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The meninges are densely innervated by nociceptive sensory neurons that
mediate pain and headache'? Bacterial meningitis causes life-threatening

infections of the meninges and central nervous system, affecting more than

2.5 million people a year®. How pain and neuroimmune interactions impact
meningeal antibacterial host defences are unclear. Here we show that Nav1.8*
nociceptors signal toimmune cells in the meninges through the neuropeptide
calcitonin gene-related peptide (CGRP) during infection. This neuroimmune axis
inhibits host defences and exacerbates bacterial meningitis. Nociceptor neuron
ablation reduced meningeal and brain invasion by two bacterial pathogens:
Streptococcus pneumoniae and Streptococcus agalactiae. S. pneumoniae activated
nociceptors through its pore-forming toxin pneumolysin to release CGRP from
nerve terminals. CGRP acted through receptor activity modifying protein 1
(RAMP1) on meningeal macrophages to polarize their transcriptional responses,
suppressing macrophage chemokine expression, neutrophil recruitment and dural
antimicrobial defences. Macrophage-specific RAMP1 deficiency or pharmacological
blockade of RAMP1enhanced immune responses and bacterial clearance in the
meninges and brain. Therefore, bacteria hijack CGRP-RAMP1 signalling in meningeal
macrophages to facilitate brain invasion. Targeting this neuroimmune axis in the
meninges can enhance host defences and potentially produce treatments for

bacterial meningitis.

The meninges consist of three membranes (dura, arachnoid and pia)
that protect the central nervous system (CNS) frominjury and infection’.
Bacterial pathogens caninvade the meninges and brain to cause severe
pathology. Acute bacterial meningitis has mortality rates of up to 30%,
and survivors often show post-infectious neurological sequelae®™.
S. pneumoniaeis a leading cause of bacterial meningitis in children,
inimmunocompromised adults and in the elderly®>. S. agalactiae
(group B Streptococcus) is aleading cause of meningitis in neonates®.
Thereisaneedtobetter understand host responses to these bacterial
pathogens and to define factors that protect the CNS against pathogen
invasion. Nociceptors are peripheral somatosensory neurons that
detect noxious and harmful stimuli, and whose activation leads to
pain’. Nociceptors can communicate with the vasculature and immune
cells through neuropeptides to induce neurogenic inflammation or
immunomodulation®. A repertoire of innate and adaptive immune
cells reside within the dural meninges that have roles in tissue repair,
antigen sampling and host defence’ . However, the impact of neuronal
signals on these meningealimmune cells in host defence has not been
clearly defined.

Nociceptors control bacterial meningitis

Bacterial meningitis isaccompanied by severe headache>*. The menin-
ges are innervated by trigeminal ganglia (TG) nociceptors that drive
headache'. Nav1.8 (encoded by SCN10A) is a voltage-gated sodium
channel expressed by nociceptors that mediates mechanical, cold and
inflammatory pain®. CGRPis stored in dense core vesiclesin nociceptor
nerve terminals'®". We performed confocal imaging of mouse menin-
ges and confirmed the occurrence of a dense network of Nav1.8" and
CGRP" nerves in the dura (Fig. 1a). In humans, the main route of CNS
invasion by bacterial pathogens is through haematogenous spread to
thebrain’®, Tomodel this infection, we intravenously injected mice with
S. pneumoniaeor S. agalactiae. We next isolated meningeal and brain
tissue toanalyse the time course of bacterial invasion (Fig.1b-d). During
S. pneumoniae infection in mice, bacteria reached the dura mater by
6 handtheinner meningeal layers (piaand arachnoid), choroid plexus
(ChP) and the brain by 24 h (Fig. 1c and Extended Data Fig. 1a). During
S. agalactiae infection in mice, bacteria invaded the dura mater, pia
and arachnoid by 12 h and the brain by 24 h (Fig. 1d).
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Fig.1|Nociceptorsregulatebacterial CNSinvasion by S. pneumoniae and
S.agalactiae.a, Whole-mount confocal images of mouse brain meninges (dura
mater) showing tissue innervation by Navl.8"CGRP* nociceptors. Scale bars,
300 pm (low magnification) and 15 um (high magnification). b, Scheme of the
haematogenous bacterial meningitis model. Mice received anintravenous
injection of the bacterial pathogen S. pneumoniae (3 x 107 colony forming units
(c.f.u.)orS. agalactiae (1x 108 c.f.u.). ¢,d, Bacterial load recovery fromblood,
duramater (dura), piamater, arachnoid mater and choroid plexus (Pia, Arach,
ChP), and brainsamples collected at different time points after infection
determined by quantitative culture (log(c.f.u.) plotted). c, Afterinjection

with S. pneumoniae.n =3 (uninfected (U)) orn=5(6 h,12h,24 h,48 h).d, After
injectionwithS. agalactiae. n =3 (uninfected),n=4(6 h,12h,24 h)orn=8(48 h).
e, Generation of Navl.8" nociceptor-deficient (Navl.8-DTA) and control mice.
f.g,Bacterialload insamples collected from Navl.8-DTA and controlmice 24 h
afterinjection with S. pneumoniae (n=10 per group) (f) or S. agalactiae(n=5
pergroup) (g). h, Images and quantification of meningeal innervation by
CGRP" neurons (green) was quantified (white) after local application of RTX or

To determine the role of nociceptors in host defence, we bred
Navl1.8-Cre mice with Cre-dependent diphtheria toxin A (DTA) mice
to create Nav1.8-DTA (Nav1.8-Cre*'DTA") nociceptor ablated mice and
Cre” control littermates (Fig. 1e). When these mice were infected with
S. pneumoniae or S. agalactiae, Nav1.8-DTA mice showed decreased
CNSinfection. In detail, reduced S. pneumoniae bacterial loads were
recovered from meninges and brain at 24 h and 48 h after infection
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vehicle above skull suture sites (n =3 per group). Scale bar, 300 pm. i, Bacterial
loadinsamples collected 24 h afterinjection with S. pneumoniae from mice
treated withalocalized injection of vehicle or RTX (n =5 pergroup).j, Flow
cytometry quantification of meningealimmune cells in the dura mater of
Navl.8-DTA and control mice 24 h after S. pneumoniaeinfection. Left, combined
numbers ofimmune cell subsets analysed. Centre, representative flow
cytometry plots and quantification of meningeal macrophages (Cd11b*"MRC1*
gates). Right, representative flow cytometry plots and quantification of
meningeal neutrophils (Cd11b*Ly6G* gates). n =5 per group for all analysisinj.
Statistical analysis: unpaired two-sided t-tests (f-j). *P < 0.05,**P< 0.01,
***P<0.001,****P<0.0001, NS, not significant. n = biologically independent
samples from mouse tissues. Error barsindicate the mean + s.e.m. Box plots
show the median, interquartile range (IQR), and minimum and maximum
values. Each experiment was repeated atleast twice, and results presented
arerepresentative of 2or morereplicates. Exact Pvalues are providedin
Supplementary Table1.1llustrationsinaand bwere created with BioRender.com.

in Nav1.8-DTA mice (Fig. 1f and Extended Data Fig. 1b). By contrast,
bacterial loads did not differ in blood, spleen, lung or skin (Fig. 1f and
Extended Data Fig. 1b,c). Nav1.8-DTA mice also showed decreased
meningeal and brain infection by S. agalactiae compared with con-
trol mice (Fig. 1g). Cleaved caspase-3 and histopathological analy-
ses showed that Nav1.8-DTA mice had decreased staining levels and
brain damage, respectively, compared with control littermates
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following S. pneumoniaeinfection (Extended DataFig.1d,e). Asasecond
approach to target nociceptors, mice were treated systemically with
resiniferatoxin (RTX), a high-affinity agonist for TRPV1, which can be
used for chemical ablation of nociceptors®*., We confirmed that menin-
gealnociceptorinnervation was ablated in Nav1.8-DTA and RTX-treated
mice compared with control mice (Extended DataFig. 1f,g). RTX-treated
mice also showed less S. pneumoniae invasion of the dura, pia, arach-
noid, ChP and brain compared with vehicle-treated mice (Extended
DataFig.1h). Giventhat the dura was an early site of infection, we pro-
posed that nociceptors regulate invasion before bacterial entryinto the
brain. When bacteria were intracisternally injected (to bypass the dura
mater), Nav1l.8-DTA mice and control mice did not show differencesin
bacterial loads (Extended Data Fig. 1i).

We next asked whether locally targeting meningeal nociceptive
nerves affects outcomes of bacterial meningitis. RTX or vehicle was
injected above skull suture sites, which are innervated by extracranial
branches of meningeal nociceptors?. Localized RTX injection led to
loss of CGRP* nerves in meninges but not CGRP* nerves in back skin
(Fig. 1h and Extended Data Fig. 2a). Following S. pneumoniae intrave-
nous infection, RTX-treated mice showed decreased bacterial inva-
sion of the meninges and brain compared with vehicle-treated mice
(treatments given through localized injections above skull sutures)
(Fig.1i). Asasecond approach for meningeal nerve ablation, Nav1.8-Cre
mice were bred with CGRPa-GFP-DTR™ mice?, in which Cre induces
diphtheria toxin receptor (DTR) expression under Calca and enables
DTX-mediated ablation of Nav1.8°CGRP* neurons. In these mice, DTX
injection locally above skull sutures depleted CGRP* nerves in menin-
ges but not back skin (Extended Data Fig. 2b,c). After S. pneumoniae
infection, mice ablated of Nav1l.8'CGRP* meningeal nerves showed
less bacterial invasion of the dura, pia, ChP and brain compared with
littermate controls (Extended Data Fig. 2d).

We hypothesized that nociceptors may regulate meningeal
immune cell responses. S. pneumoniae infection increased dural
immune cell populations over time (Extended Data Fig. 3a). Com-
pared with control littermates, Nav1.8-DTA mice showed increased
meningeal leukocyte numbers following S. pneumoniae infection,
with greater myeloid (macrophages, neutrophils and monocytes)
andlymphocyte (B cellsand T cells) recruitment (Fig. 1j and Extended
DataFig.3b).Inthedura, blood and spleen,immune populations did
not differ between Nav1.8-DTA and control mice at baseline (Extended
Data Fig. 3¢,d). Mannose receptor C-type 1 (MRC1) is a marker for
meningeal macrophages'?, and CD11b"MRC1* dural macrophages were
increased in Nav1.8-DTA mice compared with control mice following
S. pneumoniaeinfection (Fig. 1j). Neutrophils are key responders to
infection and are increased in the cerebrospinal fluid of patients
with meningitis'®. CD11b’Ly6G" neutrophils were also increased
in Nav1.8-DTA mice compared with control littermates following
infection (Fig. 1j).

Bacteriainduce meningeal CGRP release

Bacterial meningitis is characterized by headache in humans®*, but
pain during bacterial meningitis has not been characterized in ani-
mals. Grimace scores measure headache-like pain behaviours in mice?.
Following S. pneumoniae and S. agalactiae infection, mice displayed
increased grimace scores compared with uninfected mice (Extended
Data Fig. 4a). CGRP injection also induced increased grimace scores
(Extended Data Fig. 4b). Nociceptor activation causes the release
of CGRP from nerve terminals in the dura that can drive headache'.
We asked whether bacterial meningitis induces CGRP release. Using
meningeal explants, we observed increased levels of soluble CGRP
over the course of S. pneumoniae infection (Fig. 2a,b). Nav1.8-DTA
mice displayed decreased CGRP release compared with control mice,
which shows that nociceptors are a major source of CGRP (Fig. 2c).
S. agalactiae infection also induced CGRP release in the meninges

(Fig.2d). When mice were infected with fluorescently labelled bacteria,
CGRP" nerve fibres were found juxtaposed with S. pneumoniae and
S. agalactiae in dural meninges (Fig. 2e). The durais innervated by
nociceptors, and the somas of these receptors are in TG. We found that
S. pneumoniae accumulated in TG in proximity to CGRP" cell bodies
after infection (Extended Data Fig. 4c).

Bacteriaactivate trigeminal nociceptors

We nextasked whetherbacterial pathogens candirectly activate nocicep-
torstorelease CGRP.Measurement of intracellular calcium levels showed
that TG neurons responded to S. pneumoniae, withincreasing bacterial
concentrations activating greater neuronal proportions (Fig. 2f). Many
bacteria-responsive neurons also responded to capsaicin, a ligand for
TRPVI (ref.”). Furthermore, S. pneumoniae application induced CGRP
release from TG neurons (Fig. 2g). S. agalactiae also induced TG neu-
ron calcium influx and CGRP release (Fig. 2h,i). We previously found
that pore-forming toxins can activate nociceptors to drive pain®>%,
S. pneumoniae utilizes pneumolysin (PLY), a cholesterol-dependent
cytolysin, for CNS invasion®**. Wild-type (WT) S. pneumoniaeinduced
more calciumresponses compared with isogenic mutant bacterialack-
ing PLY (Aply) (Fig.2j). After S. pneumoniaeinfection, we detected PLY*
bacterialocalized close to CGRP* nerves in dural meninges (Extended
DataFig.4d). Recombinant PLY induced calcium responses and CGRP
release in TG neuronsin a dose-dependent manner (Fig. 2k-1). We next
cultured TG neurons in microfluidic chips to compartmentally isolate
axons from soma and non-neuronal cells to determine whether PLY
canactdirectly on nerves. PLY applied to the axonal chamber induced
calcium responses (Extended Data Fig. 4e,f). S. agalactiae produces
a B-haemolysin/cytolysin (B-H/C), which mediates its pathogenesis,
including development of meningitis®. WT S. agalactiaeinduced more
calciumresponsesin TG neurons compared with AcylE bacteria, which
lack B-H/C (Extended Data Fig. 4g). Serum CGRP levels did not differ
after S. pneumoniaeinfectionin Nav1.8-DTA mice compared with control
mice (Extended Data Fig. 4h), which indicated the potential specificity
ofthis bacteria for the meninges. Taken together, these datashow that
bacterial pathogens can activate nociceptors and CGRP release in the
meninges through secreted toxins.

CGRP suppresses meningeal host defences

We next proposed that CGRP signalling could play apartinantibacterial
host defences. RAMP1 forms a receptor complex with its co-receptor
calcitonin-receptor-like receptor (CALCRL) to bind CGRP'*. Ramp1™'
mice showed less bacterial invasion of the meninges and brain following
S. pneumoniae infection compared with RampI** littermate controls
(Fig. 3a). We observed increased meningeal immune cells, including
macrophages and neutrophils, in infected Ramp1~”~ mice compared
with RampI** mice (Fig. 3b and Extended Data Fig. 5a). By contrast,
systemic CGRP injection into mice potentiated S. pneumoniae CNS
invasionand decreased immune cell numbers in the meninges (Fig.3c,d
and Extended Data Fig. 5b). Treatment with CGRP also potentiated
S. agalactiae CNS invasion (Extended Data Fig. 5¢c). CGRP has been
shown to induce anti-inflammatory cytokine interleukin-10 (IL-10),
andIL-10 expressionincreases during bacterial meningitis®®. However,
treatment of mice withanti-IL-10 antibody did not affect S. pneumoniae
infection caused by CGRP injection (Extended Data Fig. 5d). We next
treated mice with BIBN4096S (also known as olcegepant), an antagonist
of RAMP1 signalling®. Pre-treatment with BIBN4096 reduced bacterial
CNSinvasion compared with vehicle treatment (Fig. 3e). We next deter-
mined the effect of treatment after infection, whereby BIBN4096 was
givenat 6 h, whenwe had observed S. pneumoniae meningeal invasion
(Fig. 1c), followed by daily dosing. Treatment after infection delayed
the onset of clinical symptoms of S. pneumoniaeinfection inmice, and
reduced weight loss and mortality (Extended Data Fig. 6a). Bacterial
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Fig.2|Bacteriaactivate nociceptors thatrelease CGRP in meninges.

a, lllustration of meninges explant CGRP assays from mice infected with

S. pneumoniae (3 107 c.f.u.) or S. agalactiae (1 x 108 c.f.u.). EIA, enzyme
immunoassay. b, CGRP release induced by S. pneumoniae.n =5 (uninfected),
n=3(6h),n=5(24h),n=4(48h).c, CGRPreleased from Nav1.8-DTA and
control mice 24 hafter S. pneumoniaeinjection (n= 6 per group).d, CGRP
released 24 hafter S. pneumoniaeor S. agalactiaeinjection (n =S5 per group).

e, Duramater showingbacterianear CGRP* nociceptors 24 hafter S. pneumoniae
(3x107 c.f.u.) or S. agalactiae (1x 10® c.f.u.) infection. Scale bar, 5 pm.

f, Representative fields (left) and calcium traces (centre) of trigeminal neurons
responding to S. pneumoniae (4 x 107 c.f.u.), capsaicin (Caps; 1 M) and/or KCI
(40 mM). Color bar, F340/F380 ratio. Scale bar, 100 pm. Right, proportions of
capsaicin-nonresponsive and capsaicin-responsive neurons responding to

S. pneumoniae.n =6 (medium, 4 x10°c.f.u.) orn=>5(4 x10° 4 x 10 c.f.u.).

g, CGRP concentrationsin trigeminal neuronsupernatantsincubated with

S. pneumoniae (4 x 107 c.f.u.) for 30 min.n =5 per group. h, Representative
fields (left) and calciumtraces (centre) of trigeminal neuronsresponding to

load recovery from meninges and brain was also decreased (Extended
DataFig. 6b). Bacterial loadsin lung, spleen and skin did not differ after
BIBN4096 treatment (Extended Data Fig. 6¢).

We next performed single-cell RNA-sequencing (scRNA-seq) analysis
of CD45" meningeal cells to determine whether meningeal immune
cells can respond to neurons (Fig. 4a). After defining cluster identi-
ties by comparing transcriptional markers with published menin-
geal single-cell datasets'®*°, we observed a repertoire of myeloid and
lymphoid cells (Fig. 4a and Extended Data Fig. 7a). We next analysed
these immune populations for expression of neuropeptide recep-
tors. Rampl1 and Calcrl ranked at the top of the list of neuropeptide
receptors expressed in meningeal immune cell clusters (Fig. 4b). Other
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S. agalactiae (2 x10° c.f.u.), capsaicin (1 um) and/or KCI (40 mM). Color bar,
F340/F380ratio. Scale bar,100 um. Right, capsaicin-nonresponsive and
capsaicin-responsive neurons responding to S. agalactiae (2 x 107 to 2 x 10°
c.f.u.).n=4pergroup.i, CGRPlevels from trigeminal neuronsincubated for
30 minwith S. agalactiae (2 x10° c.f.u.).n=7 (medium) or n =10 (S. agalactiae).
j, Capsaicin-nonresponsive and capsaicin-responsive neuronsto WT or Aply

S. pneumoniae (4 x10° c.f.u.). n= 6 per group. k, Left, calcium traces of neurons
responding to PLY (1 pug ml™), capsaicin (1 uM) and/or KCI (40 mM). Right,
proportions of capsaicin-nonresponsive and capsaicin-responsive neurons to
PLY.n=3(0-0.01pgml™) orn=4(0.1-1pg ml™).1, CGRP levels from trigeminal
neurons stimulated with PLY (0.01-1 pg mI™) for 30 min.n=4 per group.
Statistical analysis: one-way ANOVA with Tukey post-tests (b,d,f,h,j-1I) or
unpaired two-sided t-tests (¢,g,i). *P < 0.05,**P < 0.01, ***P< 0.001,

****p < 0.0001.n =biologicallyindependent samples from mouse tissues
(b-d) and cells (f-1). Mean + s.e.m.shown. Exact P values are provided in
Supplementary Table 1. lllustrationinawas created with BioRender.com.

neuropeptide receptors expressed included Ramp2, Ramp3, Viprl,
Tacrl,Mrgbrb2and Adcyaplrl, although at much lower levels compared
with Ramp1 and Calcrl (Fig. 4b). Ramp1 was highly expressed across
myeloid immune cells (neutrophils, monocytes and macrophages) that
were also marked by the antimicrobial enzyme lysozyme M (encoded
by Lyz2) (Fig. 4c).

We next investigated which meningeal cell types mediate RAMP1
signallingtoaffect bacterial meningitis. Tothisend, we bredtissue-specific
Crelines with Ramp I mice to generate conditional knockout strains.
First, we bred Lyz2°* mice with Ramp1”™/ mice to ablate the receptor
in myeloid immune cells (Fig. 4c,d). Loss of Ramp1 in myeloid cells
(Lyz2%Ramp1) |ed to significantly reduced bacterial loads in the meninges
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Fig.3| CGRP and RAMP1signalling contribute to bacterial meningitis.

a,b, Role ofthe CGRPreceptor RAMP1inbacterial meningitis. a, Bacterial load
insamples collected from Rampl knockout (Ramp1™") and control littermate
(RampI1”~, RampI”*) mice 24 h after injection with S. pneumoniae (3 x 107 c.f.u.).
n=>5(RampI”*) orn=4(RampIl”,Ramp1™”).b, Flow cytometry quantification
of meningeal macrophages (Cd11b*MRC1' gates) and neutrophils (Cd11b'Ly6G*
gates) in Rampl knockout (Ramp1™") and control (RampI**) mice 24 h after
injectionwith S. pneumoniae (3 x107 c.f.u.). n=4pergroup. ¢,d, Impact of
CGRP (2 pg, intraperitoneally (i.p.)) treatment on bacterial meningitis.

¢, Bacterialload insamples collected 24 h after injection with S. pneumoniae
(3x107 c.f.u.) inmice treated with CGRP or vehicle. n = 6 per group. d, Flow
cytometry quantification of meningeal macrophages (Cd11b"MRC1' gates)
and neutrophils (Cd11b*Ly6G" gates) 24 h after injection with S. pneumoniae

and brain following S. pneumoniae infection compared with control
RampI™ mice (Fig. 4d). scRNA-seq analysis of CD45™ non-immune cells
of the meninges showed that Acta2" vascular smooth muscle cells repre-
sented the main non-immune population expressing Ramp1 and Calcrl
(Fig 4e and Extended Data Fig. 7b). We bred Acta2 mice with Ramp1™*
mice todetermine the role of RAMPLin vascular smooth muscle cellsdur-
ingS. pneumoniaeinfection. In contrast to Lyz2“*-mediated Ramp1 abla-
tion, Acta2***™ mice did not show differencesin bacterial recovery from
the meninges or brain compared with control cre” mice (Fig 4f). We next
ascertained whether CGRP and BIBN4096 may have effects independ-
ent of RAMP1 signalling in our infection models. RampI”~ mice showed
decreased bacterial loadsin the meninges and brain compared with WT
controls. By contrast, CGRP did not potentiate S. pneumoniaeinfection
in RampI1”~ mice (Fig. 4g). BIBN4096S treatment of Lyz2 %! mice did
not further enhancebacterial clearance in the meninges and brain com-
pared with vehicle-treated Lyz2***™" mice. This resultindicates that the
antagonist probably regulatesinfection through myeloidimmune RAMP1
signalling (Fig. 4h). Therefore, RAMP1signalling in myeloidimmune cells
suppress effective host defences during bacterial meningitis.

Macrophages drive antibacterial immunity

Macrophages and other professional phagocytes are important media-
tors of bacterialingestion, killing and resolution of infections. To better
understand leukocyte responses against bacterial meningitis, we per-
formed scRNA-seqof CD45 immune cells collected from the dural menin-
ges 24 h after S. pneumoniae infection and of immune cells collected
from uninfected animals (Fig. 5a and Extended Data Fig. 8a). Infection

(3107 c.f.u.) in mice treated with CGRP or vehicle.n=10 pergroup. e, Left,
scheme of the experiment to examine the protective effects of the RAMP1
antagonist BIBN4096 (BIBN) on bacterial meningitis. Right, bacterialload in
samples collected 24 h after injection with S. pneumoniae 3 107 c.f.u.;n=5
pergroup) or S. agalactiae (1x 108 c.f.u.; n =6 per group) from mice treated
with BIBN4096 (300 pg kg™, i.p.) or vehicle. Statistical analysis: one-way
ANOVA with Tukey post-tests (a) or unpaired two-sided t-tests (b-e). *P < 0.05,
**P<0.01,***P<0.001.n=Dbiologicallyindependent samples from mouse
tissues. Error barsindicate the mean + s.e.m. Box plots show the median, IQR,
and minimum and maximum values. Each experiment was performed at least
twice, and results presented are representative of 2 or more replicates. Exact
Pvalues are provided in Supplementary Table 1.

induced significant transcriptional changes, with the greatest number of
differentially expressed genesin myeloid immune cell clusters composed
of macrophages, monocytes and neutrophils (Extended Data Fig. 8b).
Pathway enrichment analysis further highlighted the roles of these cells
inhost responses to infection (Fig. 5b and Extended Data Fig. 8c-e).
Macrophages are the most abundantimmune cell type in the menin-
gesandtherefore may be the first responders to bacteria. We detected
S. pneumoniaeassociated with meningeal MRC1* macrophages 24 h after
infection (Fig. 5c and Extended Data Fig. 9a). Inmacrophages, biological
processesrelated toleukocyte recruitment, includingincreased expres-
sion of mediators that promote chemotaxis such as Ccl12, Ccl2, Ccl3and
Tnf, were enriched (Fig. 5b and Extended Data Fig. 7c). We proposed
that macrophages may orchestrate meningeal protection through the
recruitment ofimmune cells that exert antimicrobial functions such as
neutrophils and monocytes (Extended Data Fig. 8d,e). Intracisternal
injectionof clodronate-laden liposomes (CLLs) to target CNS-associated
phagocytes, including meningeal macrophages, depleted meningeal
MRCI" macrophages but not dendritic cells, monocytes or neutrophils
atbaseline (Fig. 5d and Extended DataFig. 9b). Following S. pneumoniae
infection, CLL treatmentincreased bacterial loads in the meninges and
brain compared with mice treated with vehicle liposomes (Fig. 5e). More-
over, CLL treatmentresulted inanoverallreductioninrecruitedimmune
cellsin the meninges but notin liver tissues (Extended Data Fig. 9¢,d).
Although we cannot rule out effects of CLLs on other cells, these data
suggest a key role for meningeal macrophages in host defence. Dural
CX3CR1" macrophages were also often found associated with CGRP*
nervefibres (Fig. 5f). We therefore next investigated how CGRP-RAMP1
signalling affects meningeal macrophages during infection.

Nature | www.nature.com | 5
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Fig.4|Loss of myeloid Rampl expressionimproves the meningeal response
againstinfection. a,b, scRNA-seqanalysis of CD45" meningeal cells. a, Left,
illustration of scRNA-seq analysis. Right, uniform manifold approximation

and projection (UMAP) visualizations of CD45" cell typesin dural meninges at
baseline.ILC, innatelymphoid cells. b, Dot plots showing the average expression
levels per cluster and the percentage of cells from each cluster expressing
genes for neuropeptide receptors. Rampl and Calcrl, which form the CGRP
receptor complex, are highlighted inred font.n =10 pooled meninges.

¢, Expression of the CGRP receptor Rampl and the myeloid marker Lyz2 by
meningeal CD45" cells.d, Left, schematic of the generation of myeloid-specific
Rampl knockout (Lyz2*"*™") mice. Right, bacterial load in samples collected
from Lyz2*Rm! and control mice 24 h after injection with S. pneumoniae

(3x107 c.f.u.).n=9 pergroup. e, UMAP visualization of CD45 meningeal cells
expressing Rampl and the vascular smooth muscle cell (vSMC) marker Acta2.
n=10pooled meninges.f, Left, schematic of the generation of SMC-specific

RAMPI1 regulates meningeal macrophages

Because Lyz2is expressed in all myeloid cells, we sought to identify a
marker to target Rampl in meningeal macrophages without affecting
other phagocytes. A recent study® found that CNS border-associated
macrophages, including meningeal macrophages, express Pf4 (which
encodes CXCL4) and can be labelled using Pf4“ mice; Pf4 was also
absent in microglia. Our scRNA-seq analysis of meningeal cells con-
firmed Pf4 expression by CD11b*MRC1" dural macrophages but notin
neutrophils or monocytes (Fig. 6a and Extended Data Fig. 8a). Pf4°*
mice were bred with TdTomato reporter mice, which resulted in the
labelling of macrophages associated with CGRP* nerves and CD31"
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Rampl knockout (Acta2***™') mice. Right, bacterial load in samples collected
from Acta2**™! and control mice 24 hafterinjection with S. pneumoniae
(3x107 c.f.u.).n=5pergroup. g, Bacterialload in samples collected from global
Ramp1l knockout (RampI”") and control (WT) mice 24 h after injection with

S. pneumoniae (3 x 107 c.f.u.). Rampl knockout mice were treated withaRAMP1
agonist (CGRP,2 pg, i.p.) or vehicle.n=5pergroup. h, Bacterialload in samples
collected from Lyz2*R*™!and control mice 24 h after injection with S. pneumoniae
(3x107 c.f.u.). Lyz2***™I mice were treated with a RAMP1 antagonist (BIBN4096,
300 pg kg™i.p.) or vehicle.n=5per group. Statistical analysis: unpaired two-
sided t-tests (d,f) or one-way ANOVA with Tukey post-tests (g,h). *P< 0.05,
**P<0.01,***P<0.001.n=Dbiologicallyindependent samples from mouse
tissues. Each experiment was performed at least twice, and results presented
arerepresentative of 2or morereplicates. Datashown asthe mean +s.e.m.
Exact Pvaluesare provided in Supplementary Table 1. Illustrationinawas
created with BioRender.com.

blood vesselsin dural meninges (Fig. 6b). We next bred Pf4* mice with
RampF*mice to generate mice lacking Ramp1 specifically in Pf4* cells
(Pf4*fampl) Similar to results observed in myeloid-specific RampI knock-
out mice (Lyz2***™T), pf4*RamrI mijce were less susceptible to meningeal
and CNS infections by S. pneumoniae compared with control mice
(Fig. 6¢). Of note, Pf4is also expressed by megakaryocytes, although
these cells are absent in meningeal populations. Taken together, these
dataindicate that RAMP1signalling in macrophages regulates menin-
geal host defences.

To gain insight into how CGRP affects macrophage responses to
S. pneumoniae, bone-marrow-derived macrophages (BMDMs) were
incubated with serum-opsonized S. pneumoniae in the presence of
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Fig.5|Meningeal macrophages are required for host defence against
S.pneumoniaeinfection. a,b, scRNA-seq analysis of meningeal immune
responses tobacterial infection. a, Left, illustration of single-cell analysis of

S. pneumoniaeinfection. Right, UMAP visualizations of CD45" cell typesin the
meninges atbaseline and 24 h after injection of S. pneumoniae (meningitis,

3 x107 c.f.u.). pDC, plasmacytoid dendritic cells. b, Volcano plot showing
genesthatare differentially expressed (1,468 downregulated genes; 1,185
upregulated genes) in the cluster of MrcI* macrophagesinresponse toinfection
(baseline versus meningitis), highlighting the upregulation of chemotaxis-
related genes (n =10 pooled meninges per group). ¢, Whole-mount confocal
images of mouse meninges (dura mater) showing meningeal macrophages
(MRCT’ cells) associated with CMTPX-labelled S. pneumoniae 24 h after injection
ofbacteria.Scalebar, 25 pum. d,e, Depletion of meningeal MRC1' macrophages
by intracisternalinjection of CLLs 3 days before infection. d, Left, illustration of
experimental scheme. Right, flow cytometry analysis of meningeal macrophages.
n=4pergroup.e,Bacterial loads 24 h afterinjection with S. pneumoniae

(3 %107 c.f.u.) inmice treated with CLLs or vehicle.n =4 per group. f, Whole-
mount confocalimages of meninges (dura mater) showing the presence of
macrophages (CX3CR1' cells) near CGRP* nervefibres.Scale bar,10 um. Statistical
analysis: Wilcoxon rank-sum test, dashed line, P= 0.01 (b) or unpaired two-
sided t-tests (d,e).*P< 0.05,**P< 0.01,***P< 0.001. n = biologically independent
samples from mouse tissues. Each experiment was performed at leasttwice,
andresults presented are representative of 2or more replicates. Error bars
indicate the mean + s.e.m. Box plots show the median, IQR, and minimum

and maximum values. Exact Pvalues provided in Supplementary Table 1.
Illustrationsinaand d were created with BioRender.com.

CGRP or vehicle. We did not observe defects inmacrophage antimicro-
bial activity when exposed to CGRP (Extended Data Fig.10a). We next
asked whether CGRP induces transcriptional changesin macrophages
inresponse to bacterial infection. To this end, we performed RNA-seq
analysis of cells treated with vehicle, with bacteria alone or with CGRP
and bacteria (Fig. 6d). Macrophages exposed to S. pneumoniae had
upregulated levels of cytokines (Fig. 6d). By contrast, treatment with
CGRP polarized bacteria-stimulated macrophage transcriptional
phenotypesto asuppressed expression of cytokines, including TNF,
CCL3 and CCL4 (Fig. 6d). We confirmed that protein levels of these
cytokines were alsoreduced by CGRP treatment during S. pneumoniae
infection of macrophages (Extended DataFig.10b). RAMP1-CALCRL
forms a G protein-coupled receptor that signals through Ga,, which
leads to increased levels of the second messenger cyclic AMP and
activation of the cAMP-dependent protein kinase PKAY. To investigate

the role of this pathway, macrophages were treated with the cAMP
analogue Rp-8-CPT-cAMP, a PKA inhibitor (PKAi), before application
of CGRP and S. pneumoniae. Quantitative PCR with reverse transcrip-
tion (RT-qPCR) analysis showed that CGRP downregulated the expres-
sion of multiple chemotactic mediators (Fig. 6e and Extended Data
Fig.10c). This cytokine suppression activity of CGRP was blocked
when cells were pre-treated with the PKAi (Fig. 6e). To determine
whether CGRP affects meningeal macrophages in vivo, we performed
scRNA-seq analysis of dural CD45" cells from mice treated with CGRP
or vehicle during S. pneumoniae infection (Fig. 6f). CGRP treat-
ment substantially altered the transcriptional profile of meningeal
immune cell populations, with the greatest number of differentially
expressed genes in MrcI'Pf4" macrophages (Fig. 6f). Pathway enrich-
ment showed that CGRP treatment suppressed chemotactic gene
expression (Fig. 6g). Inline with our hypothesis, weidentified multiple
chemokines that were downregulated by CGRP in vivo, including Ccl2
and Cxcl10 (Fig. 6g), which overlapped with CGRP-downregulated
genesinvitro (Fig. 6h). We also observed upregulation of Crem (which
encodes ICER) and Jdp2 (which encodesJun dimerization protein 2)
(Fig. 6d,g,h and Extended Data Fig. 10c), transcription factors pre-
viously found to downregulate NF-kB and cytokine expression in
macrophages®**?. These data indicate that the CGRP-RAMP1 axis
induces a transcriptional programme in macrophages that blunts
cytokine expression.

We next determined the role of meningeal macrophage RAMP1 sig-
nallingin S. pneumoniaeinfection using Pf4***"! mice. Compared with
control mice, macrophagesisolated from the meninges of Pf4***™ mice
showedincreased Tnf, Ccl2, Ccl3and Cxcl10levels (Fig. 6i). By contrast,
expression of Crem, Jdp2 and Ramp1 were downregulated in Pf42Ramp!
mice (Extended DataFig.10d). At baseline, macrophagesisolated from
Nav1.8-DTA mice did not show changesin chemokines (Extended Data
Fig.10e). In support of the impact of CGRP and RAMP1 signalling on
macrophage-mediated recruitment ofimmune cells, the meninges of
Pf4*RamI mice exhibited higher numbers of neutrophils and monocytes
than control mice (Fig. 6j and Extended Data Fig. 10f). Overall, our data
uncover a nociceptive neuroimmune axis in the meninges and reveal
how bacterial pathogens exploit this signalling pathway to evade anti-
microbial immunity (Extended Data Fig.10g).

Discussion

Headacheis afrequent early symptom of bacterial meningitis>*'*. How-
ever, the mechanisms of pain and the role of neuroimmune signalling
in host defence were unknown. Here we showed that S. pneumoniae
and S. agalactiae, two bacterial pathogens, activate nociceptors to
promote meningeal and braininvasion, thereby linking neurons to the
pathogenesis of bacterial meningitis. In this neuroimmune axis, CGRP*
neurons signal to PF4*"MRC1" macrophages through RAMP1 to inhibit
antibacterialimmune responses and blunt host defences.

Barrier tissues are innervated by nociceptors that mediate pain®.
The CNS has its own protective barrier tissue: the meninges. Unlike
the CNS parenchyma, the dura mater contains a rich repertoire
of immune cells that mediate antimicrobial host defences'®*>**34,
We found that intracranial nociceptors directly sense bacterial patho-
gens and control the activity of meningeal immune cells and leuko-
cyte trafficking. We showed that both systemic and local depletion of
nociceptors protected mice against CNS bacterial invasion. A positive
correlation between pain intensity and severity of bacterial meningitis
hasbeen described®**. Treatment with triptans, which reduces CGRP
release, can protect mice against bacterial meningitis®. Our findings
link nociceptor activation to infection pathogenesis due to neuronal
suppression of immunity through a meningeal CGRP-RAMPI1 axis.
Nociceptor ablation resulted in reduced brain invasion and pathol-
ogy, and was associated with an increased number of meningeal
immune cells.
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Fig. 6| CGRP suppresses meningeal macrophage immunity. a, UMAP
visualization of Pf4 expressionin meningeal macrophages. b, Whole-mount
meningeal images of PF4" macrophages, CD31" blood vessels and CGRP*
nerves. Scale bar, 15 um. ¢, Bacterial load from Pf4*f"P1and control mice 24 h
after S. pneumoniaeinjection (3 x107 c.f.u.).n=5pergroup.d,e, Invitro assay
using BMDMs. d, Left, illustration of experimental scheme. Right, volcano
plots showing differentially expressed genes (DEGs) in unstimulated
macrophages, S. pneumoniae-infected macrophages, and with CGRP treatment
(S. pneumoniaeversus S. pneumoniae + CGRP), highlighting chemotaxis-
related genes.n =4 pergroup. e, qPCR analysis of chemotaxis-related genesin
macrophages exposed to S. pneumoniae, CGRP and a PKAi.n =6 per group.

f.g, scRNA-seqanalysis of meningealimmune responses to infection and CGRP
treatmentinvivo.f, Left, UMAP visualizations of CD45" cellsin meninges from
uninfected mice, infected with S. pneumoniae and/or treated with CGRP. Right,
number of differentially expressed genesinduced by CGRP treatment after
infectionin each population. g, Gene ontology (GO) biological processes of
macrophages (cluster 0) (left) and volcano plot (right) of macrophage genes

The physiological role of this meningeal neuroimmune axis remains
unclear, although it may represent a strategy to limit inflammation
and CNS pathology. Nociceptors limit the intensity and the dura-
tion ofinflammationin the lungs and joints, protecting these tissues
frominflammation and loss of function®**. Nociceptors also support
wound healing in the skin®**°, CGRP has been shown to protect the
CNS against the deleterious effects of inflammation, blood-brain
barrier injury, brain oedema and cognitive decline that occurs from
cerebral ischaemic injury*®*, These data indicate that CGRP has a
role in promoting CNS protection. By contrast, tumour cells and
pathogens can benefit from theimmunomodulatory activity of sen-
sory innervation'®?**>*3_Herein, we described two human bacterial
pathogens that seem to exploit the immunomodulatory activity of
nociceptors in the meninges to evade immunity and promote CNS
invasion.

8 | Nature | www.nature.com

affected by CGRP treatmentinvivo. h, Venn diagram highlighting the overlap
of genesinduced by CGRPinvitroandinvivo.i, qPCR of macrophagessorted
from meninges of control mice (n = 5for Tnf; n=4for Ccl2, Ccl3, Cxcl10) and
Pf4*famPI mice (n = 4 for Tnf, Ccl2, Ccl3, Cxcl10) 24 hafter S. pneumoniae
injection. j, Flow cytometry of neutrophils (Cd11b‘Ly6G* gates) and monocytes
(Cd11b*Ly6G Ly6C" gates) in meninges of Pf#*%*™! and control mice 24 h after
S.pneumoniaeinjection. n=S5per group. Statistical analysis: Wilcoxon
rank-sumtest, dashed line, P=0.01(d,g), unpaired two-sided t-tests (c,i,j) or
one-way ANOVA with Tukey post-tests (e). *P < 0.05,**P<0.01,***P<0.001,
****p < (0.0001.n =biologicallyindependent samples from mouse tissues
(c,i,j) and primary cells (d,e). Each experiment was performed at least twice,
andresults presented are representative of 2or morereplicates. Numbers at
thetop of the plotsind and gindicate the number of downregulated and
upregulated genes. Error barsindicate the mean + s.e.m. Box plots show the
median, IQR, and minimum and maximum values. Exact P values are provided
inSupplementary Table 1. lllustrationin d was created with BioRender.com.

Depending on the inflammatory context, nociceptors positively or
negatively regulate leukocyte trafficking in other tissues such as the
skin and lungs®'*?%*8445 In our current study, nociceptors only regu-
lated bacterial load in the meninges and brain and not in peripheral
tissues after intravenous infection with S. pneumoniaeor S. agalactiae.
A possible explanation for this effect is the topology of infection,
whereby nociceptors innervating epithelial layers of skin and gut are
more tuned to external pathogen invasion. By contrast, nociceptors
innervating the meninges may better interface with blood-borne patho-
gens invading the CNS.

We showed that S. pneumoniae and S. agalactiae can directly acti-
vate nociceptors and induce CGRP release through PLY and 3-H/C,
respectively. It remains to be determined how PLY and -H/C bind to
and target nociceptors. PLY is a cholesterol-dependent cytolysin and
mediates the pathogenesis of bacterial meningitis***. Nociceptors may
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alsobe targeted through cholesterol or other membrane lipids. During
skininfections, Streptococcus pyogenes activates nociceptors through
streptolysin S*, and Staphylococcus aureus through o-haemolysin®,
to produce pain. Acommon feature of all these toxinsis their ability to
form membrane pores, leading to ion influx. For nociceptors, cation
influxinduces SNARE-dependent release of neuropeptides, including
CGRP. Human patients with bacterial meningitis show increased CGRP
levels in the cerebrospinal fluid and blood**¢. Here we confirmed the
release of CGRP in mouse models of bacterial meningitis.

We also found that nociceptors signal through CGRP to meningeal
macrophages, whichregulated bacterial meningitis outcome. The CGRP
receptor RAMP1and its co-receptor CALCRL formaG protein-coupled
receptor thatsignals through adenylyl cyclase-mediated production of
cAMP and PKA activation”. In the context of bacterial infection, upregu-
lation of cAMP through virulence factors such as pertussis toxin and
choleratoxin suppress leukocyte recruitment. We showed that CGRP
signalling through this cAMP-PKA pathway polarizes macrophage
responsesto S. pneumoniae, inhibiting the production of chemotactic
factors (for example, Ccl2, Ccl3 and Tnf) and upregulating the expres-
sion ofimmunosuppressive transcriptional factors (for example, Crem
and Jdp2). Increased cAMP levels also counteract chemokine signal-
ling through Ga;, which results in the inhibition of chemotaxis and
contributes to increased pathogenesis during bacterial infections®.

Neuron-macrophage crosstalk has key roles in host defence in
other barrier sites. In the gut, sympathetic neurons maintain mus-
cularis macrophages in an anti-inflammatory transcriptional state
and a tissue-protective phenotype through the release of noradrena-
line and the activation of 3,-adrenergic receptors expressed by the
macrophages***. The B,-adrenergic receptor, like RAMP1, signals
through Ga,, and cAMP mediates macrophage polarization towards
atissue-protective phenotype®’. In the skin, the neuropeptide TAFA4,
produced by GINIP* sensory neurons, stimulate the production of IL-10
by dermal macrophages to promote tissue healing®®. It is possible that
CGRP* meningeal nociceptors signal to RAMP1* macrophages to pro-
mote wound healing and resolution of CNS inflammation. In the con-
text of bacterial meningitis, we found that this neuron-macrophage
crosstalkimpaired bacterial clearance. Therefore, some pathogens may
hijack early activation of this neuroimmune axis to evade immunity.

RAMP1antagonists and antibodies against CGRP are currently used
for the prevention and treatment of migraine”. Our observation that
treatment with a RAMP1 antagonist ameliorated bacterial meningitis
in mice holds potential for therapeutic translation. Recent studies
have identified immune cell niches in skull bone marrow that traffic to
meninges through channels***°. It would be interesting to determine
whether nociceptors affect these bone marrow immune populations
and their trafficking to the meninges.

The meninges are classically defined as tissues that protect the CNS
onthebasis of the anatomorphological characteristics of this structure
that surrounds the brain and spinal cord. Despite this assumption, our
knowledge about how the cellular and molecular components of the
meninges interact to mediate tissue protection or host defence s limited.
We uncovered aneuroimmune axis in the meninges whereby nociceptors
modulate the activity of meningealimmune cells and bacterial pathogens
exploit this axis to facilitate CNS invasion. This result highlights the com-
plexities of host-pathogeninteractions and neuroimmune crosstalk.In
light of recent findings of the role of meningeal immune cells in health
and disease®™**%%° our study suggests that nociceptors could affect the
function of the CNS and play parts beyond bacterial meningitis. Future
research couldlead to the development of treatments for infections and
other CNS diseases by targeting the somatosensory nervous system.
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Methods

Bacterial strains and culture

All procedures related to pathogenic bacteria were approved by the
Committee on Microbiological Safety of Harvard Medical School and
conducted under Biosafety Level 2 protocols and guidelines. The
S. pneumoniae clinical isolate WU2 (serotype 3), the S. pneumoniae
isogenic PLY mutant (APly) strain WU2-PLAS and S. agalactiae clinical
isolate COH1 (serotype IlI)**and itsisogenic mutant strain lacking 3-H/
Cin (AcylE)® were used in this study. S. pneumoniae and S. agalactiae
were grown in tryptic soy broth (Sigma) and Todd-Hewitt broth
(Sigma), respectively, supplemented with 0.5% yeast extract (Sigma).
Bacteriawere grown at 37 °C with 5% CO, to mid-log phase, and growth
was evaluated by monitoring at an optical density of 600 nm. Frozen
stocks of bacteria in 20% glycerol (Sigma) were prepared and kept at
-80 °Cuntil use.

Animals

Allexperiments and procedures using mice were approved by the Insti-
tutional Animal Care and Use Committee at Harvard Medical School and
were conducted inaccordance with National Institutes of Health animal
research guidelines. Mice were bred and housed inindividually venti-
lated micro-isolator cages within a full barrier, specific pathogen-free
animal facility with temperature (22 £+ 2 °C) and humidity (55 + 5%)
control at Harvard Medical School under a12 h light-dark cycle with
ad libitum access to food and water. C57BL/6 mice were purchased
from Jackson Laboratories or Charles River. C57BL/6-Tg (Pf4-icre)
Q3Rsko/J (Jax 008535), B6.FVB-Tg(Acta2-cre)1Rkl/] (Jax 029925),
B6.129P2-Lyz2™ 9l /) (Jax 004781), B6.129P2-Gt(ROSA)26Sor™ ™tk /)
(Jax 009669), B6.129P2(Cg)-Cx3cr1™Litt/] (Jax 005582), which har-
bour a GFP knock-in allele, and B6.12952(Cg)-Ramp1™-1™%/Wkin]
mice (Jax 031560) were purchased from Jackson Laboratories. Calca
(CGRPa)-GFP-DTR™ reporter mice? were provided by M. Zylka (UNC
Chapel Hill). Nav1.8-Cre knock-in mice® were provided by J. Wood
(University College London). Ramp " (C57BL/6N-Ramp1 i cEUcommwisij )
mice were purchased from MRC Harwell Institute. B6.129S2(Cg)-
RampI1™1%/Wkin) heterozygous mice were bred together to produce
WT and knockout littermates. Nav1.8-Cre heterozygous mice were bred
with B6.129P2-Gt(ROSA)26Sor™®™ /] homozygous mice to generate
nociceptor-ablated Nav1.8-DTA (Nav1.8-Cre”";DTA"") mice and control
littermates (Nav1.8-Cre”;DTA""). Nav1.8-Cre heterozygous mice
were bred with Rosa26 CAG-LSL-ReaChR::mCitrine (heterozygous)
mice(Jax026294)togenerateNavl.8-mCitrinereportermice.Nav1.8-Cre
homozygous mice were bred with Calca-GFP-DTR™ heterozygous mice
togenerate Nav1.8-Calca-DTR (Nav1.8-Cre” Calca-DTR"") mice orinto
littermate control mice (Nav1.8-Cre”~Calca-DTR™"). For conditional
knockout experiments, Pf4*kam1 (C57BL/6-Tg(Pf4-icre)Q3Rsko/J";
RampI™), Lyz2°kame! (B6,129P2-Lyz2 1€l [}/ Ramp P"!") and Acta2*Remp!
(B6.FVB-Tg(Acta2-cre)1RKI/J”";Ramp "y mice were generated and bred
to RampF"" mice to generate mice with specific depletion of RAMP1in
meningeal macrophages (Pf4*"*™"), myeloid cells (Lyz2**™1), vascu-
lar smooth muscle cells (Acta2**™') and control littermates (cre™;
Ramp1’™"). Both male and female age-matched mice from 8 to 14 weeks
of age were used for all experiments in this study.

Haematogenous bacterial meningitis

Bacterial strains were grown to mid-log phase as described in the sec-
tion‘Bacterial strains and culture’. Bacteria were centrifuged at 5,000
for 15 min, resuspended in saline solution to a final concentration of
3 x 108 colony-forming units (c.f.u.) per mlfor S. pneumoniae and1 x 10°
c.f.u. per miforS. agalactiae. The bacterial suspension was keptonice
untiluse. Atotal volume of 100 plof inoculum containing S. pneumoniae
(3x107c.f.u.) or S. agalactiae (1 x 10® c.f.u.) was injected into the tail vein
(intravenous injection) of 7-14-week-old mice using a 0.5 cc syringe
fitted with a31-gauge needle (BD Biosciences). Insome cases, bacteria

were labelled with CellTracker Red CMTPX dye (C34552, Invitrogen)
30 min before injection into mice. An aliquot of the final suspension
was used to confirm the concentration of bacteria in the inoculum by
plating serial dilutions on blood agar plates.

Bacterial load recovery analysis

Mice were deeply anaesthetized by an intraperitoneal injection of
tribromoethanol solution (Avertin, 500 mg kg ™) and transcardially
perfused with saline solution. Blood was sampled immediately before
perfusion. Other tissue samples (meninges, choroid plexus, brain, lung,
spleen and skin) were dissected and weighed. Tissue samples were
thentransferredinto 2 mlEppendorftubes containing 5 mmstainless
steel beads (Qiagen) and 1 ml of ice-cold sterile saline. Samples were
homogenized in TissueLyser Il (Qiagen) for 10 min at 30 Hz. To deter-
mine bacterial load recovery, serial dilutions were made and plated
on TSA plates with 5% sheep blood plates (BD Biosciences). The plates
were incubated overnightat 37 °C with 5% CO, and the number of c.f.u.
ineach sample determined.

Systemic or local meningeal ablation of nociceptors using RTX
orDTX

RTX (Sigma-Aldrich) was used to deplete TRPV1" nociceptors through-
out the body as previously described'**. Male and female 4-week-old
C57BL/6 mice were lightly anaesthetized by inhalation of isoflurane
(Patterson Veterinary), 3% in oxygen using a precision vaporizer. Mice
received subcutaneousinjections of escalating doses of RTX (30 pg kg,
70 pg kg™ and 100 pg kg™) or vehicle control (PBS with 1.2% DMSO
and 0.06% Tween-80) on three consecutive days. Mice were used for
experiments 4 weeks after the injections. Local depletion of meningeal
nociceptorswas performed by injecting 5 pl of RTX (100 ng) or vehicle
control subcutaneously above the cranial suture of WT mice. The skin
was partially opened on the scalp toreveal the cranial suture, injections
were givenand the suture closed with wound clips (Autoclip, 7 mm) and
tissue adhesive (Vetbond, 3M). Mice were used for experiments 3 weeks
afterlocalinjection of RTX or vehicle. As asecond approach to locally
ablate meningeal nociceptors, we injected 5 pl of DTX (10 ng) above the
cranial suture as described above in Nav1.8-Cre*"Calca-DTR* mice or
littermate control mice (Nav1.8-Cre” Calca-DTR™"). These mice were
used for experiments 3 weeks after DTX injection. Dural meninges
or back skin was stained for CGRP with rabbit anti-CGRP followed by
Dylight 488 anti-rabbit antibody and imaged. Innervation was quanti-
fied by confocal microscopy (see Immunostaining and microscopy’
section for more details). Quantification of CGRP* nerve fibre density
was performed using ImageJ software, specifically the ImageJ package
tools ‘Skeletonize’ and ‘Analyze Skeleton (2D/3D)’.

Isolation and culture of trigeminal neurons

TG were dissected immediately after euthanasia by CO, inhalation.
Trigeminal cells were enzymatically dissociated in 2 ml of HEPES-
buffered saline (Sigma) containing collagenase A (1 mg kg, Sigma) and
dispase 11(2.4 U ml™?, Roche) for 40 minat 37 °C. Cells were centrifuged
for5minat300gat4 °Candresuspendedin 800 pl of DMEM/10% FBS
containing DNase I (150 U mI™?, Thermo Fisher). Trigeminal cells were
dissociated by gently pipetting with decreasing tip diametersto create
single-cell suspensions. Cells were resuspended in 2 ml neurobasal
medium (Life Technologies), and the cell suspension was added to
the top of a10% BSA gradient in neurobasal medium. Cells were cen-
trifuged at 260g for 10 min, the supernatant containing cell debris
was discarded and the resulting pellet was resuspended in neurobasal
medium for cell counting and plating. For calcium imaging experi-
ments, 2,000 trigeminal neurons were plated onto a culture dish pre-
viously coated with laminin and incubated overnight in neurobasal A
medium supplemented with 50 ng ml™ nerve growth factor (Thermo
Fisher). In a separate experiment, 2,000 trigeminal neurons were
plated onto one side of a microgroove plate (XC150 XonaChip) and



Article

cultured for 6 daysinneurobasal Amedium (no growth factor), whereas
medium supplemented with 50 ng ml™ nerve growth factor (Thermo
Fisher) was applied on the other well to stimulate sprouting of nerve
fibres through the microwells. For CGRP release experiments, 5,000
trigeminal neurons were transferred to each well of a flatbottom 96-well
plate previously coated with laminin and incubated with neurobasal A
medium plus 50 ng ml™ nerve growth factor (Thermo Fisher) and cyto-
sine arabinoside (10 uM, Sigma) for 6 days.

Intracellular calcium levels and CGRP release in trigeminal
neuron cultures

Cultures of mouse trigeminal neurons were prepared as described in
‘Isolation and culture of trigeminal neurons’. For calcium measure-
ments, neurons were loaded with the calcium indicator Fura-2-AM
(5 uM, Thermo Fisher) for 30 min at 37 °C, washed twice with Krebs-
Ringer solution (Boston BioProducts) and immediately imaged using
an Eclipse Ti-S/L100 inverted microscope (Nikon) and Zyla sCMOS
camera. Excitation of Fura-2-AM was induced by an ultraviolet light
source (Lambda XL lamp, Sutter Instrument) at 340 nm and 380 nm
wavelengths. The 340/380 ratiometricimages were acquired and ana-
lysed using NIS-elements software (Nikon). After recording the base-
line calciumlevels for 2 min, cells were stimulated with S. pneumoniae
(4 x10°to 4 x 107 c.f.u. per ml), S. agalactiae (2 x 107 to 2 x 10° c.f.u.
per ml) or PLY (0.01-1 pg ml™), followed by capsaicin (1 uM) and KCI
(40 mM). Anincrease of 15% or more from baseline calcium levels was
considered a positive response toaligand. Cells that did not respond to
the positive controls (capsaicin and KCI) were excluded from quantifi-
cation analyses. For CGRP release assays, neurons were incubated with
S. pneumoniae (4 x 107 c.f.u. perml), S. agalactiae (2 x 10° c.f.u. per ml)
orPLY (0.01-1 pg ml™) for 30 min (37 °C, 5% CO,). After incubation, the
supernatant was collected and used to quantify the concentration of
CGRP using an enzyme linked immunosorbent kit (Cayman Chemical)
according to the manufacturer’s instructions.

Isolation and culture of BMDMs

Mouse BMDMs were obtained as previously described> with minor
modifications. Progenitor cells were collected from the bone mar-
row of femurs and tibia and cultured in DMEM supplemented with
10% FBS, 1% penicillin-streptomycin solution (15140122, Gibco) and
macrophage-colony stimulating factor (20 ng ml™; 15140122, Pepro-
Tech) for 8 days (37 °C, 5% CO,). Culture medium was replaced with
fresh supplemented DMEM at day 4. Fully differentiated macrophages
(>90% of cells CD11b F4/80" determined by flow cytometry) were col-
lected at day 8 and immediately used for experiments.

Phagocytickilling assay

Cultures of mouse macrophages (BMDMs) were prepared as described
in the section ‘Isolation and culture of BMDMSs'. S. pneumoniae
(5 x10° c.f.u. per well) was co-incubated with mouse macrophages
(5 x10° cells per well) in DMEM supplemented with 10% mouse serum for
1-24 h (37 °C, 5% CO,) with gentle shaking (150 r.p.m.). CGRP (100 nM,
GenScript) or vehicle (DMEM) was added to the cells immediately
before adding the bacteria. The number of bacteria in each well was
determined by serial-dilution plating on TSA plates with sheep blood
agar (BD Biosciences), and bacterial colonies were counted after over-
nightincubation at 37 °Cin 5% CO,.

ELISA

Mouse macrophages (5 x 10° cells per well) were obtained as described
in the section ‘Isolation and culture of BMDMs’ and incubated with
S. pneumoniae or vehicle (DMEM + 10% mouse serum) for 24 h (37 °C,
5% CO,). Cells were treated with CGRP (100 nM, GenScript) or vehicle
(DMEM) immediately before adding the bacteria. After incubation,
supernatants were collected, filtered and stored at —80 °C until ELISA
was performed. The concentrations of CXCL10, CCL3, CCL2 and TNF

inthe supernatants were determined using ELISA kits (R&D Systems)
following the manufacturer’s protocols.

Magnetic-activated cell sorting of meningeal cells

Mice were deeply anaesthetized by intraperitoneal injection of tribro-
moethanolsolution (Avertin, 500 mg kg ™) and transcardially perfused
with 30 ml saline solution. Samples from the meninges (cortical dura
mater) were dissected as previously described™>*® and incubated
for 30 min at 37 °C in 0.5 ml of DMEM/F12 medium containing Dis-
pase (1U ml™; StemCell Technologies) and Liberase TL (0.25 mg ml™;
Sigma). After incubation, cells were centrifuged at 400g for 10 min,
resuspended in1 mlice-cold cell wash buffer (BioLegend), gently dis-
sociated usingal ml pipette and filtered through a40 pumcell strainer
(Flowmi, Scienceware). The resulting cell suspension was then used
for magnetic-activated cell sorting (MACS)-based purification using
CD45 MicroBeads (Miltenyi Biotec) or F4/80 MicroBeads UltraPure
(Miltenyi Biotec) and MS MACS columns (Miltenyi Biotec) following
the manufacturer’s directions.

Intracisterna magnainjections

Injections into the cisterna magna were used to deliver bacteria into
the subarachnoid space and to deplete meningeal macrophages.
The procedure was performed as previously described™*® with small
modifications. Mice were first anaesthetized with isoflurane (4%) inan
induction chamber and treated with carprofen (20 mg kg™, subcuta-
neous) and buprenorphine (0.1 mg kg™, subcutaneous) immediately
before the surgery. Lubrication of corneas was maintained using Pura-
lube, and anaesthesia by isoflurane was maintained through a nose
cone during the surgery. Animals were transferred to a stereotaxic
frame, and the skin of the head was shaved and aseptically prepared by
swabbingbetadine followed by ethanol (three times each). The cranium
was exposed by making a surgical anterior-posterior incision with a
scalpel blade, and the subcutaneous tissue and muscles of the neck
were gently separated to access the dura mater of the cisternamagna.
S. pneumoniae (10° c.f.u., 5 pl), mannosylated liposomes containing
clodronate (m-Clodrosome Encapsula Nano Sciences, 5 pl) or empty
mannosylated liposomes (m-Encapsome EncapsulaNano Sciences, 5 pl)
were injected into the subarachnoid space using a 30-gauge 0.5-inch
needle mounted ona25- plHamilton syringe. After injection, muscles
werere-aligned, and theincision was closed using wound clips (Autoclip,
7 mm) and tissue adhesive (Vetbond, 3M). After surgery, animals were
placed inacage containing a warming pad and monitored for1h after
surgery. Additional doses of carprofen (every 24 h) were administered
for 72 hafter surgery,and wounds were monitored for adequate healing.

CGRP release assay from meninges explants

Mice were euthanized by CO, inhalation, and the skullcap containing
meninges was dissected and rapidly transferred to 24-well plates con-
taining 1 ml DMEM. The explants were incubated for 30 min at 32 °C
with gentle shaking (150 r.p.m.). After incubation, the medium from
the organ cultures was collected and used to determine the levels of
CGRP using a CGRP EIA kit (Cayman Chemical) according to the manu-
facturer’sinstructions.

In vivo CGRP and BIBN4096 treatment

We evaluated the impact of CGRP signalling on the outcome of bacte-
rial meningitis by treating mice with CGRP injection or with the CGRP
antagonist BIBN4096 (Tocris). For these experiments, mice were
treated with CGRP (0.1 mg kg ™), BIBN4096 (0.3 mg kg ™) or vehicle by
intraperitonealinjection. Treatments were performed 2 h before induc-
tion of bacterial meningitis as described inthe section ‘Haematogenous
bacterial meningitis’and again 24 hlater. Additionally, therole of IL-10
onthe effects of CGRP was determined by treating mice with vehicle or
CGRPandeitherisotype control antibody or neutralizing anti-IL-10 anti-
body (Bio-X-Cell,200 pgin100 pl, intraperitoneally, daily). Treatment



doses were selected on the basis of previous publications using these
compounds?¥.

Meningeal flow cytometry

Mice were deeply anaesthetized with an intraperitoneal injection of
tribromoethanol solution (Avertin, 500 mg kg™) and transcardially
perfused with 30 ml saline solution. Tissue samples were dissected,
minced and incubated for 30 min at 37 °C in 0.5 ml of DMEM/F12
medium containing Dispase (1 U ml; StemCell Technologies) and
Liberase TL (0.25 mg ml; Sigma). Samples from blood and spleen
were processed withoutincubationin Liberase. Afterincubation, cells
were centrifuged at 400g for 10 min, resuspended in 1 mlice-cold
cell wash buffer (BioLegend), gently dissociated using a1 ml pipette
and filtered through a 40 pm cell strainer (Flowmi, Scienceware).
The resulting cell suspension was incubated with mouse FcR block-
ing reagent (Miltenyi Biotec) for 10 min, and then incubated with the
following reagents: DAPI (4’,6-diamidino-2-phenylindole, Dilactate,
3 uM, BioLegend); anti-mouse CD45-PE-Cy7 clone 30-F11 (1:200,
BioLegend); anti-mouse CD11b Brilliant Violet 570 or APC clone M1/70
(1:200, BioLegend); anti-mouse Ly-6C Brilliant Violet 650 clone HK1.4
(1:200, BioLegend); anti-mouse CD206 (Mrcl) PE clone C068C2 (1:200,
BioLegend); anti-mouse Ly-6G PE-cyanine5 or APC-cyanine7 clone 1A8
(1:200, Thermo Fisher Scientific); anti-mouse CD3 FITC or Alexa Fluor
700 clone17A2 (1:200, BioLegend); and anti-mouse CD19 PE-Cyaine5.5
clone1D3(1:200, Thermo Fisher Scientific). After incubation, cells were
centrifuged for 5 min at 300g and resuspended in 500 pl of cell wash
buffer, then centrifuged again and resuspended in wash buffer contain-
ing 2% paraformaldehyde (PFA). Flow cytometry was performed on a
FACSymphony AS flow cytometer (BD Biosciences). Flow cytometry
data were collected and exported using BD FACSDiva software (BD
Biosciences) and analysed using FlowJo software (v.10). Representative
flow cytometry gating schemes for meningealimmune cells are shown
in Supplementary Fig. 1. A small aliquot (20 pl) was used to count the
total number of cellsin each sample, and the results were used to con-
vert the percentage of immune cell populations into cell numbers.

Blood and spleen flow cytometry

For flow cytometry of blood and splenic cells, cells from blood and
spleenwere collected and treated with 1x RBC lysis buffer (eBioscience,
00-4333-57) toremove red cells. Immune cells were then stained with
combinations of the following reagents: Live/Dead Near-IR (Thermo
Fisher, L34975;1:2,000); anti-mouse CD45 conjugated with Pacific
Blue (BioLegend, 103126, clone 30-F11; 1:500); anti-mouse CD19 con-
jugated with APC (BioLegend, 115511, clone 6D5; 1:300); anti-mouse
CD3 conjugated with APC A700 (BioLegend, 100215, clone 17A2;
1:300); anti-mouse CD4 conjugated with BV650 (BioLegend, 100469,
clone GK1.5; 1:300); anti-mouse CD8 conjugated with Percp-Cy5.5
(BioLegend, 100733, clone 53-6.7;1:300); anti-mouse CD44 conjugated
with PE-Cy7 (Invitrogen, 25-0441-82, clone IM7; 1:300); anti-mouse
CD62L conjugated with BV605 (BioLegend, 104437, clone MEL-14;
1:300); anti-mouse NK1.1 conjugated with PE (BioLegend, 108707, clone
PK136;1:300); anti-mouse CD11B conjugated with BV605 (BioLegend,
101237, clone M1/70;1:300); anti-mouse CD172a conjugated with FITC
(BioLegend, 144005, clone P84;1:300); anti-mouse Ly6G conjugated
with PE-Cy7 (BioLegend, 127617, clone 1A8;1:300); anti-mouse Siglec F
conjugated with PE (BD, 552126, clone E50-2440; 1:300); anti-mouse
Ly6C conjugated with Percp-Cy5.5 (BioLegend, 128011 clone HK1.4;
1:300). Samples were incubated on ice for 20 min in flow buffer
(2% FBS, 2 mM EDTA in PBS) and then washed twice with flow buffer.
For transcription factor staining (mouse anti-FOXP3 Alexa Fluor 488), a
transcription factor staining buffer set (eBioscience) was used accord-
ing to the manufacturer’s instructions. Data were acquired using a
Cytoflex S flow cytometer (Beckman Coulter) and analysed using FlowJo
software (v.10). Representative flow cytometry gating schemes for
blood and spleenimmune cells are shown in Supplementary Fig. 2.

RT-qPCR

Mouse macrophages were obtained as described in the section ‘Iso-
lation and culture of BMDMSs’. Macrophages (5 x 10° cells per well)
were incubated with S. pneumoniae (5 x 10° c.f.u. per well) and CGRP
(100 nM) or vehicle (DMEM) in DMEM supplemented with10% mouse
serum for 4 h (37 °C, 5% CO,). Insome wells, the cells were pre-treated
with the selective PKAiRp-8-CPT-cAMP (10 uM, Cayman Chemical) 1 h
beforeincubation. Afterincubation, the supernatant was removed and
replaced by 500 pl TRIzol, and plates were frozen at —80 °C until RNA
extraction. For total RNA extraction, samples were thawed at room
temperature, mixed with100 pl chloroform, and centrifuged at12,000g
for 15 min at 4 °C. The aqueous phase was transferred to a new tube
and combined with equal parts of isopropyl alcohol, mixed well and
centrifuged at12,000g for 10 min at 4 °C. After discarding the super-
natant, 500 pl of 75% ethanol was added to the samples, vortexed well
and centrifuged at 7,500g for 5 min. Supernatant was then discarded
and the pellet containing RNA was resuspended in 50 pl nuclease-free
water. mRNA in the samples was reverse transcribed into cDNA using
aniScript cDNA Synthesis kit (Bio-Rad). Relative gene expression was
determined using gene-specific primers (PrimerBank) and SYBR Green
master mix (Life Technologies) on a QuantStudio 5 RT-PCR system
(Applied Biosystems). Expression data were collected and exported
using the QuantStudio Design & Analysis Software (v.1.5.1, Applied
Biosystems). Expression levels were normalized to (3-actin expres-
sion (Actb) using the 22“ method. The following primer sequences
(5’-to-3’) were used: Actb forward: AGCTGCGTTTTACACCCTTT, Actb
reverse AAGCCATGCCAATGTTGTCT; Rampl forward: GGATGAGA
GTCCCATAGTCAGG, Rampl reverse GGGGCTCTGCTTGCCAT; Jdp2
forward: CTCCTCCTGCTATGATGCCT, Jdp2 reverse CTCTTGCC
CAGTTTCACCTC; Crem forward: TGGACTGTGGTACGGCCAAT, Crem
reverse CAGTTTCATCTCCAGTTACA; Tnf forward: CAGGCGGTGC
CTATGTCTC, Tnfreverse CGATCACCCCGAAGTTCAGTAG; Ccl2forward:
TTAAAAACCTGGATCGGAACCAA; Ccl2reverse GCATTAGCTTCAGATT
TACGGGT; Ccl3forward: TTCTCTGTACCATGACACTCTGC, Ccl3reverse
CGTGGAATCTTCCGGCTGTAG; Cxcl10 forward: CCAAGTGCTGCCGT
CATTTTC, Cxcl10 reverse GGCTCGCAGGGATGATTTCAA; and Ccl7
forward: GCTGCTTTCAGCATCCAAGTG, Ccl7 reverse CCAGGGACAC
CGACTACTG.

RNA-seq of macrophages

Macrophages were cultured as described in the section ‘Isolation
and culture of BMDMs'. Cells (1 x 10° per well) were incubated with
10% mouse serum-opsonized S. pneumoniae (1 x 10° c.f.u.) and CGRP
(100 nM) or vehicle (PBS) for 4 h. After incubation, the supernatant
wasremoved and replaced by 500 pl of TRIzol, and plates were frozen
at —80 °C until RNA extraction as described in the section ‘RT-qPCR’.
RNA-seq library preparation (Kapa mRNA Hyperprep, Roche) and
sequencing (NovaSeq SP, 2x 50 bp, Illumina) was conducted by the
Bauer Sequencing Core at Harvard University.

scRNA-seq of meninges

Samples containing meningealimmune cells (CD45-enriched) or menin-
geal non-immune cells (CD45-depleted) were obtained as described in
the section ‘Magnetic-activated cell sorting of meningeal cells’ and
used for droplet-based scRNA-seq (10x Genomics). Library preparation
(Chromium Next GEM Single Cell 3’ Reagent kit v3.1) and sequenc-
ing (Illumina NovaSeq 6000 System) were conducted by the Bauer
Sequencing Core at Harvard University following the manufacturer’s
instructions. The quality of the single-cell suspensions (viability >80%,
concentration =1,000 cells per pl) was confirmed immediately before
encapsulation using acridine orange-propidium iodide stain (Logos
Biosystems) and a LUNA-FX7 counter (Logos Biosystems). Encapsula-
tion of cells was performed ina Chromium Controller (10x Genomics)
targeting 10,000 cells per sample. Following encapsulationand mRNA
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barcoding, cDNA was synthesized, isolated and amplified (11 cycles)
using aSingle Cell 3*GEM kit (10x Genomics) and a SPRIselect reagent
kit (Beckman Coulter). The quality of the amplified cDNA (concen-
tration, size and purity) was verified using a High Sensitivity D5000
ScreenTape and 4200 TapeStation system (Agilent Technologies).
Next, amplified cDNA was used for library construction. cDNA frag-
mentation, end repair, A-tailing, adaptor ligation and sample index
PCR amplification were performed using Chromium Next GEM Single
Cell3’LibraryKit v.3.1reagents (10x Genomics). After library construc-
tion, quality control was performed using a High Sensitivity D5000
ScreenTape and 4200 TapeStation system (Agilent Technologies).
Quantification was performed using a Kapa qPCR Complete Univer-
sal kit (Roche Sequencing Solutions) and a CFX96 RT-PCR detection
system (Bio-Rad Laboratories). For sequencing, CD45" samplelibraries
were pooled and equally distributed across the two lanes of an lllumina
NovaSeq S1flow cell (Read 1: 28 bp; i7 index: 8 bp; Read 2: 90 bp). The
CD45" library was sequencedin asingle lane of anlllumina NovaSeq S4
flow cell (Read 1: 28 bp; i7 index: 8 bp; Read 2: 90 bp). After sequenc-
ing, the quality control summary report confirmed that each library
contained a minimum of 10,000 cells (10,545-12,185) and an average
sequencing depth of 50,178 reads per cell. Cell Ranger (10x Genomics)
analysis pipelines were used to demultiplex raw sequencing data and
to performalignment, filtering and counting of barcodes and unique
molecular identifiers. The reference mouse genome mm10 v.2020-A
was used. Count matrices generated by Cell Ranger imported into R
(v.4.0.3) were used for further analysis using Seurat package (v.4.1.0)%%%,
Analysis was performed using only high-quality cells that had unique
molecular identifier counts between 4,000 and 70,000 and <25% of
their genes corresponding to the mitochondrial genome. Samples
were normalized and scaled using Seurat’s SCTransform function fol-
lowed by principal component analysis. Clustering and visualization
were performed by running uniform manifold approximation and
projection dimensional reduction of 15 principal components for each
clusterresolution of 0.3. Cell types were defined by comparing cluster
marker genes with previously published scRNA-seq datasets of mouse
meninges'“"2% Visualization of genes illustrating expression levels
was performed using R/Seurat commands (DoHeatmap, FeaturePlot
and DotPlot)***® and the R/Nebulosa package®*®'.

Differential gene expression analysis

Differential gene expression analysis was performed in sequencing
datasets using the R package DESeq2 (bulk RNA-seq of BMDMs) or
Seurat (scRNA-seq of meninges)>*¢5%5%62_ Genes were considered
differentially expressed when the adjusted P value was lower than 0.05.
The list of differentially expressed genes was used in pathway enrich-
ment analysis and to create volcano plots and Venn diagrams.

Pathway enrichment analysis

Pathway enrichment analysis of the list of differentially expressed genes
was performed using the database for annotation, visualization, and
integrated discovery (DAVID) tool (http://david.abcc.ncifcrf.gov). Gene
ontology (GO) termsin the Biological Processes category with P < 0.05
were considered significant. Statistically significant, non-redundant
GO-enriched terms were plotted.

Mouse grimace scale

The mouse grimace scale was used to quantify spontaneous pain-like
behaviours as previously described® %, Animals were acclimated in
clear acrylicchambers (8 x 8 x 8 cm) 1 day before baseline testing. Meas-
urements were taken at day O (baseline, beforeinjection) and1-2 days
afterinjectionwith S. pneumoniae, S. agalactiae or vehicle. Mice were
individually recorded for 10 min with high-definition cameras (GoPro).
From these 10-min videos, the firstimage with a clear view of the ani-
mal’s face from every minute of the video was extracted using iMovie
(Apple). The selected images were randomized, and blinded scoring

was performed by investigators who were unaware of the groups and
time points. As described in the original method, for each image,
orbital tightening (white arrowhead), nose bulge (black arrowhead),
cheek bulge (white arrow) and ear position (black arrow) were scored
(0, not present; 1, moderately visible; and 2, severely visible) and the
total score for eachimage was averaged. To investigate the role of pain
signallingin bacterial meningitis, mice were treated with long-lasting
buprenorphine (1.5 mg kg subcutaneously) or at the same time with
S. pneumoniae infection.

Immunostaining and microscopy

Dissection and whole-mount immunofluorescence staining of
meninges were performed as previously described with minor
modifications'®*5%¢, Mice were euthanized and intracardially perfused
with 30 ml PBS followed by 30 ml PBS/4% PFA. The cortical meninges
were dissected and post-fixed in PBS/4% PFA solution at 4 °C for 24 h.
Beforeimmunostaining, samples were transferred to PBS and incubated
for 24 h at 4 °C to remove PFA. Free-floating samples were incubated
with blocking solution (PBS with 0.1% Triton X-100 and 5% donkey
serum) in 24-well plates for 2 h at room temperature with agitation.
Blocking solution was then replaced by staining solution (PBS with
0.1% Triton X-100 and 2% donkey serum) containing the primary anti-
bodies rabbit anti-rat CGRP (1:500; C8198, Sigma) or goat anti-mouse
Mrcl (5 pg ml™; AF2535, R&D Systems) and incubated for 24 hat 4 °C
with agitation. Samples were washed five times with PBS to remove
unbound primary antibodies and then incubated (24 h at 4 °C with
agitation) with staining solution containing the secondary antibodies
donkey anti-rabbit IgG conjugated with DyLight 488 (1:500; ab98488,
Abcam) or donkey anti-goat IgG conjugated with Alexa Fluor 488 (1:500;
ab150129, Abcam). In some cases, bacteria were labelled with Cell-
Tracker Red CMTPX dye (C34552, Invitrogen) 30 min before injection
into mice. For the staining of blood vessels, the primary antibody rat
anti-mouse CD31 conjugated with Alexa Fluor 647 (5 pg; MEC13.3 Bio-
Legend) wasinjected into mice 5 min before perfusion. Stained samples
were washed five times with PBS and mounted in Prolong Gold Anti-
fade reagent (Cell Signaling). For skinimmunostaining for CGRP, skin
punch biopsies (12 mm) were fixed in 4% PFA solution at 4 °C for 24 h,
embedded in OCT (Sakura Finetek, 4583) and cryosectioned (20 pm)
onto Superfrost Plus slides (Thermo Fisher). Slides were stained with
rabbit ant-rat CGRP (1:500; C8198, Sigma) followed by anti-rabbit IgG
conjugated with Alexa Fluor 647 (1:500; Abcam) and Hoechst 33342
DNA staining solution (1 uM; Thermo Scientific).

Inaseparate set of experiments, Calca-GFP-DTR mice were infected
with CMTPX-labelled S. pneumoniae, stained using anti-PLY antibody
(1:200), followed by whole-mount imaging. Fluorescence imaging was
performed using a Leica Stellaris 8 confocal microscope (Leica) and
LAS Xsoftware (Leica). System-optimized settings were used to acquire
the full thickness of the tissue (z axis) and for tile-stitching (xy axes).
Merged maximum projection images were exported.

Brain histopathology

Brain samples were collected from Nav1.8-DTA and control mice 24 h
afterinjection of S. pneumoniae (3 x 107 ¢.f.u.in100 pl, intravenously).
Micewere deeply anaesthetized with tribromoethanol solution (Avertin,
500 mg kg, intravenously) and transcardially perfused with 30 ml
saline solution followed by 10 ml of 4% PFA in saline. After dissection,
brain samples were maintained in 4% PFA for 3 days at 4 °C. Fixed
brains were embedded in paraffin, sectioned (10 pm thick), and half
ofthesslides were stained using haematoxylin and eosin by the Rodent
Histopathology Core at Harvard Medical School. Pictures of the brain
samples were taken automatically using a Leica DMi8 microscope
(sCMOS camera, x40 NA 0.85 objective) and Thunder software (Leica).
Atotal of 96 pictures (12 pictures x 4 samples x 2 groups) of brain cor-
tex images were collected and randomized for blinded scoring. Each
field was assigned a score from O to 3 based on neuronal morphology:
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grade O (not altered); grade 1 (no vacuolation with small numbers of
pyknotic cells); grade 2 (moderate vacuolation and pyknosis); and
grade 3 (extensive vacuolation, pyknosis and tissue loss or liquefac-
tive necrosis)®”8. For the analysis of caspase-3 activity, slides were
deparaffinized and rehydrated before immunostaining. Slides were
heated at 60 °C for 10 min, washed twice with xylene for 10 min and
incubated with a series of graded ethanol solutions (100%, 95%, 70%,
50%and 30%in PBS) for 5 min each. Slides were incubated with blocking
solution (PBS with 0.1% Triton X-100 and 5% donkey serum) for 1 h at
room temperature. After incubation, blocking solution was removed
andslides were incubated with staining solution (PBS with 0.1% Triton
X-100 and 2% donkey serum) containing rabbit anti-human cleaved
caspase-3 antibody (1:400; 9661, Cell Signaling) for 24 hat 4 °C. Slides
were rinsed five times with PBS and incubated for 2 h with staining
solution containing donkey anti-rabbit IgG conjugated with Alexa Fluor
647 (1:500; Abcam) and Hoechst 33342 DNA staining solution (1 uM;
Thermo Scientific). After incubation, slides were rinsed five times
with PBS and coverslip mounted with Prolong Gold Antifade reagent
(Cell Signaling). Fluorescence imaging was performed using a Leica
Stellaris 8 confocal microscope (Leica) and LAS X software (Leica).
System-optimized settings were used to acquire the full thickness of
the tissue (z axis) and for tile-stitching (xy axes). Merged maximum
projection images were exported. Fluorescence intensity was calcu-
lated using Fiji software®® by measuring the integrated density of the
of cleaved caspase-3 staining in the brain. Results are expressed as the
fold change of control (uninfected) brain.

Clinical score

The progression of bacterial meningitis was determined as previously
described with afew adaptations’. Scoring was performed based on the
previously described scale of weight loss (0-3), activity (0-4), time to
returnto upright position (0-4), coat (0-3), posture (0-2), eyes (0-4),
breathing (0-4), limb paresis or ataxia (0-4). The pre-symptomatic
period was defined as the time frominoculation until clinical score < 4).

General experimental design

All in vivo experiments were performed in both male and female
age-matched mice and littermates when possible. Treatment groups
of mice were randomized and evenly distributed across both male
and female littermates and/or cagemates. Grimace scores and histo-
pathological analysis were performed in a blinded manner. In experi-
mentsinvolving transgenic mice, littermates with different genotypes
were housed together for the duration of experiments. Animal num-
bers were estimated on the basis of pilot studies of S. agalactiae and
S. pneumoniaeinfections in our laboratory and published work®52,

Statistical analysis and reproducibility

Statistical analysis was performed using GraphPad Prism Software.
One-way analysis of variance (ANOVA) with appropriate multiple
comparisons tests was used to compare three independent groups.
Two-group comparisons were made using two-tailed unpaired Stu-
dent’s t-test. For comparisons of multiple factors, two-way ANOVA
with appropriate multiple comparisons tests was used. Microscopy
pictures (micrographs) and infection datasets are representative of
atleasttwoindependentrepetitions. Exact P values for specific group
comparisonsin all the figures are supplied in Supplementary Table 1.

Figure experimental and illustration details

For Fig. 1a, the left micrograph shows whole-mount meninges from
Nav1.8-mCitrinereporter mice, with mcCitrine fluorescenceinred. The
central micrograph shows whole-mount meninges from Calca®”*™ mice,
with GFP fluorescence ingreen. Theright micrograph shows Nav1.8-Cre-
mCitrinereporter mice meninges stained with rabbit anti-CGRP followed
by Dylight 488 anti-rabbit antibody. Shown are CGRP immunostaining
(green) and Nav1.8-mCitrine (red) and overlayed images (yellow).

For Fig. 1h, dural meninges whole-mount tissues from vehicle or
RTX-treated mice were stained with rabbit anti-CGRP followed by
Dylight 488 anti-rabbit antibody, and imaged by confocal microscopy as
described inthe Methods. The leftimages show CGRP stainingin green.
For the right images, Image]J software was used for skeletonization of
CGRP" nerves as described in the Methods. ImageJ quantification of
nerve density is plotted on the right graph.

Figure 2ashows anillustration of mouse infection by S. pneumoniae
or S. agalactiae, followed by dural meninges dissection and organ
explant bath. CGRP levels were subsequently analysed by enzyme
immunoassay (EIA).

In Fig. 2e, WT mice were infected with CellTracker Red CMTPX Dye
labelled bacteria (S. pneumoniaeor S. agalactiae). Whole-mount dural
meninges were stained with rabbit anti-CGRP followed by Dylight 488
anti-rabbit antibody. Confocal microscopy images show fluorescent
bacteria (red) close by CGRP* nerve fibres (green).

Figure 4ashows anillustration of the experiment, with dural menin-
geal enrichment of CD45" cells by MACS bead sorting followed by 10x
Genomics based scRNA-seq analysis.

Figure 5ashows anillustration of the experiment showing duramater
enrichment of CD45" cells at baseline and 24 h after S. pneumoniae
infection followed by 10x Genomics based scRNA-seq analysis.

InFig.5c, WT mice wereinfected with CMTPX-labelled S. pneumoniae.
After 24 hof infection, whole-mount dural meninges was dissected and
stained for meningeal macrophages (MRCI1" cells) with anti-mouse
MRC1 (5 pg ml™; AF2535R&D Systems) and donkey anti-goat IgG conju-
gated with Alexa Fluor 488 (1:500; ab150129, Abcam) as described inthe
Methods. Confocal microscopyimages show meningeal macrophages
(MRClsignal) inmagentaand S. pneumoniae (CMTPX signal) in green.

Figure 5d shows anillustration on the left of injection of mice with
CLLsthrough theintracisternal magnaroute. Also shown are magnified
images of the dura mater, cisterna magna and subarachnoid space.

InFig. 5f, whole-mount dural meninges from CX3CR1-GFP mice were
stained with rabbit anti-CGRP followed by Alexa Fluor 647 anti-rabbit
antibody. Confocal microscopy images show meningeal macrophages
(magenta) close by CGRP* nerve fibres (green).

For Fig. 6b, left, Pf4“° mice were bred with Rosa26-TdTomato reporter
mice (Ail4 line). Rat anti-mouse CD31 conjugated with Alexa Fluor 647
was intravenously injected into these mice 30 min before imaging.
Mice were euthanized and whole-mount meninges imaged by confo-
cal microscopy. Images show PF4-Tdtomato’ macrophages (red) and
CD31"blood vessels (blue). On the right, whole-mount meninges from
PF4-Cre;TdTomato reporter mice were stained with rabbit anti-CGRP
and Dylight 488 anti-rabbit antibody. Confocal microscopy image
shows PF4-Tdtomato” macrophages (white) and CGRP* nerves (green).

InFig. 6d, left, schematic of incubation of unstimulated BMDMs with
S. pneumoniae alone or with S. pneumoniae and CGRP for 4 h, followed
by RNA-seq analysis. Right, volcano plots showing differential gene
expression of stimulated versus S. pneumoniae, and S. pneumoniae
versus S. pneumoniae + CGRP-treated macrophages.

InFig. 6h, Venn diagram created in Adobe illustrator showing num-
bers of genes differentiallyinduced only in vivo by CGRPinjection (1,062
genes), only in vitro by CGRP treatment (662 genes) and overlapping
among the two conditions (137 genes). In the overlapping subset, six
genes are highlighted (Crem, Jdp2, Cxcl10, Ccl2, Ccl7 and Ccl4).

In Extended Data Fig. 1a, mice were injected with CellTracker
Red CMTPX Dye labelled S. pneumoniae. At 24 h after injection, rat
anti-mouse CD31 conjugated with Alexa Fluor 647 (5 pg) was injected
into mice 5 min before perfusion. Whole-mount dural meninges was
dissected and imaged by confocal microscopy. Inthe micrograph, CD31
staining is in white and S. pneumoniaein green.

In Extended Data Fig. 1d, control or Nav1.8-DTA mice were infected
with CMTPX-labelled S. pneumoniae. At 24 h after injection, mice were
perfused with 4% PFA, brains embedded in paraffin, sectioned and
stained as described in the Methods for cleaved caspase-3 and nuclei
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with Hoechst dye. Confocal microscopy images show cleaved caspase-3
inred, S. pneumoniae in green and Hoechst staining of nuclei in blue.
Left, schematic showing brain section.

In Extended Data Fig. 1e, control or Nav1.8-DTA mice were infected
with S. pneumoniae. At 24 h after the injection, mice were perfused
with 4% PFA, brains embedded in paraffin, sectioned and stained with
haematoxylin and eosin. Pictures from the brain samples were taken
using aLeica DMi8 microscope and histopathology scores analysed as
described in the Methods.

In Extended Data Figs. 1f,g and 2¢, dural meninges whole-mount
tissues were stained for rabbit anti-CGRP followed by Dylight 488
anti-rabbit antibody and imaged by confocal microscopy as described
in the Methods. Left, images show CGRP staining in green. Right, for
these images, ImageJ software was used for skeletonization of CGRP*
nerves as described in the Methods. ImageJ quantification of nerve
density is plotted and analysed in the graph on the right.

In Extended Data Fig. 2a,b, back skin sections were stained with
rabbit anti-CGRP followed by rabbit IgG conjugated with Alexa Fluor
647 (1:500; Abcam) and Hoechst 33342 DNA staining solution (1 pM;
Thermo Scientific) and imaged by confocal microscopy as described
in the Methods. Left, images show CGRP staining in green. Right, for
these images, ImageJ software was used for skeletonization of CGRP*
nerves as described in the Methods. ImageJ quantification of nerve
density is plotted and analysed in the graph on the right.

InExtended DataFig. 4c, Calca®”"™ mice were infected with CMTPX-
labelled S. pneumoniae. After 24 hof infection, TG were dissected and
imaged by confocal microscopy. Calca-GFP signal is shown in green
and CMTPX-labelled S. pneumoniaeinred.

In Extended DataFig. 4d, Calca®"*™ mice were infected with CMTPX-
labelled S. pneumoniae. After 24 h of infection, whole-mount dural
meninges was dissected and stained for anti-PLY. The CALCA-GFP
signal is shown in green, anti-PLY is shown in blue and fluorescent
S. pneumoniaeinred.

InExtended DataFig. 4e, the schematic on the left shows the micro-
fluidicchambersused to culture TG neurons and axons, which extend
through the middle chamber and grow into the right chamber. Cells
were loaded with Fura-2 dye for ratiometric imaging. Calciumimaging
was performed and PLY added to the right chamber. Analysis shows
increased fluorescence in individual axons.

InExtended DataFig. 7b, the schematic on the left shows the process
for scRNA-seq of CD45 non-immune cells from the dura mater. Dura
mater was dissected from mice, underwent CD45 MACS bead deple-
tion, and negative cells were then subjected to 10x Genomics based
scRNA-seq analysis.

InExtended DataFig. 9a, WT mice wereinfected with CMTPX-labelled
S. pneumoniae. After 24 h of infection, whole-mount dural meninges
was dissected and stained for meningeal macrophages (MRC1" cells)
with anti-mouse MRC1 (5 pg ml™; AF2535, R&D Systems) and donkey
anti-goat IgG conjugated with Alexa Fluor 488 (1:500; ab150129, Abcam)
asdescribed in the Methods. Confocal microscopy images show menin-
geal macrophages (MRCl1signal) inmagentaandS. pneumoniae (CMTPX
signal) ingreen.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All scRNA-seq datasets and bulk RNA-seq datasets generated and
analysed during this study have been deposited into the NCBI Gene
Expression Omnibus database under accession number GSE221681.

The reference mouse genome mm10v.2020-A can be accessed under
the assembly number GRCm38. Raw imaging or other datasets from
this paper will be made available upon request to the corresponding
author.
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Extended DataFig.1|Nociceptors suppress meninges-mediated protection
of CNS toinfection.a, Whole-mount confocal images of mouse meninges
(duramater) showing extravascular localization of S. pneumoniae 24 h post-
injection of CMTPX-labeled bacteria.Scale bar =100 um.b, Bacterial load in
samples collected from Nav1.8-DTA and control mice 48h after injection of
S.pneumoniae (n = 6/group). ¢, Bacterialload insamples collected from
Nav1.8-DTA and control mice 24 hafter injection of S. pneumoniae (n = 4/group).
d, Left, lllustration created with BioRender.com (https://biorender.com).
Right, Imaging and quantification of cleaved caspase-3 staining in brain
samples collected from Navl.8-DTA and control mice 24 h after injection of
CMTPX-labeled S. pneumoniae. Results are presented as fold-change relative

to cCasp-3 staining of brain samples from uninfected mice (n =4/group).
Scalebar =200 pm. e, Left, Illustration created with BioRender.com (https://
biorender.com). Hematoxylin and eosin staining of brain sections, and blinded
histopathology scores of brainsamples from Nav1.8-DTA and control mice 24 h

afterinjection of S. pneumoniae.n = 48/group (12 fields/sample, 4 samples/
group).Scalebar =50 pm. f, g, Meningeal innervation by CGRP* neurons
(green = CGRPstaining; white =skeletonization) in (f) Nav1.8-DTA and control
mice, and in (g) WT mice treated with systemic injection of resiniferatoxin
(RTX) or vehicle (n=3/group).Scalebar =300 pm. h, Bacterialload in samples
collected 24 hafter injection of S. pneumoniae from mice treated with RTX or
vehicle (n=5/group). i, Left, illustration created with BioRender.com (https://
biorender.com). Right, Bacterialload insamples collected from Navl.8-DTA
and control mice 24 h afterintracisternal injection of S. pneumoniae (n = 4/group).
Statistical analysis: (b—i) Unpaired t-tests. *p < 0.05, **p < 0.01, ****p < 0.0001.
n=biologicallyindependent samples from mouse tissues. Each experiment
was performed atleast twice, and results presented are representative of
2ormorereplicates. ns = notsignificant. Mean +SEM. Exact p-valuesin
Supplementary Table1.
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Extended DataFig.2|Local depletion of meningeal nociceptorsreduces
CNSinfectionby bacteria. a, b, Back skininnervation by CGRP* neurons
quantified 3weeks after either local injection of (a) resiniferatoxin (RTX)

or vehicleinto WT mice (n =4/group), or (b) diphtheria toxin (DTX) into
Nav1.8-Calca-DTR (Nav1.8-cre” Calca-DTR*") mice (n =4) orintolittermate
control (Navl.8-cre” Calca-DTR™") mice (n = 3). Scale bar =100 pm.

¢, Meningeal innervation by CGRP* neurons after local application of DTX
inNavl.8-Calca-DTR mice or control littermates (n = 3/group). Scale

bar=300 um.d, Bacterialload insamples collected 24h after injection of
S.pneumoniae fromNavl.8-Calca-DTR mice or control littermates treated
locally with DTX (n =3/group).a, b, ¢, green = CGRP staining; white =
skeletonization. Statistical analysis: (a, b, ¢, d) Unpaired two-sided t-tests.
*p<0.05,*p <0.01.n=biologicallyindependent samples from mouse tissues.
Each experiment was performed atleast twice, and results presented are
representative of 2 or more replicates. ns=notsignificant. Mean +SEM. Exact
p-valuesin Supplementary Table1.
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Extended DataFig. 3 |Nociceptorsregulate meningeal immunity against
bacterialinfection. a, Representative flow cytometry plots and quantification
of totalleukocytes (CD45" gate), neutrophils (CD11b*Ly6G* gates), and
monocytes (CD11b*Ly6G Ly6C" gates) in the meninges at baseline and different
time points after injection of S. pneumoniae (n = 4/group). b, Representative
flow cytometry plots and quantification of total leukocytes (CD45" gate),
monocytes (CD11b*Ly6G Ly6C" gates), B cells (CD11b CD19* gates), and T cells
(CD11b~CD3") inthe meninges of Nav1.8-DTA mice or control littermates 24 h
after S. pneumoniaeinjection (n = 5/group). ¢, Flow cytometric quantification
of myeloid and lymphoid immune cellsin the blood and spleen of Nav1.8-DTA

mice and littermate controls (n = 4/group). d, Quantification ofimmune cells
inthe meninges from Nav1.8-DTA mice and wt controls by flow cytometry
(n=5/group for monocytes, B cells,and T cells; n = 6/group for macrophages,
neutrophils, and DCs). Statistical analysis: (a) One-way ANOVA with Tukey
post-tests. (b, ¢, d) Unpaired two-sided t-tests. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.n=biologicallyindependent samples from mouse tissues.

Each experiment was performed atleast twice, and results presented are
representative of 2 or more replicates. ns=not significant. Box plots=median,
IQR, min/max. Exact p-valuesin Supplementary Table 1.
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Extended DataFig. 4 |See next page for caption.



Extended DataFig.4|S. pneumoniaeandS. agalactiaeinduce painand act
ontrigeminal ganglion neurons. a, Left, Representative pictures of mice at
baseline (uninfected), 1day, or 2 days after S. pneumoniaeinfection. Right,
Grimace scores of mice at baseline (uninfected), 1 day, and 2 days after injection
of S. pneumoniae (n=4), S. agalactiae (n = 4), or saline (n = 5). Orbital tightening
(whitearrowhead), nose bulge (black arrowhead), cheek bulge (white arrow),
and ear position (black arrow) were scored. b, Grimace scores of mice injected
with CGRP (2 pg, i.p.) or vehicle (n=4/group). ¢, Trigeminal ganglion from

Calca-GFP (Green) mice 24 h after injection of dye-labelled S. pneumoniae (red).

Scalebar =100 pm.d, Whole-mount staining of meninges from Calca-GFP
mice (CGRP) collected 24 h afterinjection of dye-labelled S. pneumoniae (red)
and co-stained with anti-Pneumolysin antibody (cyan).Scalebar =10 um.

e, f, Trigeminal ganglion neurons plated in microfluidic chambers with cell
bodiesonleft and axons growingto right chamber. Vehicle or PLY was added
toright chamber during Fura-2 calciumimaging. (e) Left, illustration created
with BioRender.com (https://biorender.com). Right, representative fields of

neurons; (f) Traces and quantification (f) of intracellular calciumlevelsin
individual axons stimulated with vehicle or S. pneumoniae toxin pneumolys

in (n=4/group).Scale bar =50 um. g, Left, Representative Fura-2 calcium
traces of individual trigeminal ganglion neurons stimulated with wildtype
S.agalactiae or the isogenic AcylE toxin-deficient mutant bacteria (2x107 c.f.u.),
followed by capsaicin (1uM) and KCI (40 mM). Right, proportions of capsaicin
non-responsive and capsaicin-responsive neurons that responded to wild-type
or AcylES. agalactiae (n = 6/group). h, Blood CGRP levels from Nav1.8-DTA
miceand control littermates 24 h after injection of S. pneumoniae (3x107 c.f.u.)
(n=3/group). Statistical analysis: (b, f, g, h) Unpaired two-sided t-tests.

(a) One-way ANOVA with Tukey post-tests. *p < 0.05, **p < 0.01, ***p < 0.001.
n=individual mice (a, b) and biologicallyindependent samples from mouse
primary cells (f-g) and tissues (h). Each experiment was performed at least
twice, and results presented are representative of 2 or more replicates. ns=not
significant. Mean +SEM. Exact p-valuesin Supplementary Table 1.
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Extended DataFig.5| CGRP and RAMP1signalingimpair hostresponse
againstbacterial meningitis. a, Representative flow cytometry plots

and quantification of total leukocytes (CD45* gate) and monocytes (CD11b*
Ly6G Ly6C" gates) in the meninges of RampI knockout (Ramp1™") and

control (RampI**) mice 24 h after S. pneumoniaeinjection (n = 4/group).

b, Representative flow cytometry plots and quantification of total leukocytes
(CD45" gate) and monocytes (CD11b*Ly6G Ly6C" gates) 24h after S. pneumoniae
injectioninthe meninges of mice treated with CGRP or vehicle (n =10/group).
c,Bacterialload 24h after injection of S. agalactiaein samples from mice treated
with CGRP or vehicle (n=5/group).d, Bacterial load insamples collected from

mice treated with vehicle (n =4 forblood; n = 5for meninges and brain) or
CGRP (CGRP2 pgi.p.,daily) and eitherisotype control (n = 5) or neutralizing
anti-IL-10 (200 pgi.p., daily) (n = 5). Statistical analysis: (a, b, ¢) Unpaired
two-sided t-tests. (d) One-way ANOVA with Tukey post-tests. *p < 0.05,

**p <0.01, ***p < 0.001, ****p < 0.0001. ns=not ANOVA with Tukey post-tests.
*p<0.05,**p<0.01,***p <0.001. n=biologically independent samples from
mousetissues. Each experiment was performed at least twice, and results
presented arerepresentative of 2or more replicates. ns=not significant.
Error bars=mean +SEM. Box plots =median, IQR, min/max. Exact p-values
inSupplementary Table1.
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Extended DataFig. 6 | Blockade of CGRP signaling affects bacterial
meningitis. a, Analysis of disease progressionin mice treated with BIBN

(300 pg/kg,i.p.) or vehicle control, starting at 6 h postinjection with
S.pneumoniae (n = 6/group). b, Bacterial load recovery fromsamplesat 24 h
postinfectionin mice treated with BIBN (300 pg/kg, i.p.) or vehicle control,
startingat 6 h postinjection with S. pneumoniae (n = 5/group). ¢, Bacterial load
insamples collected from peripheral tissues 24 h afterinjection of S. pneumoniae
inmice treated with BIBN (300 pg/kg, i.p.) or vehicle (n = 5/group). Statistical

analysis: (a, b, ¢) Unpaired two-sided t-tests. (a, weight loss) One-way ANOVA
with Tukey post-tests. (a, survival) Kaplan Meier with Mantel-Cox comparison.
*p<0.05,**p<0.01,***p <0.0001. n=individual mice (a) and biologically
independent samples from mousetissues (b-c). Each experiment was
performedatleasttwice, and results presented are representative of 2or more
replicates. ns=notsignificant. Error bars =mean+SEM. Box plots = median,
IQR, min/max. Exact p-valuesin Supplementary Table 1.
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Extended DataFig.7|Single-cell RNA-sequencing analysis of meningeal

cells. a, Single-cell RNA-sequencing analysis of meningeal immune cells

(CD45-positive cells). Left, heatmap showing normalized expression of 100 top

cluster marker genesin meningealimmune cells of the meninges, with key

marker genes highlighted. Right, UMAP visualization of the expression of key
marker genes for eachimmune cell cluster (n =10 pooled mouse meninges).

b, Left, Illustration created with BioRender.com (https://biorender.com).
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showing single-cell RNA-sequencing analysis of meningeal nonimmune

cells (CD45-negative cells). Center, Uniform Manifold Approximation and
Projection (UMAP) visualizations of CD45-negative cell types in the meninges
atbaseline. Right, heatmap showing normalized expression of 100 top cluster
marker genes in nonimmune cells of the meninges, with key marker genes
highlighted (n =10 pooled mouse meninges).
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Extended DataFig. 8| Transcriptional responses of meningealimmune
cells to bacterial meningitis. a, Single-cell RNA-sequencing analysis of
meningealimmuneresponses to bacterial infection. Left, Uniform Manifold
Approximation and Projection (UMAP) visualizations of CD45-positive cell
typesinthe meninges at baseline and 24 h after injection of S. pneumoniae
(meningitis). Right, heatmap showing normalized expression of 100 top cluster
marker genes with key immune marker genes highlighted. b, Number of genes
that were differentially expressedin eachimmune cell population during
infection (baseline vs meningitis). ¢, Annotated GO biological processes of
genes differentially expressed by the cluster of macrophagesinresponse to

infection (baseline vs meningitis), highlighting the enrichment of processes
related to chemotaxis. d, Annotated GO biological processes and volcano plot
of genes differentially expressed by the cluster of neutrophilsinresponse to
infection (baseline vs meningitis), highlighting upregulation of processes and
genesrelated to antimicrobial activity. e, Annotated GO biological processes
and volcano plot of genes differentially expressed by the cluster of monocytes
inresponse toinfection (baseline vs meningitis). (n =10 pooled mouse meninges/
group). Statistical analysis: (b, ¢, d, e) Fisher’s Exact score (enriched biological
processes) and Wilcoxon rank-sum test (volcano plots of DEG), dashed purple
line=p<0.01.
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regulateimmuneresponses against bacterialinvasion. a, Whole-mount gates) 24 hafter injection of S. pneumoniaein mice treated with CLL (5 pL) or
confocalimages of mouse meninges (dura mater) showing meningeal vehicle. d, Representative flow panels and quantification of macrophages
macrophages (Mrcl* cells) associated with S. pneumoniae 24 h post-injection (CD11b*Mrcl* gates), neutrophils (CD11b*Ly6G" gates), and monocytes
of CMTPX-labeled bacteria.Scale bar =500 pum (left) and 50 pm (right). (Cd11b*Ly6G Ly6CM gates) in the liver of mice treated with CLL (5 pL) or vehicle.
b, ¢, d, Tissue-specificimpact of depletion of meningeal Mrcl* macrophages (n=4/group). Statistical analysis: (b, ¢, d) Unpaired two-sided t-tests. *p < 0.05,
byintracisternalinjection of clodronate liposomes (CLL). b, Flow cytometric ***p <0.001,****p < 0.0001.n=biologicallyindependent samples from mouse
quantification of meningeal macrophages, monocytes, neutrophils, and tissues. Each experiment was performed at least twice, and results
dendritic cells 3 days after intracisternalinjection with clodronate liposomes presented arerepresentative of 2 or more replicates. ns =not significant.
(CLL,5 mL) or vehicle (5 mL) (n = 4/group). c, Representative flow panels and Box plots=median, IQR, min/max. Exact p-valuesin Supplementary Table 1.
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Extended DataFig.10| CGRP and RAMP1 polarization of macrophage
responses. a, Phagocytickilling assay showing amount of S. pneumoniae
recovered afterincubation with macrophages (BMDM) in presence of CGRP
or vehicle (n=4/group). b, Concentration of chemotaxis-related mediators
inmacrophage supernatants after 24 h of incubation with vehicle (n =3),
S.pneumoniae (n=5),or S. pneumoniae+CGRP (n =5).¢, CremandJdp2
expression determined by qPCR in macrophages after 4 hincubation with
S.pneumoniaetogether with CGRP, PKA inhibitor (PKAi), or vehicle. Results are
normalized to Beta-actin gene expression (n = 6/group).d, Crem,Jdp2, Rampl,
and Ccl7transcript levels determined by qPCRin FACS purified macrophages
from meninges of Pf4***""! mice (n =5 for Crem and Jdp2; n = 4 for Rampl and
Ccl7) or control mice (n =4 for Crem,Jdp2, Rampl, Ccl7) 24 h after injection of
S.pneumoniae. Results are normalized to Beta-actin expression. e, Expression
of chemotactic mediators determined by qPCR in meningeal macrophages
fromNav1.8-DTA (n =5) and control mice (n = 6). f, Flow cytometric

quantification of total leukocytes (CD45") and macrophages (Cd11b*Mrcl’)
inmeninges of Pf4*f™! and control mice 24 hafter S. pneumoniae injection
(n=5/group). g, lllustration created with BioRender.com (https://biorender.
com). Bacterial pathogens S. pneumoniae and S. agalactiaeinvade the meninges,
activating trigeminal nociceptorstoinducerelease of CGRP. CGRP acts through
itsreceptor RAMP1on Pf4*Mrc* meningeal macrophages, downregulating
expression of chemokines, suppressingleukocyte recruitment and
antimicrobial defenses. Nociceptor ablation or blockade of CGRP signaling
enhances host defense against meningitis. Statistical analysis: (a, b, ¢) One-way
ANOVA with Tukey post-tests. (d, e, f) Unpaired two-sided t-tests. *p < 0.05,

**p <0.01, ***p < 0.001, ****p < 0.0001. n=biologicallyindependent samples
frommouse tissues (d-f) and cells (a-c). Each experiment was performed at
least twice, and results presented are representative of 2 or more replicates.
ns=notsignificant. Error bars =mean +SEM. Box plots =median, IQR, min/max.
Exact p-valuesin Supplementary Table1.
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Sample size No statistical methods were used to pre-determine sample sizes. The number of samples was estimated based on standard practices in the
field, pilot studies in our lab, and on previous publications to be adequate for statistical analysis and to ensure reproducibility (Pinho-Ribeiro
et al. Cell 2018, Chiu et al. Nature 2013).

Data exclusions  Data were not excluded in this study.

Replication Each experiment was repeated at least twice and the results presented in this work are representative of two or more individual replicates. All
attempts at replication were successful. The exact number of biological replicates for each experimental group is listed in the corresponding
figure legends.

Randomization  All experiments described in our study were performed in both male and female age-matched littermates. Treatment groups of mice were
randomized and evenly distributed across both male and female littermates in cages. In experiments involving transgenic mice, littermates

with different genotypes were cohoused for the duration of experiments. Allocation into experimental groups was random.

Blinding Blinded scoring was performed by investigators that were unaware of the experimental groups.
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Antibodies

Antibodies used The following commercially available antibodies were used in the study: anti-mouse CD45 conjugaoted with PE-Cy7 (BioLegend,
catalog no. 103114, clone 30-F11), anti-mouse CD11b conjugated with Brilliant Violet® 570 (BioLegend, catalog no. 101233, clone
M1/70) or APC (BiolLegend, catalog no. 101212, clone M1/70), anti-mouse Ly-6C conjugated with Brilliant Violet® 650 (BioLegend,
catalog no. 128049, clone HK1.4), anti-mouse CD206 (Mrc1) conjugated with PE (BioLegend, catalog no. 141706, clone C068C2), anti-
mouse Ly-6G conjugated with PE-Cyanine5 (Thermo Fisher Scientific, catalog no. 15-9668-82, clone 1A8) or APC-Cyanine?7
(BioLegend, catalog no. 127624, clone 1A8), anti-mouse CD3 conjugated with FITC (BioLegend, catalog no. 100203, clone 17A2) or
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Validation

Alexa Fluor 700 (BioLegend, catalog no. 100215, clone 17A2), and anti-mouse CD19 conjugated with PE-Cyanine5.5 (Thermo Fisher
Scientific, catalog no. 35-0193-82, clone 1D3), rabbit anti-rat CGRP unconjugated (Sigma, catalog n C8198), goat anti-mouse Mrcl
unconjugated (R&D Systems, catalog no. AF2535), donkey anti-rabbit IgG conjugated with DyLight 488 (Abcam, catalog no. ab98488),
donkey anti-goat 1gG conjugated with Alexa Fluor 488 (Abcam, catalog no. ab150129), rat anti-mouse CD31 conjugated with Alexa
Fluor 647 (BioLegend, catalog no. 102516, clone MEC13.3), anti-mouse CD19 conjugated with APC (Biolegend, catalog no.115511,
clone 6D5), anti-mouse CD3 conjugated with APC A700 (Biolegend, catalog no. 100215, clone 17A2), anti-mouse CD4 conjugated
with BV650 (Biolegend, catalog no. 100469, clone GK1.5), anti-mouse CD8 conjugated with Percp-Cy5.5 (Biolegend, catalog no.
100733, clone 53-6.7), anti-mouse CD44 conjugated with PE-Cy7 (Invitrogen, catalog no. 25-0441-82, clone IM7), anti-mouse CD62L
conjugated with BV605 (Biolegend, catalog no. 104437, clone MEL-14), anti-mouse NK1.1 conjugated with PE (Biolegend, cataolog
no. 108707, clone PK136), anti-mouse CD11B conjugated with BV605 (Biolegend, catalog no. 101237, clone M1/70), anti-mouse
CD172a conjugated with FITC (Biolegend, catalog no. 144005, clone P84), anti-mouse Ly6G conjugated with PE-Cy7 (Biolegend,
catalog no. 127617, clone 1A8), anti-mouse SiglecF conjugated with PE (BD Biosciences, catalog no. 552126, clone E50-2440), Anti-
mouse Ly6C conjugated with Percp-Cy5.5 (Biolegend, catalog no. 128011, clone HK1.4), anti-mouse Foxp3 conjugated with Alexa
Fluor 488 (Biolegend, catalog no. 126405, clone MF-14), and anti-mouse IL-10 (BioXCell, catalog no. BE0049, clone JES5-2A5).

The antibodies used in this study are commercially available and have been validated by the manufacturers listed above. Technical
data sheets of all primary antibodies used in our study can be accessed directly through the manufacturers' websites.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

Mice were bred and housed in individually ventilated micro isolator cages within a full barrier, specific pathogen-free animal facility
at Harvard Medical School under a 12 h light/dark cycle with ad libitum access to food and water. All experiments were approved by
the institutional animal care and usage (IACUC) committee at Harvard Medical School prior to beginning experiments. C57BL/6 mice
were purchased from Jackson Laboratories (Bar Harbor, ME) or Charles River Laboratories (Worcester, MA). C57BL/6-Tg (Pf4-
icre)Q3Rsko/J (Jax #008535), B6.FVB-Tg(Acta2-cre)1RkI/) (Jax #029925), B6.129P2-Lyz2tm1(cre)lfo/J (Jax #004781), B6.129P2-
Gt(ROSA)26Sortm1(DTA)Lky/J (Jax #009669), B6.129P2(Cg)-Cx3critmiLitt/) (Jax #005582) which harbor a GFP knockin allele, and
B6.12952(Cg)-Ramp1tm1.1Tsuj/WkinJ mice (Jax #031560) were purchased from Jackson Laboratories (Bar Harbor, Maine). Calca
(CGRP  -GFP-DTRflox reporter mice21 were provided by Dr. Mark Zylka (UNC Chapel Hill). Nav1.8-Cre knockin micel5 were
provided by J. Wood (University College London). Ramp1fl/fl (C57BL/6N-Ramp1tm1c(EUCOMM)Wtsi/H) mice were purchased from
MRC Harwell Institute (Oxfordshire, UK). B6.12952(Cg)-Ramp1tm1.1Tsuj/WkinJ heterozygous mice were bred together to produce
wild-type and knockout littermates. Nav1.8-Cre heterozygous (+/-) mice were bred with B6.129P2-Gt(ROSA)26Sortm1(DTA)Lky/]
homozygous (+/+) mice to generate nociceptor-ablated Nav1.8-DTA (Nav1.8-Cre+/-;Dta+/-) mice and control littermates (Nav1.8-
Cre-/-;Dta+/-). Nav1.8-cre heterozygous (+/-) mice were bred with Rosa26 CAG-LSL-ReaChR::mCitrine (+/-) mice (Jackson
Laboratories strain #026294) to generate Nav1.8-mCitrine reporter mice. Nav1.8-Cre homozygous (+/+) mice were bred with Calca-
GFP-DTRflox heterozygous (+/-) mice to generate Nav1.8-Calca-DTR (Nav1.8-cre+/-Calca-DTR+/-) mice or into littermate control mice
(Nav1.8-cre+/-Calca-DTR-/-). For conditional knockout experiments, PfAARamp1 (C57BL/6-Tg(Pf4-icre)Q3Rsko/J+/-; Ramp1fl/fl),
Lyz2ARamp1 (B6.129P2-Lyz2tm1(cre)lfo/J+/-; Ramplfl/fl), and Acta2ARamp1 (B6.FVB-Tg(Acta2-cre)1Rkl/J+/-; Ramp1fl/fl) mice
generated and bred to Ramp1fl/fl mice to generate mice with specific depletion of Ramp1 in meningeal macrophages (Pf4ARamp1),
myeloid cells (Lyz2ARamp1), vascular smooth muscle cells (Acta2ARamp1), and control littermates (Cre-/-; Ramp1fl/fl). Both male
and female age-matched mice from 8 to 14 weeks of age were used for all experiments in this study.

This study did not involve wild animals.

This study did not involve field-collected samples.

All experiments and procedures using mice were approved by the Institutional Animal Care and Use Committee (IACUC) at Harvard
Medical School and were conducted in accordance with National Institutes of Health (NIH) animal research guidelines. All work with

bacterial pathogens was fully approved by the Harvard Medical School Committee on Microbiological Safety (COMS) committee and
performed in accordance with Biosafety level 2 (BSL-2) guidelines.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Mouse meninges and liver were dissected as previously described. Samples were incubated for 30 min at 37°Cin 0.5 mL of
DMEM/F12 medium containing Dispase (1 U/mL, STEMCELL Technologies) and Liberase TL (0.25 mg/mL, Sigma). After
incubation, cells were centrifuged 400g for 10 min, resuspended in 1 mL of ice-cold cell wash buffer (BioLegend), gently
dissociated using a 1 mL pipette, and filtered through a 40 um cell strainer (Flowmi, Scienceware), The resulting cell
suspension was incubated with mouse FcR Blocking Reagent (Miltenyi Biotec) for 10 min, and then incubated with staining
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reagents (DAPI and antibodies) for 30 min at 4°C protected from light. After incubation, samples were centrifuged (400g for
10 min), resuspended in wash buffer containing 2% PFA., and used for flow cytometry analysis.

Instrument FACSymphony A5 flow cytometer (BD Biosciences).

Software Flow cytometry data were collected and exported using BD FACSDiva software (BD Biosciences) and analyzed using FlowJo
software version 10 (FlowJo LLC).

Cell population abundance Fluorescence-activated cell sorting (FACS) was not used in this study.

Gating strategy Quantification of specific cell populations was performed only in live single cells by gating in singlets (SSC-A vs SSC-H) and
DAPI-negative (FSC-A vs DAPI) populations prior to the antibody staining-based gating strategies described in this work.

Xl Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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