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Abstract

The meninges are densely innervated by nociceptive sensory neurons that mediate pain and headache®?.
Bacterial meningitis is a life-threatening infection of the meninges and central nervous system (CNS) that
affects over one million people a year®>. However, whether pain and neuro-immune interactions impact
CNS bacterial invasion is unclear. Here we find that nociceptor signaling to immune cells via the
neuropeptide calcitonin gene-related peptide (CGRP) exacerbates bacterial meningitis. Nociceptor
ablation reduced meningeal and brain invasion by two bacterial pathogens: Streptococcus pneumoniae
and Streptococcus agalactiae. Bacteria directly activated nociceptors to release CGRP, which acts through
its receptor RAMP1 on meningeal macrophages to inhibit chemokine expression and immune defenses.
Macrophage-specific RAMP1 deficiency or blockade of RAMP1 signaling enhanced immune responses and
bacterial clearance in the meninges and brain. Therefore, targeting a neuro-immune axis in the meninges

can enhance host defenses and may be a potential treatment for bacterial meningitis.
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Introduction

The meninges consist of three protective membranes (dura, arachnoid, pia) that surround the central
nervous system (CNS), serving as a barrier that protects the brain and spinal cord from injury and
infection'. However, some bacterial pathogens can invade the meningeal layers and subsequently enter
the brain to cause pathology. Two of the leading causes of acute bacterial meningitis in humans are
Streptococcus pneumoniae and Streptococcus agalactiae (also known as Group B Streptococcus, GBS). S.
pneumoniae is a leading cause of meningitis in children, immunocompromised adults, and the elderly?,
while S. agalactiae is a leading cause of neonatal meningitis °. Bacterial meningitis is life-threatening,
with mortality rates up to 30%, and even with successful treatment up to 50% of survivors have post-
infectious neurological sequelae*’. There is a need to better understand host responses to these bacteria,
including defining the key players that mediate meningeal inflammation and bacterial invasion of the CNS.
Nociceptors are peripheral sensory neurons that detect noxious/harmful stimuli and mediate the
unpleasant sensation of pain. Our group and others have demonstrated that nociceptors communicate
with immune cells in other barrier sites such as the skin 82, Bacterial meningitis is accompanied by acute
headache®>7'*, The meninges are densely innervated by trigeminal nociceptors that mediate headache
and migraine!>!¢, Recent work has also defined a repertoire of innate and adaptive immune cells within
the dural meninges that play roles in wound healing, sampling antigens from the CNS, and host defense
1724 However, the role of pain and neuro-immune signaling within the meningeal barrier has not been

clearly defined in host defense.

Nociceptive neurons control S. pneumoniae and S. agalactiae invasion of the meninges and brain

We hypothesized that nociceptors may actively participate in meningeal host defenses. Nav1.8 is a

voltage-gated sodium channel that is broadly expressed by nociceptors that mediate mechanical, cold,
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and inflammatory pain?. Calcitonin gene-related peptide (CGRP) is a neuropeptide stored in dense core
vesicles in nociceptor nerve terminals that mediates headache and migraine %26, We performed confocal
imaging of the meninges and found dense innervation by nerve fibers that were positive for both Nav1.8
and CGRP (Fig. 1a). To determine the role of these neurons in bacterial host defense, we utilized murine
models of S. pneumoniae and S. agalactiae bacterial meningitis. In humans, the main route of CNS invasion
by bacterial pathogens is via hematogenous spread to the brain ?’. We injected mice intravenously with
S. pneumoniae or S. agalactiae, and isolated meningeal and brain tissues to analyze the time course of
CNS invasion (Fig. 1b). In mice infected with S. pneumoniae, bacteria first reached the dura mater (outer
layer of meninges) by 6h, and subsequently the inner meningeal layers (pia, arachnoid), choroid plexus
(ChP), and brain by 24h (Fig. 1c and Extended Data Fig. 1a). In mice infected with S. agalactiae, we
observed bacterial invasion of the dura mater and pia/arachnoid by 12h, followed by the brain by 24h
(Fig. 1d). These data indicate that the dura mater is densely innervated by nociceptors and is an early step

towards brain invasion for both bacterial pathogens.

We next targeted nociceptors using genetic and pharmacological tools to determine their roles in
the pathogenesis of bacterial meningitis. Nav1.8-cre mice were bred with Cre-dependent Diphtheria Toxin
A (DTA) mice to generate Nav1.8-DTA (Nav1.8-Cre*/DTA*) nociceptor ablated mice and Cre  control
littermates (Fig. 1e). Nav1.8-DTA mice lacking nociceptors and littermate controls were infected with S.
pneumoniae and S. agalactiae, followed by the analysis of bacterial load recovery from the meninges and
brain. Nav1.8-DTA mice developed less severe S. pneumoniae infection compared with control mice, with
significantly lower bacterial loads recovered from the meninges (dura, pia/arachnoid/ChP) and brain at
24 h and 48 h post-infection (Fig. 1f and Extended Data Fig. 1b). By contrast, we did not observe
differences in bacterial load in blood or peripheral tissues including spleen, liver, and skin (Fig. 1f and
Extended Data Fig. 1b, c). Nav1.8-DTA mice also showed significantly decreased meningeal and brain

infection by S. agalactiae compared to control littermates at 24 h post-infection (Fig. 1g). Brain samples
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collected after S. pneumoniae infection showed that Nav1.8-DTA mice had decreased pathology
compared to control littermates, with reduced cleaved caspase-3 staining and histopathological damage
(Extended Data Fig. 1d, e). As a second strategy to target nociceptors, we performed chemical ablation
of nociceptors by treating mice with resiniferatoxin (RTX), a high-affinity agonist for the TRPV1 ion
channel, which induces denervation and ablation of nociceptors'®. Mice were treated with either RTX or
vehicle, rested for 4 weeks, and subsequently infected with S. pneumoniae. RTX-treated mice showed
significantly less S. pneumoniae bacterial invasion of meninges and brain compared to vehicle-treated
control mice, phenocopying results using Nav1.8-DTA mice (Extended Data Fig. 1f). Given that the dura
mater is an early site of bacterial infection and displays dense nociceptor innervation (Fig. 1a-d), we
hypothesized that nociceptors regulate dural host defenses prior to bacterial entry into the brain. When
bacteria were injected via the intracisternal route into the subarachnoid space, thereby bypassing the
dura mater, Nav1.8-DTA and control mice no longer showed differences in bacterial load recovery
(Extended Data Fig. 1g). Thus, dural nociceptors regulate CNS bacterial invasion following systemic

infection, and ablating these nociceptors enhances bacterial clearance in the meninges and brain.

We hypothesized that nociceptors may regulate the meningeal immune response during bacterial
invasion. S. pneumoniae infection caused increases in total meningeal leukocytes (CD45") in the dura,
including neutrophils (CD11b*Ly6G*) and monocytes (CD11b*Ly6GLy6C") over time (Extended Data Fig.
2a). Compared to control littermates, Nav1.8-DTA mice showed significantly increased meningeal
leukocyte numbers following S. pneumoniae infection, with greater recruitment of both myeloid immune
cells (macrophages, neutrophils, monocytes) and lymphocytes (B and T cells) (Fig. 1h and Extended Data
Fig. 2b). MRC1 (mannose receptor C-type 1) is expressed by meningeal macrophages that respond to

1920 cD11b*MRC1* meningeal macrophages were significantly

traumatic brain injury and infection
increased in Nav1.8-DTA mice compared to control littermates in S. pneumoniae infected mice (Fig. 1h).

Neutrophils are key host responders to bacterial infection, increasing in cerebrospinal fluid of meningitis
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patients?”%, The numbers of CD11b*Ly6G* neutrophils also increased significantly in Nav1.8-DTA mice
compared to littermate controls following bacterial infection (Fig. 1h). Together, these results indicate
that nociceptors may play a role in decreasing meningeal immune cell recruitment and bacterial clearance

in response to infection.

Bacteria directly activate nociceptors to release the neuropeptide CGRP

Bacterial meningitis is characterized by severe headache and pain®*>7!*, Yet the mechanisms leading to
nociceptor activation during bacterial meningitis have not been explored. Grimace scores are a measure
of pain in mouse models of headache ?°. We found that mice with bacterial meningitis exhibited increased
grimace scores compared to uninfected mice for both S. pneumoniae and S. agalactiae (Extended data
Fig. 3a). Nociceptor activation causes the release of neuropeptides including CGRP from peripheral
terminals in the dural meninges, which is thought to mediate headache >1¢242°, The intensity of headache
caused by infection was comparable to that induced by systemic CGRP injection (Extended Data Fig. 3b),
which has been used to model migraine headache in mice?. In addition to mediating pain, CGRP can also
signal to immune cells and regulate their functions®. We next asked whether bacterial meningitis induces
CGRP release in the meninges. Using meningeal explants (Fig. 2a), we observed increased levels of soluble
CGRP released over the time course of S. pneumoniae infection (Fig. 2b). Nav1.8-DTA mice showed
decreased CGRP release compared to control littermates after infection, indicating that nociceptors are a
major source of CGRP released during infection (Fig. 2c). Infection with S. agalactiae also induced release
of CGRP in the meninges (Fig. 2d). These results demonstrate that bacterial meningitis is associated with
local CGRP release that may contribute to bacterial CNS invasion. When mice were infected with

fluorescently labeled bacteria, CGRP+ nerve fibers were often juxtaposed with S. pneumoniae and S.
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agalactiae in the dural meninges (Fig. 2e). This proximity hints at potential neuron-bacteria interactions

during infection.

We next asked whether these bacterial pathogens can directly activate meningeal nociceptors to
release CGRP. The meninges are innervated by nociceptors whose cell bodies reside in the trigeminal
ganglia (TG). The release of CGRP from peripheral terminals of nociceptors occurs through a mechanism
that is triggered by increases in intracellular calcium®. Using Fura-2 ratiometric imaging, we found that TG
neurons directly responded to S. pneumoniae as measured by calcium influx, with increasing bacterial
concentrations activating greater proportions of neurons (4x10°-4x10’ c.f.u./ml) (Fig. 2f). Capsaicin, the
pungent ingredient in chili peppers that activates the nociceptive ion channel TRPV1%*, was used to
identify the nociceptor population (capsaicin+) in the culture of TG sensory neurons. We confirmed that
many bacterial-responsive neurons also responded to capsaicin. S. pneumoniae was also able to induce
CGRP release from TG neurons (Fig. 2g). Similarly, we found that S. agalactiae (2x107-2x10° c.f.u./mL) also
activated TG nociceptor (capsaicin +) neurons (Fig. 2h) and induced neuronal release of CGRP in vitro (Fig.
2i). These data confirm that both bacterial pathogens produce factors that can act on nociceptors to

trigger calcium influx and CGRP release.

We had previously found that bacterial pore-forming toxins including alpha-hemolysin from
Staphylococcus aureus and Streptolysin S from Streptococcus pyogenes can directly activate nociceptors
and drive pain %31, S. pneumoniae utilizes pneumolysin (PLY), a cholesterol-dependent cytolysin, as a
major virulence factor for the invasion of host tissues including the lungs and the meninges*3%%, We
found that WT S. pneumoniae induced significantly more calcium influx compared to isogenic mutant
bacteria lacking pneumolysin (Aply) (Fig. 2j). We asked whether PLY was able to directly activate
nociceptors. Recombinant PLY induced robust calcium influx and CGRP release in TG neurons in a dose-

dependent manner (Fig. 2k and 2l). Taken together, these data show that meningitis-inducing bacterial
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pathogens directly activate nociceptors and induce CGRP release. For S. pneumoniae, one molecular

mechanism of nociceptor activation and CGRP release is via the pore-forming toxin PLY.

CGRP-RAMP1 signaling suppresses host defense during bacterial meningitis

Our group has recently described that CGRP contributes to the pathogenesis of necrotizing fasciitis, an
invasive form of S. pyogenes infection that is also characterized by the presence of intense pain early in
disease®. We hypothesized that signaling via CGRP could also plays a role in meningeal antibacterial host
defenses. RAMP1 (receptor activity modifying protein 1) is a single-transmembrane-domain protein that,
together with its coreceptor CALCRL (calcitonin-receptor-like receptor), forms the receptor complex that
binds CGRP3*. We found that Ramp17 mice showed significantly less bacterial invasion of the meninges
and brain following S. pneumoniae inoculation compared to Ramp1*/* littermate controls (Fig. 3a). In line
with our previous observations using nociceptor deficient mice (Fig. 1h), we also detected more immune
cells, including macrophages and neutrophils in the meninges of infected Ramp1”/- mice compared with
infected Ramp1*/* littermate controls (Fig. 3b and Extended Data Fig. 4a). On the other hand, systemic
CGRP injection into wild-type mice potentiated S. pneumoniae invasion of the CNS and decreased the
number of immune cells in the meninges (Fig. 3¢, d and Extended Data Fig. 4b). Treatment with CGRP
also potentiated the invasion of the meninges and brain tissues by S. agalactiae (Extended Data Fig. 4c).
In a pharmacological approach, mice were treated with BIBN4096S (olcegepant), an antagonist of mouse
and human RAMP1 signaling 3#%. RAMP1 antagonist treatment significantly reduced bacterial invasion
into the meninges and brain compared to vehicle control (Fig. 3e). Given that RAMP1 antagonists are
currently used to treat migraine in humans?®, these findings could have implications for also treating

meningitis.
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To determine whether meningeal immune cells are equipped to respond to CGRP, we performed
single-cell RNA-sequencing analysis of meningeal CD45" cells (Fig. 4a). The identity of each cluster was
defined by comparing their transcriptional signature/cluster gene markers with previously published
single-cell RNA-seq datasets of meningeal cells?’2>243¢ Matching these studies, we found a rich repertoire
of myeloid and lymphoid cells populating the dural meninges at homeostasis (Fig. 4a and Extended Data
Fig. 5a). We next analyzed meningeal immune populations for expression of neuropeptide receptors,
which would allow them to directly receive signals from neuronal subtypes innervating the meninges.
Ramp1 and Calcrl, which are the genes encoding the two components that form CGRP receptor, ranked
at the top of the list of neuropeptide receptors expressed in several meningeal immune cell clusters (Fig.
4b). Expression of other neuropeptide receptors were also identified, including adrenomedullin receptors
Ramp2 and Ramp3, VIP receptor Viprl, substance P receptors Tacrl and Mrgbrp2, and PACAP receptor
Adcyapirl, though at much lower levels and less broadly compared to Ramp1 (Fig. 4b). We did not detect
the expression of other neuropeptide receptor genes, including receptors for other tachykinins (Tacr2 and
Tacr3) and neuromedin U (Nmurl and Nmur2). Ramp1 was particularly highly expressed across myeloid
immune cells including phagocytes (neutrophils, monocytes, macrophages) that also expressed Lysozyme
M (positive for Lyz2), an antimicrobial enzyme that lyses bacterial cell membranes and kills both gram-

positive and gram-negative bacteria (Fig. 4c).

We next asked which meningeal cell-types mediated RAMP1 signaling in vivo to impact bacterial
meningitis. We bred tissue specific Cre lines with Ramp11°**¢ mice to generate conditional knockout strains
to interrogate the role of this receptor in distinct cell types. First, we bred Lyz2-Cre mice with Ramp1™/f to
ablate the receptor in myeloid immune cells (Fig. 4c, d). Loss of Ramp1 in myeloid cells (Lyz2%f*™1) led to
significantly reduced bacterial load in the meninges and brain following S. pneumoniae infection
compared to control Ramp1"/f mice (Fig. 4d). We also performed single-cell RNA-sequencing analysis of

CD45- non-immune cells of the meninges, finding that smooth muscle cells (positive for Acta2)
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represented the main non-immune cell population expressing Ramp1 and Calcrl (Fig 4e and Extended
Data Fig. 5b). We next bred Acta2-Cre with Ramp1"" mice to determine the role of Ramp1 in smooth
muscle cells during S. pneumoniae infection. By contrast with Lyz2-Cre based myeloid immune cell Ramp1
ablation, Acta2®™1 mice did not show differences in bacterial recovery from the meninges or brain
compared to control Cre- mice (Fig 4f). These data indicate that RAMP1 signaling in Lyz2+ myeloid immune

cells but not Acta2+ smooth muscle cells suppress effective host defenses during bacterial meningitis.

Meningeal macrophages respond to infection and mediate host defense

Macrophages and other professional phagocytes like neutrophils and monocytes are well known to be
critical for effective ingestion, killing and resolution of acute bacterial infections. Yet it remains poorly
understood how these and other immune cells respond to bacterial infection and insults at the barriers
of the CNS. To better understand the role of these cells in the host response during bacterial meningitis,
we performed single-cell RNA-sequencing of CD45* immune cells collected from dural meninges at 24h
post S. pneumoniae infection and compared the datasets with immune cells collected from uninfected
animals (Fig. 5a and Extended Data Fig. 6a). Transcriptional changes in response to infection were
particularly abundant in the myeloid immune cell clusters composed of macrophages, monocytes, and
neutrophils (Extended data Fig. 6b). Pathway enrichment analysis of differentially expressed genes in
myeloid populations highlighted the roles of these cells in host responses to infection (Fig. 5b and

Extended data Fig. 6¢c-e).

Macrophages are the most abundant immune cell type in the meninges and therefore may be the
first to encounter and respond to bacteria. We were able to detect S. pneumoniae associated with
meningeal Mrcl+ macrophages 24h post-injection (Fig. 5¢ and Extended Data Fig. 7a). In macrophages,

we observed enrichment of biological processes related to the recruitment of immune cells due to the

10
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increased expression of several mediators that promote chemotaxis of myeloid and lymphoid immune
cells including Ccl12, Ccl2, Ccl3, and Tnf (Extended Data Fig. 6¢c and Fig. 5b). Therefore, macrophages may
orchestrate meningeal protection by mediating the recruitment of immune cells that exert antimicrobial

functions such as neutrophils and monocytes (Extended Data Fig. 6d, e).

We next depleted meningeal macrophages by performing intracisternal injection of clodronate-
laden liposomes (CLL) or control liposomes. Confirming their importance in CNS immunity, depletion of
meningeal macrophages using this approach (Fig. 5d) potentiated bacterial invasion of the meninges and
brain (Fig. 5e) and resulted in a global reduction in the number of immune cells including neutrophils and
monocytes recruited specifically to the meninges during S. pneumoniae infection (Extended Data Fig. 7b,
c). We also found that dural CX3CR1+ macrophages were often in close association with CGRP+
nociceptors (Fig 5f). Therefore, we next investigated how CGRP-RAMP1 signaling impacts the function of

meningeal macrophages during infection.

CGRP-RAMP1 signaling suppresses macrophage-mediated CNS immunity against bacterial infection

Because Lyz2 is expressed in all myeloid cells including neutrophils, macrophages, and monocytes, we
sought to identify a unique marker to target Ramp1 expression specifically in meningeal macrophages to
determine their role in infection. A recent study found that meningeal macrophages and other CNS
border-associated macrophages expressed Pf4 (the gene encoding CXCL4) and can be labeled using Pf4-
Cre knock-in mice; Pf4 was also found to be absent in microglial cells®’. Our single-cell RNA-seq analysis of
meningeal immune cells confirmed Pf4 expression by a large proportion of CD11b+MRC1+ dural
macrophages, but absent in neutrophils and monocytes (Fig. 6a and Extended Data Fig. 6a). When Pf4-
Cre mice were bred with Cre-dependent TdTomato reporter mice, this resulted in labeling of macrophages

associated with CGRP+ nerves and CD31+ blood vessels in the dural meninges (Fig. 6b). To target Ramp1

11
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in macrophages, we next bred Pf4-cre with Ramp1"/f to generate mice lacking Ramp1 specifically in these
Pf4+ cells (Pf4%mr1), Similar to the results observed in total myeloid-specific Rampl knockout mice
(Lyz2emr1) (Fig 4d), Pf4*“™PI mice were less susceptible to meningeal and CNS infections by S. pneumoniae
compared to control mice (Fig. 6¢). Taken together, these data indicate that RAMP1 signaling in

macrophages critically regulates meningeal host defenses.

To gain mechanistic insights into how CGRP directly impacts macrophage responses to S.
pneumoniae, we utilized in vitro cultures of bone marrow-derived macrophages (BMDM). Macrophages
were co-incubated with serum-opsonized S. pneumoniae (MOI 1) for 4h in the presence of CGRP (100 nM)
or vehicle. We did not observe defects in the antimicrobial activity of macrophages exposed to CGRP
(Extended data Fig. 8a). We next asked whether CGRP could induce major transcriptional changes in
macrophages in response to bacterial infection by performing RNAseq analysis of cells treated with
vehicle, bacteria alone, or both CGRP and bacteria (Fig. 6d). Compared to vehicle-treated cells,
macrophages exposed to S. pneumoniae showed robust upregulation of cytokines and chemokines (Fig.
6d). In contrast, treatment with CGRP polarized bacteria-stimulated macrophage transcriptional
phenotypes to a suppressed expression of cytokines including TNFa, CCL3, and CCL4 (Fig. 6d). We
confirmed that protein levels of these cytokines were also significantly reduced by CGRP treatment during
S. pneumoniae infection of macrophages (Extended data Fig. 8b). RAMP1/CALCRL forms a G protein-
coupled receptor that signals via a Gas subunit, which leads to increased intracellular levels of the second
messenger cyclic AMP (cAMP) and activation of the cAMP-dependent protein kinase PKA34. To investigate
the role of this pathway on the polarization of macrophages induced by CGRP, macrophages were treated
with the cAMP analog Rp-8-CPT-cAMP, a site-selective inhibitor of PKA (PKAI), 3h prior to the application
of CGRP and S. pneumoniae. In line with the RNAseq data, we confirmed by RT-qPCR that CGRP
downregulates the expression of multiple chemotactic mediators (Fig. 6e and Extended Data Fig. 8c). This

cytokine suppression activity of CGRP was blocked when cells were pretreated with PKAi (Fig. 6e and

12
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Extended Data Fig. 8c). To determine whether CGRP has a similar impact on meningeal macrophages in
vivo, we performed single-cell RNA sequencing analysis of meningeal CD45" cells isolated from mice
treated with CGRP or vehicle during infection with S. pneumoniae (Fig. 6f). We found that CGRP treatment
had a profound impact on meningeal immune cell populations in vivo, with the greatest number of
differentially expressed genes in the MRC1+PF4+ macrophage population (Fig. 6f). Pathway enrichment
analysis showed that CGRP treatment in the context of bacterial meningitis had a major impact on the
expression of genes involved in chemotaxis (Fig. 6g). In line with our hypothesis, we identified multiple
chemokines that were downregulated by CGRP in vivo including Cc/2 and Cxcl10 (Fig. 6g) which overlapped
with CGRP-downregulated genes we found in vitro (Fig. 6h). We also observed both in vivo and in vitro
the upregulation of Crem (gene encoding Inducible cAMP Early Repressor, or ICER) and Jdp2 (gene
encoding Jun Dimerization Protein 2) (Fig. 6d, g, h and Extended Data Fig. 8c), two key transcription
factors that have previously found to downregulate NFkB and cytokine expression in macrophages33°.

Collectively these data indicate that CGRP-RAMP1 signaling induces a transcriptional program in

macrophages that blunts cytokine expression, in vitro and in vivo.

We next determined the impact of RAMP1 signaling on meningeal macrophages during infection
using Pf4% ™1 mice. Compared to control mice, macrophages isolated from the meninges of Pf4%™"1 mice
expressed higher transcript levels for chemotactic mediators (Tnf, Ccl2, Ccl3, and Cxcl10) (Fig. 6i). In
contrast, the expression of anti-inflammatory genes Crem and Jdp2, as well as the Ramp1 gene, were
downregulated in Pf4%“™1 mice (Extended Data Fig. 8d). Confirming the impact of CGRP and RAMP1
signaling on the macrophage-mediated recruitment of immune cells, the meninges of Pf4%™! mice
exhibited higher numbers of neutrophils and monocytes compared to control littermates (Fig. 6j and
Extended Data Fig. 8e). These results uncover the existence of a neuro-immune axis in the meninges that
modulates immune responses and reveal how bacterial pathogens exploit this signaling to suppress

antimicrobial immunity (Extended Data Fig. 9).
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Discussion

The neural control of immunity is an emerging area of research that holds great potential to transform
our understanding of human diseases and to reveal novel therapeutic targets>®. In the present study, we
investigated the immunomodulatory activity of meningeal nociceptors, sensory neurons that mediate
headache and migraine, and their impact on immune responses against infection in the brain. Severe
headache is a frequent early symptom of bacterial meningitis, but the mechanisms and consequences of
nociceptor activation were unknown®>7*, Here we report that S. pneumoniae and S. agalactiae, two
pathogens that make up the majority of cases of bacterial meningitis in humans, activate nociceptors to
promote meninges and brain invasion, thereby linking sensory neurons to the pathogenesis of bacterial
meningitis. Our findings also uncover a neuro-immune axis in the meninges where the sensory nervous

system signals to macrophages to blunt host defense via the CGRP-RAMP1 pathway.

Barrier tissues such as the skin and the gut are innervated by nociceptors that mediate pain in
response to the presence of noxious stimuli such as high temperature, protons, ATP, and tissue injury °.
Pain evokes protective behavioral changes (e.g. withdrawal response) that halt exposure to a harmful
situation and prevent or minimize tissue damage. The CNS has its own barrier tissue, the meninges. In
contrast to the CNS parenchyma, the layers of the meninges, especially the dura mater, is innervated by
nociceptors and contains a rich repertoire of immune cells and lymphatic vessels ¥, The findings
described here suggest a role for this intracranial nociceptive innervation in controlling the activity of
meningeal immune cells and leukocyte trafficking. We show that depletion of Nav1.8+ and TRPV1+
nociceptors protect mice from CNS invasion by pathogens that cause human bacterial meningitis. This
effect of nociceptors was specific to the initial steps of CNS infection when bacteria cross from blood to

the meninges and not after bacteria has reached the brain, fitting with the existence of a neuro-immune
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axis in the dura mater. A positive correlation between pain intensity and the severity of bacterial
meningitis has been previously described in clinical and pre-clinical studies *”*. Our findings link
nociceptor activation to infection pathogenesis due to neuronal suppression of innate immunity through
meningeal CGRP signaling. We show that depletion of nociceptors results in reduced bacterial numbers in
the meninges and the brain and decreased cortical pathology. These protective effects are associated with
a global increase in the numbers of meningeal immune cells including neutrophils and macrophages.
Nociceptors positively or negatively regulate leukocyte trafficking in other barrier tissues including the
skin and the lungs depending on the inflammatory context 19121331 Qur study provides further evidence

that supports the immunomodulatory activity of nociceptors.

Although the physiological role of this meningeal neuro-immune axis beyond infection remains
unclear, it may represent a strategy to limit meningeal inflammation that can cause CNS pathology.
Nociceptors are sensitive to inflammatory mediators produced by immune cells such as prostaglandin E2
and TNFo, which act on receptors expressed by these neurons to trigger pain hypersensitivity 1. A
nociceptor-driven downregulation of immune responses may provide negative feedback that limits the
deleterious effects of excessive inflammation to promote tissue healing. Consistent with this hypothesis,
nociceptors limit the intensity and the duration of inflammation in the lungs and joints, protecting these
tissues from chronic inflammation and function laesa****. Nociceptors also support wound healing
following injury in the skin and oral mucosa*2. On the other hand, tumor cells and bacterial pathogens
can benefit from the immunomodulatory activity of sensory innervation 101113314952 Harein, we describe
two human bacterial pathogens that seem to exploit the immunomodulatory activity of nociceptors in the

meninges to evade immunity and promote CNS invasion during bacterial meningitis.

We find that S. pneumoniae and S. agalactiae can directly activate nociceptors and induce CGRP
release. One mechanism by which this neuronal activation occurs is through the pore-forming toxin

Pneumolysin (PLY) produced by S. pneumoniae. PLY is a cholesterol-dependent cytolysin that plays a
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critical role in the pathogenesis of bacterial meningitis>*°*>>*. Previous studies show that PLY can act on
both human and murine brain neurons to induce neurotoxicity>>>%. We find that PLY can also directly
activate nociceptors to induce calcium influx and neuropeptide release that impacts downstream
immunity. The activation of trigeminal nociceptors by either live bacteria or PLY was especially evident in
the population of capsaicin-responsive cells, which labels TRPV1+ nociceptors. It remains to be
determined how PLY binds to and targets nociceptors. We previously found that during subcutaneous
infections, the gram-positive bacterial pathogen S. pyogenes activates TRPV1+ neurons by secreting the
toxin Streptolysin S, and a second pathogen S. aureus activates nociceptors through the pore-forming
toxin alpha-hemolysin to produce pain %3%%°, A common feature of these toxins is their ability to form
large pores in the cell membrane, leading to ionic influx. For nociceptors, calcium and sodium influx
induces firing of action potentials and SNARE-dependent release of neuropeptides including CGRP. In the
meninges, peripheral nerve fibers of peptidergic nociceptors store large dense-core vesicles containing
CGRP, which are quickly released in response to elevated intracellular calcium. Notably, human patients
presenting with bacterial meningitis show significantly increased levels of CGRP in the cerebrospinal fluid
and blood %%, We confirmed the release of CGRP from the meninges in our models of bacterial

meningitis.

We found that nociceptors signal via CGRP to meningeal PF4+MRC1+ macrophages, which
critically regulate the outcome of bacterial meningitis. The CGRP receptor RAMP1 and its co-receptor
CALCRL are widely expressed in the immune system. RAMP1/CALCRL forms a GPCR that signals through
the Gas subunit, which leads to adenylyl cyclase-mediated production of the second messenger cAMP
and activation of PKA34. In the context of bacterial infection, upregulation of cAMP through virulence
factors such as pertussis toxin and cholera toxin suppress leukocyte recruitment . We show that CGRP
signaling through this canonical cAMP-PKA pathway polarizes macrophages and their response to S.

pneumoniae, inhibiting the production of chemotactic factors (e.g. Cc/2, Cc/3, Tnf) and upregulating the
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expression of immunosuppressive transcriptional factors (e.g. Crem, Jdp2, Nfkbi). Increased cAMP levels
have also been shown to counteract the chemokine signaling through Gai GPCR, which results in inhibition

of chemotaxis and contributes to increased pathogenesis during bacterial infections®®*.

Neuron-macrophage crosstalk play key roles in host defense in other barrier sites including the
gut and skin. In the gut, sympathetic neurons maintain muscularis macrophages in an anti-inflammatory
transcriptional state and tissue-protective phenotype through the release of noradrenaline and activation

of Beta-2 adrenergic receptors expressed in the macrophages %53

. Beta-2 adrenergic receptor, like
RAMP1, signals through Gas, and cAMP mediates gut macrophage polarization to a tissue-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.®* Thus, it is possible that CGRP+
meningeal nociceptors signal to RAMP1+ macrophages in order to promote wound healing and resolution
of inflammation in the CNS. In the context of bacterial meningitis, we find that this neuron-macrophage

crosstalk impairs bacterial clearance in the CNS, suggesting that some pathogens may trigger early

activation of this neuro-immune axis to evade meningeal immunity.

The crosstalk between meningeal nociceptors and macrophages may explain the association
between headache and disease severity in patients with bacterial meningitis®>’. Currently, small molecule
RAMP1 antagonists and antibodies against CGRP are used widely for the prevention and treatment of
migraine in humans. Therefore, our observation that BIBN4096, an antagonist of RAMP1, ameliorates
bacterial meningitis in mice caused by both S. pneumoniae and S. agalactiae in the CNS holds potential

for therapeutic translation.

Recent studies have identified resident niches of neutrophils, B cells, and other immune cells in
the skull bone marrow that traffic to the meninges through specialized channels during homeostasis and

following inflammation®>®®%”, Functional roles of the skull bone marrow in bacterial meningitis remains
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undefined. It would be interesting to determine whether nociceptors impact these bone marrow immune

populations and their trafficking to the meninges in future studies.

The meninges are classically defined as the barrier tissue that protects the CNS, which is based on
the anatomorphological characteristics of this structure that surrounds the brain and the spinal cord.
Despite this assumption, our knowledge about the cellular and molecular components of the meninges
and how they interact to mediate tissue protection or host defense is limited. We uncover the existence
of a neuro-immune axis in the meninges where nociceptors modulate the activity of meningeal immune
cells. Bacterial pathogens hijack this axis to facilitate CNS invasion, highlighting the complexities of host-
pathogen interactions and neuroimmune crosstalk. In light of recent breakthroughs demonstrating the

impact of meningeal immune cells in health and disease of the CNS1820,22.24,6869

, our current study
suggests that nociceptors could potentially affect the function of the CNS and play roles beyond bacterial

meningitis. Therefore, future research on this topic could lead to the development of new treatments for

infectious and other CNS diseases by targeting the peripheral nervous system.
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Figure 1

a Meningeal innervation by nociceptor neurons
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Fig. 1. Nociceptors regulate bacterial CNS invasion by S. pneumoniae and S. agalactiae. a, Whole-mount
confocal images of mouse brain meninges (dura mater) showing the tissue innervation by Nav1.8+CGRP+
nociceptors. scale bar = 300 um (low mag) and 15 um (high mag). b, Scheme of hematogenous bacterial
meningitis model in mice by intravenous (tail vein) injection of the human pathogens S. pneumoniae
(3x107 c.f.u.) or S. agalactiae (1x108 c.f.u.). ¢, d, Bacterial load recovery from blood, Dura (Dura mater),
Pia/Arach/ChP (Pia mater, Arachnoid mater, and Choroid Plexus), and Brain samples collected at different
time points after injection with (c) S. pneumoniae or (d) S. agalactiae determined by quantitative culture
(log c.f.u. plotted, n = 3-4 samples/time point). e, Genetic strategy to generate Nav1.8+ nociceptor
deficient (Nav1.8-DTA) and control mice. f, g, Bacterial load in samples collected from Nav1.8-DTA and
control mice 24h after injection of (f) S. pneumoniae or (g) S. agalactiae (n = 5-10/group). h, Flow
cytometric quantification of meningeal immune cells of Nav1.8-DTA mice or control littermates 24h after
S. pneumoniae injection. Left, combined numbers of immune cell subsets analyzed. Center, representative
flow cytometry plots and quantification of meningeal macrophages (Cd11b+Mrcl+ gates). Right,
representative flow cytometry plots and quantification of meningeal neutrophils (Cd11b+Ly6G+ gates). (n
= 5/group). Statistical analysis: (f, g, h) Unpaired t tests. *p < 0.05, **p < 0.01, ***xp < 0.0001. ns = not

significant. Mean = SEM.
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Figure 2
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Fig. 2. Bacteria activate nociceptors that release CGRP in the meninges. a-d, Measurement of CGRP levels
released ex vivo from dural meninges explants. a, Scheme of meninges explant dissection from mice
infected with S. pneumoniae (3x107 c.f.u.) or S. agalactiae (1x108 c.f.u.). b, time-course of CGRP release
during bacterial meningitis induced by S. pneumoniae (3x10” c.f.u.). ¢, CGRP release from Nav1.8-DTA mice
and control littermates 24h after injection of S. pneumoniae (3x10’ c.f.u.). d, samples collected from
uninfected mice and 24 h after injection of S. pneumoniae (3x107 c.f.u.) or S. agalactiae (1x108 c.f.u.). (n =
3-6/group). e, Whole-mount confocal images of mouse brain meninges (dura mater) showing the
presence of bacteria nearby CGRP+ nociceptors 24h after injection of S. pneumoniae (3x10’ c.f.u.) or S.
agalactiae (1x10% c.f.u.). scale bar = 5 um. f, g, In vitro activation of trigeminal nociceptors by S.
pneumoniae. f, Representative Fura-2 ratiometric fields (left) and calcium traces (center) of trigeminal
ganglion neurons responding to S. pneumoniae (4x107 c.f.u.), capsaicin (1 um), and/or KCl (40 mM). scale
bar = 100 um. Right, proportions of capsaicin non-responsive (capsaicin-) and capsaicin responsive
(capsaicin+) neurons that responded to S. pneumoniae (4x10° - 4x107 c.f.u.) (n = 3—4 fields/condition). g,
Concentration of CGRP in the supernatant of trigeminal neurons incubated with S. pneumoniae (4x10’
c.f.u.) for 30 min. (n = 5/group). h, i, In vitro activation of trigeminal nociceptors by S. agalactiae. h,
Representative Fura-2 ratiometric fields (left) and calcium traces (center) of trigeminal ganglion neurons
responding to S. agalactiae (4x10° c.f.u.), capsaicin (1 um), and/or KCI (40 mM). scale bar = 100 um. Right,
proportions of capsaicin non-responsive (capsaicin-) and capsaicin responsive (capsaicin+) neurons that
responded to S. agalactiae (4x107 - 4x10° c.f.u.) (n = 3—4 fields/condition). i, Concentration of CGRP in the
supernatant of trigeminal neurons incubated with S. agalactiae (4x10° c.f.u.) for 30 min. (n = 4-9/group).
j, Pneumolysin-dependent activation of trigeminal nociceptors by S. pneumoniae (4x10° c.f.u.) (n =
6/group). k, I, Activation of trigeminal nociceptors by S. pneumoniae pore-forming toxin. k, Representative
calcium traces (left) of trigeminal ganglion neurons responding to pneumolysin (1 ug/mL), capsaicin (1

um), and/or KCl (40 mM). Right, proportions of capsaicin non-responsive (capsaicin-) and capsaicin
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responsive (capsaicin+) neurons that responded to pneumolysin (0.01 — 1 ug/mL) (n = 3-4
fields/condition). I, Concentration of CGRP in the supernatant of trigeminal neurons stimulated with
pneumolysin (0.01 — 1 ug/mL) for 30 min. (n = 4/group). Statistical analysis: (a, c, e, g, i, j, k) One-way
ANOVA with Tukey post-tests. (b, f, h) Unpaired t tests. *p < 0.05, **p < 0.01, ***p < 0.001, ***xp < 0.0001.

ns = not significant. Mean + SEM.
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Figure 3

a Bacterial load (S. pneumoniae infection) b Flow cytometry (Dura mater, S. pneumoniae infection)
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Fig. 3. CGRP and RAMP1 signaling contribute to bacterial meningitis. a, b, Role of CGRP receptor Ramp1
in bacterial meningitis models. a, Bacterial load in samples collected from Ramp1 knockout (Ramp17) and
control (Ramp1*- and Ramp1*/*) mice 24h after injection of S. pneumoniae (n = 4-5/group). b, Flow
cytometric quantification of meningeal macrophages (Cd11lb+Mrcl+ gates) and neutrophils
(Cd11b+Ly6G+ gates) in Ramp1 knockout (Ramp17) and control (Ramp1*/*) mice 24h after injection of S.
pneumoniae (n = 4/group). ¢, d, Impact of CGRP injection on bacterial meningitis. ¢, Bacterial load in
samples collected 24h after injection of S. pneumoniae in mice treated with CGRP (2 ug i.p., daily) or
vehicle (saline) (n = 6/group). d, Flow cytometric quantification of meningeal macrophages (Cd11b+Mrcl+
gates) and neutrophils (Cd11b+Ly6G+ gates) 24h after injection of S. pneumoniae in mice treated with
CGRP (2 ug i.p., daily) or vehicle (n = 10/group). e, Protective effects of treatment with a Ramp1l
antagonist. Bacterial load in samples collected 24h after injection of S. pneumoniae (left, pink graphs) or
S. agalactiae (right, purple graphs) in mice treated with Ramp1 antagonist (BIBN4096 300 ug/kg i.p., daily)
or vehicle (n = 5-6/group). Statistical analysis: (a) One-way ANOVA with Tukey post-tests. (b, c, d, e)

Unpaired t tests. *p < 0.05, **p < 0.01, ***p < 0.001. ns = not significant. Mean + SEM.
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Figure 4

a Single-cell RNA-sequencing analysis b Neuropeptide receptor expression - meningeal CD45+ cells
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Fig. 4. Loss of myeloid Ramp1 expression improves meningeal response against infection. a, b, Single-
cell RNA-sequencing analysis of CD45-positive meningeal cells. a, Uniform Manifold Approximation and
Projection (UMAP) visualizations of CD45-positive cell types in the meninges at baseline. b, Dot plots
showing the average expression levels per cluster and the percentage of cells from each cluster expressing
genes for neuropeptide receptors (n = 10 pooled meninges). ¢, UMAP visualization of expression for CGRP
receptor gene Ramp1 (left, pink) and myeloid marker gene Lyz2 (right, green) in meningeal CD45-positive
cells. d, Bacterial load in samples collected from myeloid-specific Ramp1 knockout (Lyz2*%*™P1) and control
mice 24h after injection of S. pneumoniae (n = 6/group). e, UMAP visualization of expression for CGRP
receptor gene Ramp1 (left, pink) and smooth muscle cell marker gene Acta2 (right, dark gray) in meningeal
CDA45-positive cells. f, Bacterial load in samples collected from smooth muscle cell specific Ramp1
knockout (Acta2%f*™P1) and control mice 24h after injection of S. pneumoniae (n = 5/group). Statistical

analysis: (d, f) Unpaired t tests. *p < 0.05, *xp < 0.01, ***p < 0.001. ns = not significant. Mean + SEM.
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Figure 5

a Single-cell RNA-sequencing analysis (S. pneumoniae infection)
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Fig. 5. Meningeal macrophages are required for protective host defense against S. pneumoniae
infection. a-b, Single-cell RNA-sequencing analysis of meningeal immune responses to bacterial infection.
a, Uniform Manifold Approximation and Projection (UMAP) visualizations of CD45-positive cell types in
the meninges at baseline and 24h after injection of S. pneumoniae (meningitis). b, Volcano plot from
scRNA-seq analysis showing genes that are differentially expressed in the cluster of Mrcl+ macrophages
in response to infection (baseline vs meningitis) highlighting the upregulation of chemotaxis-related genes
(n = 10 pooled meninges/group). ¢, Whole-mount confocal images of mouse meninges (dura mater)
showing meningeal macrophages (Mrcl+ cells) associated with S. pneumoniae 24h post injection of
CMTPX-labeled bacteria. Scale bar = 25 um. d, Depletion of meningeal Mrcl+ macrophages by
intracisternal injection of clodronate liposomes (CLL) 3 days before infections. Flow cytometric
guantification of meningeal macrophages (Cd11b+Mrc1+ gates) 24h after injection of S. pneumoniae in
mice treated with CLL (5 pL) or vehicle. e, Bacterial load in samples collected 24h after injection of S.
pneumoniae in mice treated with CLL (5 uL) or vehicle. (n = 4/group). f, Whole-mount confocal images of
mouse brain meninges (dura mater) showing the presence of macrophages (CX3CR1+ cells) near CGRP+
nociceptors. Scale bar = 10 um. Statistical analysis: (b) Wilcoxon rank-sum test, dashed purple line = p <

0.01. (d, e) Unpaired t tests. *p < 0.05, **p < 0.01, ***p < 0.001. ns = not significant. Mean + SEM.
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Figure 6
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Fig. 6. CGRP suppresses macrophage-mediated meningeal immunity. a, b, Pf4 is specifically expressed
by meningeal macrophages. a, UMAP visualization of Pf4 expression in the cluster of meningeal
macrophages (cluster #0). b, Whole-mount confocal images of mouse brain meninges (dura mater)
showing the presence of PF4+ macrophages near blood vessels (CD31) and CGRP+ nociceptors. ¢, Bacterial
load in samples collected from macrophage specific Rampl1 knockout (Pf4°*™P1) and control mice 24h
after injection of S. pneumoniae (n = 5/group). d, e, In vitro assay using bone marrow-derived
macrophages (BMDM). d, Volcano plots from RNA sequencing analysis showing genes that are
differentially expressed in macrophage cultures. Left, transcriptional changes in response to S.
pneumoniae (unstimulated vs S. pneumoniae), highlighting the upregulation of chemotaxis-related genes.
Right, list of genes that are affected when macrophages are incubated with S. pneumoniae in the presence
of CGRP (S. pneumoniae vs S. pneumoniae+CGRP) highlighting the downregulation of chemotaxis-related
genes (n = 4/group). e, Expression of chemotaxis-related genes in macrophages exposed to S.
pneumoniae, CGRP, and PKA inhibitor (PKAi) determined by gPCR. Results are presented relative to
housekeeping gene beta actin expression (n = 6/group). f, g, Single-cell RNA-sequencing analysis of
meningeal immune responses to bacterial infection and CGRP treatment. f, Left, Uniform Manifold
Approximation and Projection (UMAP) visualizations of CD45-positive cell types in the meninges collected
from uninfected mice, infected with S. pneumoniae, and/or treated with CGRP. Right, number of genes
that were affected by CGRP treatment in each immune cell population during infection (meningitis vs
meningitis+CGRP). g, Annotated GO biological processes and volcano plot of genes differentially
expressed by the cluster of macrophages in infected mice treated with CGRP when compared to
meningeal macrophages from infected, vehicle-treated mice (meningitis vs meningitis+CGRP),
highlighting the downregulation of chemotaxis-related genes (n = 10 pooled meninges/group). h, Venn
diagram highlighting the overlap of genes affected by CGRP in vitro and in vivo. i, Expression of

chemotaxis-related genes by qPCR in macrophages sorted from the meninges of macrophage-specific
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Ramp1 knockout (Pf4R™r1) and control mice 24h after injection of S. pneumoniae. Results are presented
relative to housekeeping gene beta actin expression (n = 4/group). j, Flow cytometric quantification of
neutrophils (Cd11b+Ly6G+ gates) and monocytes (Cd11b+Ly6G-Ly6C" gates) in the meninges of
macrophage-specific Ramp1 knockout (Pf4%%“™1) and control mice 24h after injection of S. pneumoniae
(n = 5/group). Statistical analysis: (d, g) Wilcoxon rank-sum test, dashed purple line = p < 0.01. (¢, i, j)
Unpaired t tests. (e) One-way ANOVA with Tukey post-tests. *p < 0.05, #*p < 0.01, #**p < 0.001, #***p <

0.0001. ns = not significant. Mean = SEM.
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Extended Data Figure 1
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Extended Fig. 1. Nociceptors suppress meninges-mediated protection of CNS to infection. a, Whole-
mount confocal images of mouse meninges (dura mater) showing extravascular localization of S.
pneumoniae 24h 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).
¢, Bacterial load in samples collected from Nav1.8-DTA and control mice 24h after injection of S.
pneumoniae (n = 4/group). d, Quantification of cleaved caspase-3 staining in brain samples collected from
Nav1.8-DTA and control mice 24h 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=3-4/group). Scale
bar = 200 um. e, Histopathology score of brain samples collected from Nav1.8-DTA and control mice 24h
after injection of S. pneumoniae. (n=12 fields/sample, 4 samples/group). Scale bar = 50 um. f, Bacterial
load in samples collected 24h after injection of S. pneumoniae from mice treated with resiniferatoxin (RTX)
or vehicle (n = 5/group). g, Bacterial load in samples collected from Nav1.8-DTA and control mice 24h after
intracisternal injection of S. pneumoniae (n = 4/group). Statistical analysis: (b, c, d, e, f, g) Unpaired t tests.

*p < 0.05, ****p < 0.0001. ns = not significant. Mean + SEM.
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Extended Data Figure 2

a Flow cytometry (Dura mater, S. pneumoniae infection)
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Extended Fig 2. Nociceptors regulate meningeal immunity against bacterial infection. a, Representative
flow cytometry plots and quantification of total leukocytes (CD45+ gate), neutrophils (CD11b+Ly6G+
gates), and monocytes (CD11b+Ly6G-Ly6C" gates) in the meninges at 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+) in the meninges of Nav1.8-DTA mice or control littermates 24h after S. pneumoniae
injection (n = 5/group). Statistical analysis: (d, g) Wilcoxon rank-sum test, dashed purple line = p < 0.01.
(c, i, j) Unpaired t tests. (e) One-way ANOVA with Tukey post-tests. *p < 0.05, **p < 0.01, ***p < 0.001,
**x*p < 0.0001. ns = not significant. Mean + SEM. Statistical analysis: (b) Unpaired t tests. (a) One-way
ANOVA with Tukey post-tests. *p < 0.05, *xp < 0.01, **xp < 0.001, ****p < 0.0001. ns = not significant.

Mean + SEM.
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Extended Data Figure 3
A Bacterial meningitis-induced pain behavior
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Extended Fig. 3. Bacterial meningitis causes pain behavior. a, Representative pictures and grimace scores
of mice at baseline (uninfected), 1 day, and 2 days after injection of S. pneumoniae, S. agalactiae, or
vehicle (n = 4-5/group). b, Grimace scores of mice injected with CGRP (2 ug, i.p.) or vehicle (n = 4/group).
Statistical analysis: (b) Unpaired t tests. (a) One-way ANOVA with Tukey post-tests. *p < 0.05, **p < 0.01,

*x*p < 0.001. ns = not significant. Mean = SEM.
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Extended Data Figure 4
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Extended Fig. 4. CGRP and RAMP1 signaling impair host response against bacterial meningitis. a,
Representative flow cytometry plots and quantification of total leukocytes (CD45+ gate) and monocytes
(CD11b+Ly6G-Ly6C" gates) in the meninges of Ramp1 knockout (Ramp1”") and control (Ramp1*/*) mice
24h after S. pneumoniae injection (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
injection in the meninges of mice treated with CGRP or vehicle (n = 10/group). ¢, Bacterial load 24h after
injection of S. agalactiae in samples from mice treated with CGRP or vehicle (n = 5/group). Statistical
analysis: (a, b, ¢) Unpaired t tests. *p < 0.05, *xp < 0.01, ***p < 0.001, ****p < 0.0001. ns = not significant.

Mean £ SEM.
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Extended Data Figure 5
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Extended Fig. 5. 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 genes in meningeal immune cells of the meninges, with key marker genes
highlighted. Right, UMAP visualization of the expression of key marker genes for each immune cell cluster
(n = 10 pooled meninges). b, Single-cell RNA-sequencing analysis of meningeal nonimmune cells (CD45-
negative cells). Left, Uniform Manifold Approximation and Projection (UMAP) visualizations of CD45-
negative cell types in the meninges at baseline. 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 meninges).
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Extended Data Figure 6
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Extended Fig. 6. Transcriptional responses of meningeal immune cells to bacterial meningitis. a, Single-
cell RNA-sequencing analysis of meningeal immune responses to bacterial infection. Left, Uniform
Manifold Approximation and Projection (UMAP) visualizations of CD45-positive cell types in the meninges
at baseline and 24h 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 expressed in each immune cell population during infection (baseline vs
meningitis). ¢, Annotated GO biological processes of genes differentially expressed by the cluster of
macrophages in response 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 neutrophils in response to infection (baseline vs meningitis), highlighting
upregulation of processes and genes related to antimicrobial activity. e, Annotated GO biological
processes and volcano plot of genes differentially expressed by the cluster of monocytes in response to
infection (baseline vs meningitis). (n = 10 pooled meninges/group). Statistical analysis: (c, 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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Extended Data Figure 7
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Extended Fig. 7. Meningeal macrophages engulf bacteria and regulate immune responses against
bacterial invasion. a, Whole-mount confocal images of mouse meninges (dura mater) showing meningeal
macrophages (Mrcl+ cells) associated with S. pneumoniae 24h post-injection of CMTPX-labeled bacteria.
Scale bar = 50 um. b, ¢, Tissue-specific impact of depletion of meningeal Mrcl+ macrophages by
intracisternal injection of clodronate liposomes (CLL). b, Representative flow panels and quantification of
neutrophils (CD11b+Ly6G+ gates), monocytes (CD11b+Ly6G-Ly6C" gates), B cells (CD11b-CD19+ gates),
and T cells (CD11b-CD3+ gates) 24h after injection of S. pneumoniae in mice treated with CLL (5 ulL) or
vehicle. ¢, Representative flow panels and quantification of macrophages (CD11b+Mrcl+ gates),
neutrophils (CD11b+Ly6G+ gates), and monocytes (Cd11b+Ly6G-Ly6C" gates) in the liver of mice treated
with CLL (5 pL) or vehicle. (n = 4/group). Statistical analysis: (b, c) Unpaired t tests. *p < 0.05, ***p < 0.001,

*x*xxxp < 0.0001. ns = not significant. Mean + SEM.
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Extended Data Figure 8
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Extended Fig. 8. CGRP and RAMP1 polarization of macrophage responses. a, Phagocytic killing assay
showing the amount of S. pneumoniae recovered at different time points of incubation with mouse
macrophages (BMDM) in presence of CGRP or vehicle (n = 4/group). b, Concentration of chemotaxis-
related mediators in the supernatant of macrophages after 24h of incubation with S. pneumoniae in the
presence of CGRP or vehicle (n = 3-5/group). ¢, Quantification of Crem and Jdp2 mRNA determined by
gPCR in macrophages after 4h incubation with S. pneumoniae in the presence of CGRP, PKA inhibitor
(PKAI), or vehicle. Results are presented relative to housekeeping gene beta actin expression (n =
6/group). d, Quantification of Crem, Jdp2, Ramp1, and Cc/7 mRNA determined by gqPCR in macrophages
sorted from the meninges of macrophage specific Ramp1 knockout (Pf4%f*™P1) and control mice 24h after
injection of S. pneumoniae. Results are presented relative to housekeeping gene beta actin expression (n
= 4/group). e, Flow cytometric quantification of total leukocytes (CD45+ gate) and macrophages
(Cd11b+Mrcl+ gates) in the meninges of macrophage specific Rampl1 knockout (Pf42f™r1) and control
mice 24h after injection of S. pneumoniae (n = 5/group). Statistical analysis: (a, b, ¢) One-way ANOVA with
Tukey post-tests. (d, e) Unpaired t tests. *p < 0.05, **xp < 0.01, ***p < 0.001, ****p < 0.0001. ns = not

significant. Mean = SEM.
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Extended Data Figure 9
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Extended Fig. 9. Neuroimmune and microbial interactions in bacterial meningitis revealed in the study.
In this study, we find that the bacterial pathogens S. pneumoniae and S. agalactiae (Group B
Streptococcus) activate trigeminal nociceptors that innervate the meninges to induce pain and
neuroimmune signaling during bacterial meningitis in mice. For S. pneumoniae, neuronal activation is
mediated by pneumolysin (PLY). Following nociceptor activation, the neuropeptide CGRP is released in
the dural meninges, which acts through the CGRP receptor RAMP1 on meningeal macrophages to polarize
transcriptional responses, downregulating the expression of chemokines that results in suppression of
leukocyte recruitment and antimicrobial defenses. Blockade of CGRP signaling or ablation of nociceptors

enhances host defenses against bacterial meningitis.
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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
Streptococcus pneumoniae clinical isolate WU2 (serotype 3), the S. pneumoniae isogenic pneumolysin
mutant strain WU2-PLA?, and Streptococcus agalactiae clinical isolate COH1 (serotype 1l1)* 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). Bacteria were grown at 37°C
with 5% CO; to mid-log phase, and growth was evaluated by monitoring ODego. Frozen stocks of bacteria

in 20% glycerol (Sigma) were prepared and kept at -80°C until use.

Animals

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. 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. C57BL/6 mice were purchased from
Jackson Laboratories (Bar Harbor, ME) or Charles River (Worcester, MA). C57BL/6-Tg (Pf4-icre)Q3Rsko/J,
B6.FVB-Tg(Acta2-cre)1Rkl/), B6.129P2-Lyz2tmi(crelfo/)  BE.129P2-Gt(ROSA)26Sor™ Pk /) CX3CR1-GFP,
and B6.12952(Cg)-Ramp1t™+14 /\WkinJ mice were purchased from Jackson Laboratories. Calca-GFP were
provided by V. Kuchroo (Harvard Medical School). Nav1.8-Cre mice (Abrahamsen et al., 2008) were
provided by J. Wood (University College London). Nav1.8-mCitrine mice were provided by D Levy
(BIDMC/Harvard Medical School). Ramp1™" (C57BL/6N-Ramp1tmic(EVCOMMWESi/H) mice were purchased
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from MRC Harwell Institute (Oxfordshire, UK). Calca or B6.129S2(Cg)-Ramp1t™-1T4/Wkin) heterozygous
mice were bred together to produce wild-type and knockout littermates. Navi1.8-Cre heterozygous (+/-)
mice were bred with B6.129P2-Gt(ROSA)26Sor™*P™1k/ /] homozygous (+/+) mice to generate nociceptor-
ablated Nav1.8-DTA (Nav1.8-Cre*;Dta*’") mice and control littermates (Nav1.8-Cre”’";Dta*"). For
conditional knockout experiments, Pf42%mPl (C57BL/6-Tg(Pf4-icre)Q3Rsko/J*; Ramp1™M), Lyz22Ramet
(B6.129P2-Lyz2tmi(erelfo )+ Ramp1™M), and Acta22%mP! (B6.FVB-Tg(Acta2-cre)1Rkl/J)*; Ramp1™) mice
were bred to Ramp1"/f mice to generate mice with specific depletion of Ramp1 in meningeal macrophages
(Pf42Rampl) “myeloid cells (Lyz22%™P1), vascular smooth muscle cells (Acta22%™P1) 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.

Hematogenous bacterial meningitis

Bacteria strains were grown to mid-log phase as described in the section Bacterial strains and culture.
Bacteria were centrifuged at 5,000g for 15 min, resuspended in saline solution to a final concentration of
3x108 c.f.u./mL for S. pneumoniae and 1x10° c.f.u./mL for S. agalactiae. The bacterial suspension was kept
on ice until use. A total volume of 100 pL of inoculum containing S. pneumoniae (3x10’ c.f.u.) or S.
agalactiae (1x102 c.f.u.) was injected into the tail vein (intravenous injection) of 8-14 weeks old mice using
a 0.5 cc syringe fitted with a 31-gauge needle (BD Biosciences). 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
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Mice were deeply anesthetized with intraperitoneal injection of tribromoethanol solution (Avertin, 500
mg/kg) and perfused transcardially with saline solution. Blood was sampled right before perfusion. Other
tissue samples (meninges, choroid plexus, brain, liver, skin) were dissected and weighed. Tissues were
then transferred to 2 mL eppendorf tubes containing 5 mm stainless steel beads (QIAGEN) and 1 mL of
ice-cold sterile saline. Tissues were homogenized in Tissuelyser Il (QIAGEN) for 10 min at 30 Hz. To
determine bacterial load recovery, serial dilutions were made and plated on TSA plates with 5% Sheep
Blood plates (BD Biosciences). The plates were incubated overnight at 37°C with 5% CO2 and the number

of c.f.u. in each plate determined.

Ablation of nociceptors by resiniferatoxin (RTX) injection

RTX (Sigma-Aldrich) was used to deplete TRPV1-positive nociceptors as previously described®. Male and
female 4-week-old C57BL/6 mice were lightly anesthetized by inhalation of isoflurane (Patterson
Veterinary) 3% in oxygen using a precision vaporizer. Mice received subcutaneous injections of escalating
doses of RTX (30 ug/kg, 70 ug/kg, 100 ug/kg) or vehicle control (PBS with 1.2% DMSO and 0.06% Tween-

80) on three consecutive days. Mice were used for experiments four weeks after the injections.

Isolation and culture of trigeminal neurons

The trigeminal ganglia 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 Applied Sciences) for 40 min at 37°C. Cells were centrifuged
for 5 min at 300g at and resuspended in 800 pL of DMEM/10% FBS containing DNase | (150U/mL, Thermo

Fisher). Trigeminal cells were dissociated by gently pipetting with decreasing tip diameters to create

62



10

11

12

13

14

15

16

17

18

19

20

21

22

single-cell suspensions. Cells were resuspended in 2 mL of neurobasal medium (Life Technologies), and
the cell suspension was added to the top of a 10% BSA gradient in neurobasal medium. Cells were
centrifuged 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
experiments, 2,000 trigeminal neurons were plated onto each culture dish previously coated with laminin
and incubated overnight in neurobasal-A medium supplemented with 50 ng/mL nerve growth factor
(Thermo Fisher). For CGRP release experiments, 5,000 trigeminal neurons were transferred to each well
of a flat bottom 96-wells plate previously coated with laminin and incubated with neurobasal-A medium

plus 50 ng/mL nerve growth factor (Thermo Fisher) and cytosine arabinoside (10 uM, Sigma) for 6 days.

Intracellular calcium levels and CGRP release in cultures of trigeminal neurons

Cultures of mouse trigeminal neurons were prepared as described in Isolation and culture of trigeminal
neurons. For calcium measurements, 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 sSCMOS camera.
Excitation of Fura-2-AM was induced with ultraviolet light source (Lambda XL lamp, Sutter Instrument) at
340 nm and 380 nm wavelengths. The 340/380 ratiometric images were acquired and analyzed using NIS-
elements software (Nikon). After recording the baseline calcium levels for 2 min, cells were stimulated
with S. pneumoniae (4x10°- 4x107 c.f.u./mL), S. agalactiae (2x107 - 2x10° c.f.u./mL), or pneumolysin (0.01-
1 ug/mL), followed by capsaicin (1 uM) and KCl (40 mM). An increase of 15% or more from baseline
calcium levels was considered a positive response to a ligand. Cells that did not respond to the positive
controls (capsaicin and KCl) were excluded from the quantification. For CGRP release assay, heurons were

incubated with S. pneumoniae (4x107 c.f.u./mL), S. agalactiae (2x10° c.f.u./mL), or pneumolysin (0.01-1

63



10

11

12

13

14

15

16

17

18

19

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

manufacturer’s instructions.

Isolation and culture of bone marrow-derived macrophages

Mouse bone marrow-derived macrophages (BMDM) were obtained as previously described* with minor
modifications. Progenitor cells were harvested from the bone marrow of femur 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 PeproTech) for 8 days (37 °C, 5% CO,). Culture
media was replaced with fresh supplemented DMEM at day 4. Fully differentiated macrophages (>90% of
cells CD11b+F4/80+ determined by flow cytometry) were harvested at day 8 and immediately used for

experiments.

Phagocytic killing assay

Cultures of mouse macrophages (BMDM) were prepared as described in Isolation and culture of bone
marrow-derived macrophages. S. pneumoniae (5x10° c.f.u. per well) was co-incubated with mouse
macrophages (5x10° cells per well) in DMEM supplemented with 10% of mouse serum for 1h-24h (37°C,
5% CO,) with gentle shaking (150 rpm). CGRP (100 nM, GenScript) or vehicle (DMEM) were 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 overnight incubation at 37°Cin 5% CO..
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ELISA

Mouse macrophages (5x10° cells per well) were obtained as described in Isolation and culture of bone
marrow-derived macrophages and co-incubated with S. pneumoniae or vehicle (DMEM + 10% mouse
serum) for 24h (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 in -80°C until ELISA was performed. The concentrations of CXCL10, CCL3, CCL2, and TNFa in the

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

Magnetic-activated cell sorting (MACS) of meningeal cells

Mice were deeply anesthetized with intraperitoneal injection of tribromoethanol solution (Avertin, 500
mg/kg) and perfused transcardially with 30 mL saline solution. Samples from the meninges (cortical Dura
mater) were dissected as previously described>® and 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 then used for MACS purification using CD45 MicroBeads
(Miltenyi Biotech) or F4/80 MicroBeads UltraPure (Miltenyi Biotech) and MS MACS columns (Miltenyi

Biotech) following manufacturer’s directions.

Intra-cisterna magna injections

Injections into the cisterna magna were used to deliver bacteria into the subarachnoid space and to

deplete meningeal macrophages. The procedure was performed as described previously® with small
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modifications. Mice were first anesthetized with isoflurane (4%) in the induction chamber, and treated
with carprofen (20 mg/kg, subcutaneous) and buprenorphine (0.1 mg/kg, subcutaneous) immediately
prior the surgery. Corneas were maintained lubricated with Puralube and anesthesia by isoflurane was
maintained through a nosecone during the surgery. Animals were transferred to stereotaxic frame, the
skin of the head was shaved and aseptically prepared by swabbing betadine followed by ethanol (3 times
each). 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
cisterna magna. S. pneumoniae (10® c.f.u., 5 uL), mannosylated liposomes containing clodronate (m-
Clodrosome® Encapsula Nano Sciences, 5 plL), or empty mannosylated liposomes (m-Encapsome®
Encapsula Nano Sciences, 5 pL) were injected into the subarachnoid space using a 30-gauge 0.5-inch
needle mounted on a 25- uL Hamilton syringe. After injection, muscles were re-aligned, and the incision
was closed using wound clips (Autoclip, 7mm) and tissue adhesive (Vetbond 3M). After surgery, animals
were placed in a cage containing a warming pad and monitored for one hour after surgery. Additional
doses of Carprofen (every 24h) and were administered for 72h post-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 containing 1 mL of DMEM. The explants were incubated for 30 min at 32°C
with gentle shaking (150 rpm). After incubation, the medium from the organ cultures was collected and
used to determine the levels of CGRP with the CGRP EIA kit (Cayman Chemical) according to

manufacturer’s instructions.
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In vivo CGRP and BIBN4096 treatment

We evaluated the impact of CGRP signaling on the outcome of bacterial meningitis by treating mice with
alpha-CGRP 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 via intraperitoneal injection. Treatments were
performed 2h prior to induction of bacterial meningitis as described in the section Hematogenous
bacterial meningitis and again 24h later. Treatment doses were selected based on previous publications

using these compounds’®

Flow cytometry

Mice were deeply anesthetized with intraperitoneal injection of tribromoethanol solution (Avertin, 500
mg/kg) and perfused transcardially with 30 mL saline solution. Meninges 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). After incubation, cells were centrifuged at 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
the following reagents: DAPI (4',6-Diamidino-2-Phenylindole, Dilactate, 3 uM, BiolLegend), anti-mouse
CD45-PE-Cy7 clone 30-F11 (1:200, BioLegend), anti-mouse CD11b Brilliant Violet® 570 or APC clone M1/70
(1:200, BiolLegend), anti-mouse Ly-6C Brilliant Violet® 650 clone HK1.4 (1:200, BioLegend), anti-mouse
CD206 (Mrc1) 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 clone 17A2 (1:200,
BioLegend), and anti-mouse CD19 PE-Cyaine5.5 clone 1D3 (1:200, Thermo Fisher Scientific). After

incubation, cells were centrifuged for 5 min at 300g and resuspended in 500 uL of cell wash buffer, then
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centrifuged again and resuspended in wash buffer containing 2% PFA. Flow cytometry was performed on
a FACSymphony A5 flow cytometer (BD Biosciences). Flow cytometry data were collected and exported
using BD FACSDiva software (BD Biosciences) and analyzed using FlowJo software (FlowJo LLC). A small
aliquot (20 pL) was used to count the total number of cells in each sample and the results were used to

convert the percentages of immune cell populations into cell numbers.

Quantitative RT-PCR

Mouse macrophages were obtained as described in Isolation and culture of bone marrow-derived
macrophages. Macrophages (5x10° cells per well) were incubated with S. pneumoniae (5x10° c.f.u. per
well) and CGRP (100 nM) or vehicle (DMEM) in DMEM supplemented with 10% of mouse serum for 4h
(37°C, 5% CO3). In some wells, the cells were pre-treated with the selective PKA inhibitor Rp-8-CPT-cAMP
(10 pM, Cayman Chemical) 1h before incubation. After incubation, supernatant was removed and
replaced by 500 pL of Trizol, and plates were frozen at -80°C until RNA extraction. For total RNA
extraction, samples were thawed at room temperature, mixed with 100 pL of chloroform, and centrifuged
at 12,000 g for 15 min at 4°C. The aqueous phase was collected to a new tube and combined with equal
parts of isopropyl alcohol, mixed well, and centrifuged at 12,000 g for 10 min at 4°C. After discarding the
supernatant, 500 plL of 75% ethanol was added to the samples, vortexed well, and centrifuged at 7,500 g
for 5 min. Supernatant was then discarded and the pellet containing RNA was resuspended in 50 uL of
nuclease-free water. The mRNA in the samples was reverse transcribed into cDNA using iScript cDNA
Synthesis Kit (Biorad). 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 was collected and exported using the QuantStudio Design & Analysis Software v1.5.1

(Applied Biosystems). Expression levels were normalized to beta-actin expression (Actb) using the 22
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method. Primer sequences(5’ to 3’): Actb forward: AGCTGCGTTTTACACCCTTT,

AAGCCATGCCAATGTTGTCT, Rampl forward:

GGGGCTCTGCTTGCCAT, Jdp2
CTCTTGCCCAGTTTCACCTC, Crem
CAGTTTCATCTCCAGTTACA, Tnf

CGATCACCCCGAAGTTCAGTAG, Ccl2
GCATTAGCTTCAGATTTACGGGT, Ccl3
CGTGGAATCTTCCGGCTGTAG, Cxcl10
GGCTCGCAGGGATGATTTCAA, Ccl7

CCAGGGACACCGACTACTG.

RNA-sequencing of macrophages

forward:

forward:

forward:

forward: TTAAAAACCTGGATCGGAACCAA,

forward: TTCTCTGTACCATGACACTCTGC,

forward:

forward:

GGATGAGAGTCCCATAGTCAGG,

CTCCTCCTGCTATGATGCCT,

TGGACTGTGGTACGGCCAAT,

CAGGCGGTGCCTATGTCTC,

CCAAGTGCTGCCGTCATTTTC,

GCTGCTTTCAGCATCCAAGTG,

Actb

Ramp1

Jdp2

Crem
Tnf
Ccl2
Ccl3

Cxcl10

Ccl7

reverse

reverse

reverse

reverse

reverse

reverse

reverse

reverse

reverse

Macrophages were cultured as described in Isolation and culture of bone marrow-derived macrophages.

Cells (1x10° per well) were incubated with 10% mouse serum-opsonized S. pneumoniae (1x10° c.f.u.) and

CGRP (100 nM) or vehicle (PBS) for 4h. After incubation, supernatant was removed and replaced by 500

uL of Trizol, and plates were frozen at —80°C until RNA extraction as described in Quantitative RT-PCR.

RNA-seq library preparation (Kapa mRNA Hyperprep, Roche) and sequencing (NovaSeq SP, 2x50bp,

Illumina) was conducted by the Bauer Sequencing Core at Harvard University.

Single-cell RNA-sequencing of meninges

Samples containing meningeal immune cells (CD45-enriched) or meningeal non-immune cells (CD45-

depleted) were obtained as described in Magnetic-activated cell sorting (MACS) of meningeal cells and
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used for droplet-based single-cell RNA-sequencing (10x Genomics). Library preparation (Chromium Next
GEM Single Cell 3’ Reagent Kit v3.1) and sequencing (lllumina NovaSeq 6000 System) were conducted by
the Bauer Sequencing Core at Harvard University following manufacturer’s instructions. The quality of the
single-cell suspensions (viability >80%, concentration = 1000 cells/uL) was confirmed immediately before
encapsulation using acridine orange/propidium iodide stain (Logos Biosystems) and a LUNA-FX7 (Logos
Biosystems). Encapsulation of cells was performed in the Chromium Controller (10x Genomics) targeting
10,000 cells per sample. Following encapsulation and mRNA barcoding, cDNA was synthesized, isolated,
and amplified (11 cycles) using Single Cell 3'GEM kit (10x Genomics) and SPRIselect reagent kit (Beckman
Coulter). The quality of the amplified cDNA (concentration, size, purity) was verified using High Sensitivity
D5000 ScreenTape and 4200 TapeStation system (Agilent Technologies). Next, amplified cDNA was used
for library construction. cDNA fragmentation, end repair, A-tailing, adaptor ligation, and sample index PCR
amplification were performed using Chromium Next GEM Single Cell 3’ Library Kit v3.1 reagents (10x
Genomics). Post library construction QC was performed using High Sensitivity D5000 ScreenTape and 4200
TapeStation system (Agilent Technologies). Quantification was performed using the Kapa gPCR Complete
Universal Kit (Roche Sequencing Solutions) and CFX96 RT-PCR detection system (Bio-Rad Laboratories).
For the sequencing, CD45-positive sample libraries were pooled and equally distributed across the two
lanes of an lllumina NovaSeq S1 flow cell (Read1: 28 bp, i7 index: 8 bp, Read2: 90 bp). CD45-negative
library was sequenced in a single lane of an lllumina NovaSeq S4 flow cell (Read1: 28 bp, i7 index: 8 bp,
Read2: 90 bp). After sequencing, QC 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 perform
alignment, filtering, and counting of barcodes and UMIs. Reference mouse genome mm10 version 2020-
A was used. Count matrices generated by Cell Ranger imported into R (v.4.0.3) for further analysis using

Seurat package (v. 4.1.0) >*°. Analysis was performed using only high-quality cells that had UMI counts
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between 4000 and 70000 and less than 25% of their genes corresponding to the mitochondrial genome.
Samples were normalized and scaled using Seurat’s SCTransform function followed by Principal
component analysis (PCA). Clustering and visualization were performed by running Uniform Manifold
Approximation and Projection (UMAP) dimensional reduction of 15 principal components for each cluster
resolution of 0.3. Cell types were defined by comparing cluster marker genes with previously published

5,11-13

single-cell RNA-sequencing datasets of mouse meninges Visualization of genes illustrating

expression levels was performed using R/Seurat commands (DoHeatmap, FeaturePlot, and DotPlot)>*°

and R/Nebulosa package®®.

Differential expression analysis

Differential gene expression analysis was performed in sequencing datasets using the R package DESeq2
(bulk RNA-sequencing of BMDM) or Seurat (single-cell RNA-sequencing of meninges) >%>, Genes were
considered to be differentially expressed when adjusted P value was lower than 0.05. The list of
differentially expressed genes (DEG) was used in pathway enrichment analysis and to create volcano plots

and Venn diagrams.

Pathway enrichment analysis

Pathway enrichment on the list of differentially expressed genes was analyzed using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) tool (http://david.abcc.ncifcrf.gov). Gene
Ontology (GO) terms in the Biological Processes category with P <0.05 were considered statistically

significant. Statistically significant, non-redundant GO enriched terms were plotted.
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Data Availability

Single cell RNA sequencing data and bulk RNA sequencing data generated during this study are in the
process of being deposited to the NCBI GEO database. The accession numbers for these datasets will be

made available to reviewers upon request and to the manuscript for readers prior to publication.

Mouse grimace scale

The mouse Grimace Scale was used to quantify spontaneous pain-like behaviors as previously described
1618 Animals were acclimated in clear acrylic chambers (8 x 8 x 8 cm) one day prior to baseline testing.
Measurements were taken at day O (baseline, before injection) and 1-2 days after injection with S.
pneumoniae, S. agalactiae, or vehicle. Mice were individually recorded for 10 minutes with high-definition
cameras (GoPro). From these 10-minute videos, the first image with a clear view of the animal’s face from
every minute of the video was extracted using iMovie (Apple, Inc). The selected images were randomized,
and blinded scoring was performed by investigators that were unaware of the groups and time points. As
described in the original method, for each image, orbital tightening, nose bulge, cheek bulge, ear position
were scored (0 “not present”, 1 “moderately visible” and 2 “severely visible”) and the total score for each

image was averaged.

General experimental design

All in vivo experiments 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
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duration of experiments. Animal numbers were estimated based on pilot studies of S. agalactiae and S.

pneumoniae infections in our lab and on published works**°.

Immunostaining and microscopy

Meninges dissection and wholemount immunofluorescence staining were performed as described
previously with small modifications >®. Mice were euthanized and intracardially perfused with 30 mL of
PBS, followed by 30 mL of PBS/4% PFA. The cortical meninges were dissected and post-fixed in PBS/4%
PFA solution at 4°C for 24h. Before immunostaining, samples were transferred to PBS and incubated for
24h 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 2h 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 antibodies rabbit anti-rat CGRP (1:500, C8198 Sigma) or goat anti-mouse Mrc1 (5
pug/mL, AF2535 R&D Systems) and incubated for 24h at 4°C with agitation. Samples were washed five
times with PBS to remove unbound primary antibodies and then incubated (24h 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 labeled with CellTracker 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 ug, MEC13.3 BioLegend) was injected into mice 5 minutes before
perfusion. Stained samples were washed five times with PBS and mounted in Prolong® Gold Antifade
Reagent (Cell Signaling). Fluorescence imaging was performed using a Leica Stellaris 8 confocal microscope

(Leica) and the LAS X software (Leica). System-optimized settings were used to acquire the full thickness
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of the tissue (z-axis) and for tile-stitching (x and y-axis). Merged maximum projection images were

exported.

Brain histopathology

Brain samples were collected from Nav1.8-DTA and control mice 24h after injection of S. pneumoniae
(3x107 c.f.u in 100 pL, i.v.). Mice were deeply anesthetized with tribromoethanol solution (Avertin, 500
mg/kg, i.v.) and perfused transcardially with 30 mL saline solution followed by 10 mL of PFA 4% in saline.
After dissection, brain samples were maintained in PFA 4% for 3 days at 4°C. Fixed brains were embedded
in paraffin, sectioned (10 um thick), and half of the slides were stained using hematoxylin and eosin (H&E)
by the Rodent Histopathology Core at Harvard Medical School. Pictures from the brain samples were taken
automatically using a Leica DMi8 microscope (sCMOS camera and 40x NA 0.85 objective) and the
Thunder® software (Leica). A total of 96 pictures (12 pictures x 4 samples x 2 groups) of the brain cortex
images were collected and randomized for blinded scoring. Each field was assigned a score from 0 to 3
based on neuronal morphology: grade 0 (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 liquefactive necrosis)?>?L. For the analysis of caspase-3 activity, slides were
deparaffinized and rehydrated prior to immunostaining. Slides were heated at 60C 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 1h at room temperature. After incubation, blocking solution was
removed, and slides 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 24h at

4°C. Slides were rinsed five times with PBS and incubated for 2h with staining solution containing donkey
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anti-rabbit 1IgG 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 the LAS X software (Leica). System-optimized settings were
used to acquire the full thickness of the tissue (z-axis) and for tile-stitching (x and y-axis). Merged
maximum projection images were exported. Fluorescence intensity was calculated with Fiji software?? by
measuring the Integrated Density of the of cleaved caspase-3 staining in the brain. Results are expressed

as fold-change of control (uninfected) brain.

Statistical analysis

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 Student’s t-test. For comparisons of multiple factors,

two-way ANOVA with appropriate multiple comparisons tests was used.
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