identify anchors before integration.
Last, datasets were integrated using the IntegrateData function.
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Dimensionality reduction and cluster identification were per-
formed using the integrated assay for visualization.

Comparing gene expression and molecular function among
the CNS borders

To analyze and visualize the gene expression difference among
dura, LM-CC, and CP, the triwise package (https://github.com/
saeyslab/triwise) was used. Gene ontology enrichment analysis on
the cluster markers was performed using the g:Profiler web
toolset. DEGs with at least a twofold change in expression were se-
lected as cluster markers. Gene ontology terms adjusted to P < 0.05
in the biological process or Kyoto Encyclopedia of Genes and
Genomes pathway categories were selected.

Statistical analyses

Statistical significance was determined with one-way analysis of var-
iance (ANOVA) followed by Tukey's post hoc test to test the differ-
ences between more than two groups or the time-dependent
differences in one group. For the test comparing two independent
variables (time and group), two-way ANOVA followed by Tukey's
post hoc test was used. For qPCR array analysis, multiple unpaired ¢
test with false discovery rate correction by two-stage step-up
method of Benjamini, Krieger, and Yekutieli was used. Statistical
analysis was performed with Prism 9 (GraphPad).
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