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Neuronal interleukin-1 receptors mediate pain in
chronic inflammatory diseases

Benoit Mailhot'®, Marine Christin?®, Nicolas Tessandier?, Chaudy Sotoudeh?, Floriane Bretheau?, Roxanne Turmel?, Eve Pellerin?, Feng Wang>,
Cyril Bories®, Charles Joly-Beauparlant®, Yves De Koninck®®, Arnaud Droit®, Francesca Cicchetti?, Grégory Scherrer®?, Eric Boilard3, Reza Sharif-Naeini?®,
and Steve Lacroix!®

Chronic pain is a major comorbidity of chronic inflammatory diseases. Here, we report that the cytokine IL-1B, which is
abundantly produced during multiple sclerosis (MS), arthritis (RA), and osteoarthritis (OA) both in humans and in animal
models, drives pain associated with these diseases. We found that the type 1 IL-1 receptor (IL-1R1) is highly expressed in the
mouse and human by a subpopulation of TRPV1* dorsal root ganglion neurons specialized in detecting painful stimuli, termed
nociceptors. Strikingly, deletion of the IlIr1 gene specifically in TRPV1* nociceptors prevented the development of mechanical
allodynia without affecting clinical signs and disease progression in mice with experimental autoimmune encephalomyelitis
and K/BxN serum transfer-induced RA. Conditional restoration of IL-1R1 expression in nociceptors of IL-1R1-knockout mice
induced pain behavior but did not affect joint damage in monosodium iodoacetate-induced OA. Collectively, these data reveal
that neuronal IL-1R1 signaling mediates pain, uncovering the potential benefit of anti-IL-1 therapies for pain management in

patients with chronic inflammatory diseases.

Introduction

Chronic pain is estimated to affect 20% of adults worldwide and
correspondingly incurs a significant socioeconomic burden
(Goldberg and McGee, 2011). Because patients suffering from
chronic inflammatory diseases such as multiple sclerosis (MS),
rheumatoid arthritis (RA), and osteoarthritis (OA) are more
predisposed to pain than others, with ratios reaching 50%
(Mifflin and Kerr, 2017), it is critical to understand the link
between these diseases and chronic pain.

Chronic inflammatory diseases are characterized by dys-
functions with the immune system, resulting in elevated levels
of proinflammatory mediators. Recent studies involving animal
models of these diseases and human patients have suggested that
the cytokine IL-1B contributes to inflammation in MS, RA, and
OA (Cohen et al., 2004; Jenei-Lanzl et al., 2019; Lévesque et al.,
2016; Mertens and Singh, 2009; Wojdasiewicz et al., 2014).
The cellular signaling of IL-1B is known to occur via the type
1IL-1 receptor (IL-1R1). Outside of the nervous system, IL-1R1 is

expressed at the cell surface of leukocytes and their precursors
(Pietras et al., 2016). In the nervous system, expression of the IL-
1R1 protein is thought to be mainly restricted to endothelial cells,
both in normal and inflammatory conditions (Aubé et al., 2014;
Lévesque et al., 2016; Li et al., 2011). Additionally, IL-1B can di-
rectly stimulate glial cells and neurons (Balasingam et al., 1994;
Binshtok et al., 2008; Bruttger et al., 2015; Huang et al., 2011;
Kawasaki et al., 2008; Liu et al., 2006; Smith et al., 2009; Takeda
et al., 2007; Watkins and Maier, 2002; Yan and Weng, 2013).
However, there are still striking inconsistencies in the literature
regarding the expression of IL-1R1 and other inflammatory cy-
tokine receptors on neurons in the nervous system (Cook et al.,
2018). Furthermore, there are a number of incongruences re-
garding the inflammatory versus the neurophysiological effects
of IL-1B (for reviews, see Allan et al., 2005; Liu and Quan, 2018).

Although chronic pain in these diseases was initially believed
to be a consequence of inflammatory reactions, it was recently
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proposed that an intricate relationship between central nervous
system (CNS) blood vessels and activated nociceptors, located in
lumbar dorsal root ganglia (DRGs; Arima et al., 2012), could open
a gateway to the accumulation of immune cells in the CNS
(Arima et al., 2015). The neural pathway leading to the exacer-
bation of immune pathology was suggested to involve sensory
neurons expressing transient receptor potential vanilloid
1 (TRPV1), but the mediators linking inflammation to pain
remain elusive.

In MS, sustained pain can be attributable to multiple factors,
including inflammation and ongoing CNS-related neuronal
damage. However, in RA and OA, the affected tissue (cartilage) is
aneural and avascular, which implies a more prominent role of
inflammation in pain, as the surrounding innervated tissues of
the articulations (e.g., muscles and bones) also need to be im-
pacted (Sofat et al., 2011; Walsh and McWilliams, 2014). Sup-
porting this is the fact that allodynia develops concomitantly
with joint swelling in RA models. However, allodynia can persist
after the resolution of inflammation, suggesting a persistent
sensitization of nociceptive neurons (Christianson et al., 2010).
Interestingly, it is believed that the key molecular mediators of
pain in the DRGs and joints of RA and OA patients also involve
TRPVI* nociceptors (Borbély et al., 2015; Kelly et al., 2015; Koda
et al., 2016). As the lumbar DRGs innervating the articulations
and the ones previously reported to influence experimental
autoimmune encephalomyelitis (EAE) development show simi-
larities, the molecular mechanisms involved in allodynia could
be common across these inflammatory diseases.

In this study, we investigated the molecular mechanisms that
underlie pain associated with IL-1B-dependent chronic inflam-
matory diseases such as EAE, RA, and OA. We demonstrate that
macrophage- and neutrophil-derived IL-1B is found in close as-
sociation with IL-1R1* sensory innervations and that IL-1B sig-
naling is critical to the development of pain in these diseases.

Results

Mouse spinal dorsal roots are infiltrated by IL-1B-producing
myeloid cells during EAE

Our group previously demonstrated the importance of myeloid
cell-derived IL-1B in the initiation of neuroinflammation and the
development of EAE (Lévesque et al., 2016; Paré et al., 2018).
However, the proinflammatory paracrine actions of these cells
in autoimmune inflammatory diseases remain elusive. Using
transgenic mice expressing Discosoma red fluorescent protein
(DsRed) under the control of the Ilib promoter, plllb-DsRed re-
porter mice, we aimed to track down the early invasion of IL-
1B-producing cells in the CNS of mice with EAE. In early EAE
stages (day of disease onset), we observed DsRed* cells in the
lumbar dorsal roots, where sensory afferents that relay feedback
from hind limbs are located (Fig. 1, A, B, and F). IL-1B-producing
cells that accumulated in spinal dorsal roots were surrounded by
axons immunostained for IL-1R1 (Fig. 1 C). Immunofluorescence
confocal microscopy further revealed that cells producing
pro-IL-1B colocalized with the myeloid cell marker CD11b (Fig. 1,
D and E). As CD11b* myeloid cells comprise two major immune
cell populations, namely monocytes/macrophages and neutrophils,
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we next investigated whether one of these would be enriched in
the infiltrates. IL-18-producing (DsRed*) myeloid cells were iden-
tified as macrophages and neutrophils based on their expression of
Ibal and Ly6G, respectively (Fig. 1, F-J). Of interest is the fact that
the infiltration of spinal nerve roots by IL-13* myeloid cells pre-
ceded the appearance of paralysis, suggesting that this region may
contribute to the clinical symptoms that develop early during the
disease. These observations also suggest that the IL-1B produced by
these cells could act directly on neurons.

Articular nociceptors in the arthritic mouse hind limb are
surrounded by IL-1B-producing myeloid cells

As for EAE, IL-1B signaling was shown to be critical to the
pathogenesis of RA in mice (Ji et al., 2002; Nigrovic et al., 2007).
Thus, we sought to determine whether IL-1B production could
occur nearby the terminals of nociceptors that innervate the
articular tissue in arthritic mice. To do so, we subjected plIlib-
DsRed reporter mice to the K/BxN serum-transfer arthritis
model and assessed which cell types are responsible for the
production of IL-1B in the inflamed ankle joint during the pro-
gression phase of RA using immunofluorescence microscopy.
The analysis revealed the presence of several DsRed-expressing
cells in the synovial and connective tissue layers of the diseased
articular capsule (Fig. 2, A and E). Notably, these regions are
innervated by sensory axons expressing the transient receptor
potential cation channel subfamily V member 1 (TRPV1), an ion
channel involved in the transmission of inflammatory pain
(Fig. 2 B). Nociceptive TRPV1* axons coexpressed IL-1R1 and
were closely associated with infiltrated IL-1B* cells (Fig. 2, A-D).
Colocalization studies revealed that the majority of IL-1B* cells in
the arthritic ankle joint coexpressed the neutrophil marker
Ly6G, whereas the others were Ibal*, indicative of macrophages
(Fig. 2, E-T). These results suggest that neutrophil- and macrophage-
derived IL-1B not only play a key role in the initiation of in-
flammation during RA but also may trigger neuronal responses
from specialized nociceptors.

IL-1R1 expression defines a subtype of DRG nociceptors

To examine the subtype of sensory neurons that would respond
to the release of IL-1B, we examined which subtypes express IL-
1IR1 by performing an immunohistochemical characterization of
DRG sensory neurons. First, we observed that IL-1R1* DRG
neurons have small-diameter cell bodies (12.45 + 1.35 um) and
project to superficial laminae I and II of the spinal cord dorsal
horn, indicating a role in pain transmission (Fig. 3, A-E). We
thus evaluated the coexpression of IL-1R1 with markers that
distinguish nociceptors from other types of sensory neurons,
such as TRPV1, somatostatin (Sst), purinergic receptor P2X
ligand-gated ion channel 3 (P2X3), calcitonin gene-related
peptide (CGRP), isolectin B4 (IB4), and tyrosine hydroxylase
(TH; Usoskin et al., 2015). We found that neurons expressing IL-
IR1 represent ~10% of the entire DRG neuronal population
(Fig. 3, F-M and N) and were all found to colocalize with TRPV1
(Fig. 3, F-M and O), a marker of peptidergic nociceptors in mice.
This suggests that IL-1R1* neurons could play an important role
in the perception of acute heat and/or inflammatory pain
(Walder et al., 2012). Furthermore, all IL-IR1* DRG sensory
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Figure 1. IL-1B-producing myeloid cells are located nearby IL-1R1-expressing sensory neurons and their projections during EAE. EAE was induced in
pll1b-DsRed mice, and immunofluorescence confocal microscopy imaging was performed to visualize the expression of IL-1B during the early phase (onset) of
EAE. (A) IL-1B expression was detected in the dorsal root of spinal nerves projecting to the spinal cord. (B-E) Representative images showing the infiltration of
CD11b-positive (+) myeloid cells (red cells in D) producing IL-1B (orange cells in B) in close proximity to IL-IR1* sensory axons (green in C) in the spinal dorsal
root. (F-1) IL-1B (orange in F) is expressed by Ly6G* neutrophils (red in H) and Ibal* macrophages (green in G) that infiltrated the spinal dorsal root at EAE
onset. Nuclear staining (DAPI) is shown in blue (E and I) in the merged images. (J) Quantification of colocalization for DsRed (IL-1B) and markers of neutrophils
(Ly6G) and macrophages (Ibal; n = 4 mice total). Data are presented as a percentage of all DsRed* cells out of 500 DsRed* cells. Scale bars: 200 pm (A); 100 um
(E); and 50 um (l).

neurons also colocalized with P2X3, a marker of nonpeptidergic
(NP) nociceptors, suggesting that IL-IR1* neurons might have
mixed properties (Fig. 3 O). We also observed that ~25% of IL-
IR1* DRG neurons coexpressed Sst, while 50% of Sst* neurons
expressed IL-1R1 (Fig. 3, O and P). IL-IR1* DRG neurons did not
bind IB4 (Fig 3, F-I, O, and P) or express TH (Fig. 3, O and P),
which indicates that IL-1R1 is absent from most NP C nociceptors

A plL-1B-DsRed

=

and is not expressed by C low-threshold mechanoreceptors.
Interestingly, relatively few IL-1R1* neurons expressed CGRP
protein (6.3% + 8.4%; Fig. 3 O). These results identify IL-1R1 as a
new marker that defines a population of nociceptors with mixed
peptidergic/NP properties.

Adult mouse DRG neurons have been classified into different
sensory subtypes based on their gene expression profiles

| Il Non-myeloid cells (CD11b")
Macrophages (Iba1*)
et Ml Neutrophils (Ly6G*)

Figure 2. IL-1B is produced in close association to IL-1R1* sensory innervation of the ankle joint in a mouse model of RA. RA was induced in pll1b-DsRed
mice by K/BxN serum transfer, and immunofluorescence microscopy was performed to visualize the expression of IL-1B and its receptor, IL-1R1, during the
early phase of disease. (A-D) IL-1B-expressing cells in the periarticular region of the inflamed ankle joint are located near IL-1R1* TRPV1* fibers 4 d after serum
transfer. (E-H) Representative confocal images showing that IL-1B (orange pseudocolor in E) is mainly expressed by infiltrating Ly6G* neutrophils (red cells in
F) and Ibal* macrophages (green in G). Nuclear staining (DAPI) is shown in blue (D and H) in the merged images. (1) Quantification of colocalization for DsRed
(IL-1B) and markers of neutrophils (Ly6G) and macrophages (Ibal). Data are presented as a percentage of all DsRed* cells (n = 3 mice; a total of 500 DsRed* cells
spread across all animals were counted). Scale bars: 20 um (D) and 25 pm (H).
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Figure 3. IL-1R1is expressed by TRPV1* DRG neurons in mice. (A) Immunofluorescence confocal microscopy of spinal cord sections from C578L/6 mice
shows that IL-1R1 (green) is expressed by a subset of DRG neurons (inset A’) that projects to laminae | and Il of the dorsal horn (delineated by dotted lines).
Antibodies directed against CD31 (white) and a-smooth muscle actin (a-SMA; red) were respectively used to stain blood vessel endothelial cells and pericytes/
fibroblasts, while cell nuclei were counterstained with DAPI (blue). (B-E) Representative confocal images showing IL-1R1 (B), TRPV1 (C), and P2X3 (D) ex-
pression in the spinal cord dorsal horn. (F-1) DRG sections from naive C57BL/6 mice were immunostained with antibodies against IL-1R1 (F), TRPV1(G), and I1B4
(H) to characterize the subtypes of neurons expressing IL-1R1. (J-M) The colocalization of IL-1R1 was also assessed in Sst"::Rosa26-tdTomato mice, in which
tandem dimer Tomato fluorescence (tdT) is driven by the Sst promoter. (N) Quantification of the percentage of DRG neurons expressing IL-1R1, TRPV1, P2X3,
Sst, CGRP, IB4, and TH. (0) Quantification of the percentage of IL-IR1* DRG neurons coexpressing commonly used markers of sensory neuron subtypes.
(P) Percentage of TRPV1*, P2X3*, Sst*, CGRP*, IB4*, and TH* neurons coexpressing IL-1R1 (n = 15 mice). Data are shown as mean + SEM. Scale bars: 200 pm
(A); 25 pm (A"); 50 um (E); 50 um (I); and 50 pm (M).
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(Usoskin et al., 2015; Zeisel et al., 2018). Having established that
IL-1R1* DRG neurons are small-diameter TRPV1* P2X3* IB4n€8
CGRP¢¢ C-fiber* (Fig. 3 and Fig. 4, A-F), we compared our
immunofluorescence results with single-cell RNA sequencing
(scRNA-seq) data from dissociated lumbar DRG neurons. This
comparison indicated that IL-1R1* DRG neurons mainly corre-
spond to a subset of the NP3/PSNP6 cluster of sensory neurons
(Fig. 4, G and H). We next performed a detailed analysis of
publicly available RNA-seq data from adult mouse DRG neurons
to identify neurotransmitters and neuromodulators involved in
the IL-1R1-mediated pain response, taking advantage of the open
source database produced by the Linnarson group (Usoskin et al.,
2015; Zeisel et al., 2018). This analysis confirmed immunohis-
tochemical findings showing that Sst, but not CGRP (encoded by
the Calca gene), is strongly expressed in NP3/PSNP6 sensory
neurons (Fig. 4 I and Table S1). Furthermore, the bioinformatic
analysis led to the identification of several other genes coding for
neurotransmitters and neuromodulators enriched in the NP3/
PSNP6 subpopulation and which may be involved in the noci-
ceptive effects of IL-1B, such as Grpr, Cck, Nts, Scg2, Pthlh, Cysltr2,
Nms, Nppb, and Mc3r.

Human TRPV1* DRG sensory neurons express IL-1R1

We next investigated whether human DRGs also express IL-1R1.
To this end, we immunolabeled human lumbar DRG sections
with antibodies directed against IL-1R1, TRPV1, and CGRP. First,
we confirmed the specificity of the anti-IL-1R1 antibody by
performing IL-1R1 immunostaining in fresh frozen human DRG
sections that had previously been incubated with a solution that
contained either an excess of the IL-1 receptor antagonist ana-
kinra, thus preventing subsequent binding of the primary an-
tibody to the IL-1R1 antigen or no blocking agent (Fig. 5, A and
B). As demonstrated, IL-1R1 immunoreactivity was not detected
in DRG sections preincubated with anakinra. As observed in
mice, we found that a subpopulation of neurons coexpressed IL-
IR1 and TRPV1 in human DRGs (Fig. 5, C-N). The percentage of
DRG neurons that expressed IL-1R1 was higher in humans than
in mice, with a ratio of 20% compared with 10% in mice (Fig. 5
0). Another notable difference between humans and mice is that
most IL-1R1* TRPV1* DRG sensory neurons also coexpressed
CGRP (79.2% + 10.0%; Fig. 5 P).

Activation of IL-1R1 in TRPV1* DRG sensory neurons triggers
pain in chronic inflammatory diseases

To examine the functional role of IL-1R1 receptors expressed in
nociceptors, we took advantage of transgenic mice constitutively
lacking IL-1R1 (Ilirl-/~ mice) and mice in which the Ilir] gene was
deleted specifically in TRPV1* neurons (referred hereafter to as
Trpvicre:Ilir1?/ mice) and evaluated the response to IL-1p. First,
we confirmed the specificity of the Trpvi¢r:Ilir1/f mouse line
by showing the absence of IL-1R1 protein in DRG tissues (Fig. 6,
A-D). Note that the specificity of the Ilirl-/~ (IlrI*/*) mouse line
has been extensively characterized elsewhere (Liu et al., 2019,
2015). Next, we injected recombinant murine (rm) IL-1B directly
into the mouse sciatic nerve and assessed activation of this
neuronal population. Here, expression of the transcription fac-
tors Fos and cyclic AMP response element-binding protein
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(CREB) was used as markers of cell activation (Lacroix et al.,
1996; Segond von Banchet et al., 2016; Senger et al., 2019). Im-
munolabeling for Fos and phosphorylated CREB (pCREB) in
tissue sections from WT mice treated with rmIL-1f confirmed
that TRPV1* DRG neurons are activated as early as 4 h after
injection (Fig. 6, E-P). Further analysis revealed that the marked
up-regulation of Fos and pCREB proteins induced by the IL-
1B treatment was prevented in Trpvicre:Ilir11f mice (Fig. 6 Q).

To determine whether IL-1B directly induces a neuronal re-
sponse, we used video-rate two-photon microscopy to conduct
in vivo calcium imaging in DRG neurons of IL-1B-treated
TrpvI©r knock-in mice transduced with Cre-dependent viruses
expressing the calcium sensor GCaMPé6s. No spontaneously oc-
curring calcium response was detected in the GCaMPé6s-transduced
sensory neurons. Although no significant response was detected
with vehicle application, we found that application of rmIL-1B to the
exposed L4/L5 DRGs of mice induced a transient calcium response
in a small subset of GCaMPés-labeled sensory neurons (Fig. 6, R-V).
These data suggest direct activation of TRPV1* sensory neurons by
IL-1B under in vivo condition, consistent with a previously reported
in vitro effect (Binshtok et al., 2008).

Since TRPV1* neurons play an important role in the per-
ception of normal nociception (Bélcskei et al., 2005), we next
assessed whether deficiency in IL-1R1 affects mechanical and
thermal behaviors under noninflammatory conditions. Impor-
tantly, constitutive knockout of the Ilirl gene did not impair
mechanical (Fig. 6 W) or thermal (Fig. 6, X and Y) nociceptive
responses. We then took advantage of the IL-1R1-restored mouse
line (Liu et al., 2015), which exhibits an IL-1R1-knockout phe-
notype that can be reversed in a cell-specific manner by Cre-
mediated recombination, to investigate whether IL-1R1* neurons
play an important role in the perception of pain after inflam-
mation. For this, we injected nociceptor-specific IL-1R1-restored
mice, designated hereafter as TrpvI*:IlIrl*/* mice, in the knee
with rmIL-1 and monitored the allodynic response using the
knee-bend test (Ferreira-Gomes et al., 2008; He et al., 2017). In
both WT and Trpvi€re:IlIrI™/* mice, the injection of IL-1f in the
knee capsule produced a transient allodynia during which gentle
movements of the knee were associated with nocifensive be-
haviors. This period peaked between 4 and 24 h after injection.
Ilir1/~ mice, however, did not show any allodynia after rmIL-
1B injection (Fig. 6 Z). This result indicates that IL-1B can directly
stimulate the TRPV1* DRG sensory neurons when released close
to their IL-1R1-expressing axons.

Mice subjected to active EAE, a common mouse model of MS,
were previously found to develop pain-related behaviors such as
mechanical allodynia, but not temperature hypersensitivity,
before disease onset (Olechowski et al., 2009). Given that mice
deficient for IL-1B or IL-1R1 are resistant to EAE (Fig. 7 A), we
next investigated the importance of IL-1R1 in pain in an animal
model in which the immune response underlying autoimmune
encephalitis is intact. Since we previously established that 100%
of IL-1R1* DRG neurons coexpress TRPV1 (Fig. 3 O) and that
these nociceptors become unresponsive to IL-1B when the Ilirl
gene is deleted (Fig. 6, A-Q), we tested Trpvicr:Ilir1"/ mice in
the EAE model. We observed that EAE develops in a similar
manner in terms of the time course and severity of motor
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Figure 4. IL-1R1is expressed by a subset of NP nociceptive sensory neurons in mice. (A-F) Representative confocal images showing immunostaining of
DRG sections with antibodies against TRPV1 (green), P2X3 (red), CGRP (blue), and IL-1R1 (orange). The white arrowheads point to examples of TRPV1* P2X3*
IL-1R1* neurons. (G) Quantification of the total number of IL-IR1-expressing neurons (per millimeter squared) in the L4-L6 DRGs, divided according to the
sensory neuron classification proposed by Usoskin et al. (2015): NP1 (TRPV1- P2X3* CGRP-), NP2 (TRPV1* P2X3* CGRP*), NP3 (TRPV1* P2X3* CGRP-), PEP1
(TRPV1* P2X3~ CGRP*), and PEP2 (TRPV1~ P2X3~ CGRP*); n = 5 mice. (H) The counts shown in G are expressed as a percentage ratio of the three sub-
populations of sensory neurons expressing TRPV1 (n = 5 mice). Data are shown as mean + SEM (G and H). (I) Bioinformatic analysis of genes associated with
neuropeptides, neuromodulators, and neurotransmitters in the different DRG neuronal subtypes using scRNA-seq raw data from Zeisel et al (2018). The
neuronal classification proposed by Usoskin et al. (2015) is also reported on top of the heatmap. For each gene, the heatmap shows the neuronal subtype with
the highest (red) and lowest (blue) expression. White corresponds to 50% of the maximal expression for each gene. Sequential sorting was performed to
visualize genes expressed specifically by the NP3 (PSNP6) population of DRG neurons. Scale bars: 100 um (A); 50 pm (E); and 50 pum (F).
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Figure 5. IL-1R1 is expressed by NP TRPV1* sensory neurons of human DRGs. (A and B) Validation of the specificity of the anti-IL-IR1 antibody by the
absence of IL-1R1 immunostaining in fresh frozen human DRG sections preincubated with the blocking agent anakinra. (C-N) Immunofluorescence confocal
microscopy of a postmortem human lumbar DRG immunostained for IL-1R1 (C, G, and K), TRPV1 (E, H, and L), and CGRP (D, I, and M). (0) Quantification of the
relative number of DRG neurons expressing IL-1R1 and TRPV1. Data are expressed as a percentage of the total HuC/D* neuronal population in lumbar DRGs and
represent means + SEM of five individuals. (P) The expression of CGRP was assessed in the total IL-1R1* TRPV1* double-positive subpopulation (set at 100%).
Data are shown as mean + SEM. Scale bars: 200 pm (B and F); 25 um (J); and 12.5 um (N).

deficits in both Trpvi®e::Il1r1"/f mice and their WT littermates
(Fig. 7 B). Accordingly, we found no gross difference between
Trpvi€re:Iliri/! and WT mice with respect to leukocyte infil-
tration in the spinal cord (Fig. 7, C-E). Despite the fact that
Trpvicre:Iliri?f mice exhibit an EAE similar to that of their WT
counterparts, TrpvI¢r:IlIr!"fl mice were resistant to allodynia
development (Fig. 7 F). The allodynic response was assessed
until the onset of EAE, a time that precedes the appearance of the
first signs of paralysis, which would impair the animal’s ability
to respond to tactile stimuli. These results indicate that the pain
associated with this preclinical model of MS is caused in part by
the activation of IL-1R1* nociceptors.

We next determined whether the contribution of IL-1RI1*
nociceptors to pain transmission is specific to EAE or is common
to a range of chronic inflammatory diseases. For that purpose,
Trpvi®re:Iliri/? conditional knockout mice were used in the
K/BxN serum transfer model of inflammatory arthritis (Boilard
et al., 2010). Similar to what we observed in EAE, we found
that TrpviCre:Iliri/f and WT mice developed arthritis with a
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comparable time course and severity (Fig. 8, A and B). Fur-
thermore, the recruitment of immune cells in the arthritic ankle
joint of Trpvicre::Ilir1f mice was unaltered compared with WT
mice (Fig. 8, C-E). However, Trpvice:Ilirl/ mice developed
significantly less mechanical allodynia than WT mice between
days 2 and 5 after K/BxN serum injection (Fig. 8 F), time points
that preceded the peak of arthritis disease (i.e., days 6-7). Taken
together with the finding that myeloid cells producing IL-
1B massively infiltrated the arthritic mouse hind limbs (Fig. 2),
this result suggests that the IL-18/IL-1R1 axis plays a key role in
the development of pain in inflammatory arthritis.

We next asked whether this mechanism could be essential in
an autoimmune-independent diseases such as OA. We found no
differences in the extent of cartilage damage and disease pro-
gression between WT, Ilirl~/~, and TrpvI®e:1lIrI*/* mice following
intra-articular injection of mono-iodoacetate (MIA) in the knee
(Fig. 9, A-C). However, when subjected to the knee-bend test
during the course of OA, IlIrl”/~ mice had significantly less
movement-evoked pain than WT mice at 2, 3, and 4 wk after
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Figure 6. IL-1B activation of IL-1R1 in TRPV1* sensory neurons induces pain-related behavior in mice. (A-D) Representative confocal images showing
the specificity of the Trpv1cre::/l1r1V" mouse line, as demonstrated by the loss of IL-1R1 immunoreactivity (red signal) in TRPV1* neurons (green) of Trpv1cre:
112r1%" mice (C and D) compared with their WT littermates (A and B). (E-P) WT (G, H, M, and N) and Trpv1e:l(1rIV (1, ], O, and P) mice were injected
unilaterally in the sciatic nerve with rmIL-1B and killed at 4 h after injection to assess expression in the L4-L6 DRGs of the cellular activation markers Fos (E-J in
red) and pCREB (K-P in red) in TRPV1* sensory neurons (green). Sham animals (E, F, K, and L) received the same surgery but without injection. White ar-
rowheads point to double-labeled neurons. (Q) Total counts of Fos* TRPV1* cells and pCREB* TRPV1* cells are reported as a function of the total tissue area (in
millimeter squared; n = 5 tissue sections per mouse, five mice per group). TrpvIWT/WT.:I(1r1%" mice were used as WT controls in A-Q. (R-V) The calcium
response was measured in L4/L5 DRG neurons by means of in vivo video-rate two-photon functional imaging after direct application of rmlIL-1f to the exposed
DRG. Representative examples of neuronal responses (indicated by the arrows) after application of either vehicle or rmiL-1B are depicted as color-coded
heatmaps of a typical imaging field (R and S) or as Ca?* curves (T and U). Quantification showing the significant calcium response to rmiL-1B over the vehicle
treatment is shown in V (n = 4 mice). (W-Y) Assessment of the nociceptive response to mechanical (W) and thermal (X and Y) stimuli in /Ir1~/~ mice (n = 13)
compared with WT mice (n = 7). () Pain was assessed using the knee-bend test in WT (n = 4), Il1r1"/~ (n = 6), and TrpvI<e::/[1r1"/" (n = 10) mice following intra-
articular injection of rmIL-1B in the knee. C57BL/6 mice served as control mice in W-Y, whereas TrpvIWT/WT:j[1rIWT/WT mice were used as WT controls in Z.
Data are shown as mean + SEM. Statistical significance was determined by a t test (V-Y) or by one-way (Q) or two-way repeated measures (Z) ANOVA followed
by a Bonferroni post hoc test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; compared with the WT group (Q), vehicle treatment (V), or the Il1r1~/~
group (Z). #, P < 0.05; ##, P < 0.0 ll1r1~~ mice compared with Trpv1°e::I{1r1" mice (Z). Scale bars: 50 pum (B); 50 wm (D); 50 um (J); 50 um (P); and 50 pm (S).
ns, not significant.

MIA injection (Fig. 9, D and E). Importantly, transgenic resto- the pain symptoms associated with OA. Altogether, our results
ration of IL-1R1 specifically in nociceptors using Trpvi*:IllrI*/*  demonstrate that neutralizing IL-1R1 in DRG nociceptors could
mice restored pain sensitivity thresholds to the levels seen in  help prevent associated pain symptoms in a diversity of chronic
WT mice. This finding suggests a predominant role for IL-1f in  inflammatory diseases.
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Figure 7. IL-1R1 deficiency in nociceptors prevents the development of pain without affecting signs of inflammation and paralysis in EAE mice.
(A and B) The clinical course of MOGss_ss-induced EAE was analyzed in mice constitutively lacking IL-1B (n = 10) or IL-1R1 (n = 7, A; n = 14, B), mice with
conditional deletion of IL-1R1 in TRPV1-expressing cells (Trpv1cre:/l1r1V" mice, n = 16), and their respective WT control group (n = 10, A; n = 16, B). C57BL/6
mice served as WT controls in A, whereas TrpvIWT/WT::/[1r1/" mice were used as WT mice in B-F. (C) Quantification of leukocyte infiltration as determined by
immunodetection of the CD45 pan-leukocyte marker in the spinal cord of WT and Trpv1©e::/1r1V" mice at 21 d after immunization (d.p.i.; n = 7 mice/group).
(D and E) Representative photomicrographs showing CD45 immunostaining in the spinal cord of EAE mice. (F) The development of mechanical allodynia was
assessed using von Frey filaments in the two groups following EAE immunization (n = 16-24 mice/group; two independent experiments were pooled). Data are
shown as mean + SEM. Statistical significance was determined by two-way (C) or two-way repeated-measures (A, B, and F) ANOVA followed by a Bonferroni
post hoc test. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; Il1r1~/~ mice compared with the WT group in A. &&&&, P < 0.0001; Il1b~/~ mice compared with the
WT group in A. **, P < 0.01;, ***, P < 0.001; Trpv1°e::/l1r1%" mice compared with the WT group in B and F. Data in B and F are representative of two in-

dependent pooled experiments. Scale bars: 500 pm (D and E). BL, baseline; ns, not significant.

Discussion
The chronic production of IL-1B in inflammatory diseases such

as MS/EAE, RA, and OA is one of the key factors involved in
their pathogenesis. Accordingly, inhibition of the cellular sour-
ces of IL-1B has been postulated to be an effective therapeutic
target for these diseases. The main contribution of IL-1B in these
conditions is thought to be mediated through the mobilization of
immune cells and the licensing of a pathogenic inflammatory
signature. However, our results collected in mice with MS-like
disease and arthritis revealed a cellular proximity between IL-
1B-producing protagonists and their yet-to-be-studied axonal
IL-1R1 target at the site of inflammation, whose stimulation leads
to the rapid activation of IL-1R1-expressing nociceptors. The fact
that IL-1B can directly affect TRPV1* nociceptors to induce and
stimulate pain in inflammatory diseases was established using
nociceptor-specific knockout and restored mouse lines. Finally,
we provide evidence that this mechanism of inflammation-
induced mechanical allodynia is likely shared by humans, as
they express the same receptor machinery in their sensory
neurons.

IL-1B expression by macrophages and neutrophils has long
been recognized as occurring in various inflammatory con-
ditions. However, despite interest in measuring IL-1p levels as a
biomarker of disease severity, little attention has been paid to its
nonimmune cell targets and nonclassical roles. This is in part
due to the lack of proper tools available to specifically assess the
expression of IL-1R1 and, in the present case, the difficulties
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pertaining to the study of DRG sensory projections. Recently,
new tools have enabled the imaging of the entire transparent
rodent body and its three-dimensional reconstruction (Cai et al.,
2019), which made possible the visualization of whole-body
neuronal projections in adult fluorescent transgenic mice,
even in the smallest tissues innervated by the peripheral ner-
vous system. Some of these imaging tools were used here to
show that IL-1B-producing myeloid cells are recruited next to
IL-1R1* nociceptors during EAE and RA. This is an important
observation, as the involvement of neurons in autoimmune in-
flammatory diseases remains elusive, and their response to in-
flammatory mediators is debated in the literature (Cook et al.,
2018). The observed proximity between IL-1B-producing innate
inflammatory cells and IL-1R1* neuronal processes indicates that
it may be possible to develop a local treatment aimed at neu-
tralizing the source, the target, or both, thus generating a
completely different outcome. For example, in the case of an
infection, controlling pain independently of inflammation would
be desirable. In the inflammatory conditions tested in the pre-
sent study, we report that IL-1B is predominantly produced by
myeloid cells. We did not detect expression of IL-1B in glial
satellite cells in the DRGs. However, we do not rule out that
these cells could produce IL-1B in other inflammatory con-
ditions, for example, following activation of toll-like receptors or
tissue damage (Watkins and Maier, 2002).

Until now, the effect of inflammation on DRG neuron sensi-
tization in animal models of inflammatory pain was assessed
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Figure 8. Deletion of the Il1r1 gene from nociceptors prevents allodynia without affecting ankle inflammation and swelling in the K/BxN arthritis
model. (A and B) The clinical course (A) and signs of arthritis (B) were monitored in mice with conditional deletion of IL-1R1in TRPV1-expressing cells and their
WT control mice (n = 16 mice/group; two independent experiments were pooled). (C) Quantification of safranin-O staining in the arthritic ankle of Trpvicre::
112r1%" and WT mice at 7 d after K/BxN serum injection (n = 10 mice/group). (D and E) Representative examples of histochemical staining (safranin-0/
hematoxylin/Fast green) showing the overall cytoarchitecture of articular cartilage of the tibiotalar joint at day 7. (F) The development of mechanical allodynia
was assessed in arthritic TrpvIcre::/1r1V! and WT mice at various times after K/BxN serum transfer (n = 16 mice/group; two independent experiments).
TrpvIWT/WT::[(1r1V " mice were used as WT controls in A-F. Data are shown as mean + SEM. Statistical significance was determined using a one-way (C) or two-
way repeated-measures (A, B, and F) ANOVA followed by a Bonferroni post hoc test. **, P < 0.01; ***, P < 0.001; **** P < 0.0001 compared with the WT

group. Scale bars: 200 um (D and E). Abbreviations: BL, baseline; d.p.i, days postinjection; ns, not significant.

mainly through the study of the TRPVI receptor (Arima et al.,
2015; Brandt et al., 2012; Chakrabarti et al., 2018). However, an
innovative concept was recently introduced by Arima et al., who
suggested that the DRGs, through their role in relaying infor-
mation from the periphery to the CNS and their physical con-
nection with the spinal cord, might provide an entry point for
immune cells to the CNS during EAE (Arima et al., 2012; Arima
et al., 2015). It was also shown that TRPV1* neurons, following
stimulation with the specific TRPV1 agonist capsaicin, are able to
induce central neurogenic inflammation, resulting in EAE re-
lapse. Whether TRPV1 agonists promote or inhibit inflammation
has, however, remained controversial. For example, TRPVI-
knockout mice exhibited higher lethality in the peak phase of
EAE but improved recovery in the chronic phase of disease
(Musumeci et al., 2011). Treatment with the novel TRPV1 agonist
SA13353 was found to reduce the production of proinflammatory
cytokines and the severity of symptoms in mouse models of RA
and EAE (for review, see Tsuji and Aono, 2012). Perhaps a better
way to directly tackle inflammatory pain in autoimmune dis-
eases would be to target IL-1R1 rather than TRPV1, which we
know is expressed by a heterogeneous pool of DRG sensory
neurons.

There are discrepancies in the literature regarding IL-1R1
expression by neurons and the effect that IL-18 has on them. Our
data demonstrate that IL-1Rl-expressing neurons comprise
~10% of the total lumbar DRG neuronal population. This finding
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is coherent with data from a recent single-cell transcriptomic
analysis of adult mouse lumbar DRG neurons (Usoskin et al.,
2015) in which 9% of the DRG neurons interrogated expressed
the IlIr]l gene. Another transcriptomic study failed to detect IL-
IR1 expression on enriched DRG nociceptors isolated using a
magnetic purification approach (Thakur et al., 2014). However,
the design of the latter study was based on the identification of
nociceptor-enriched genes through comparison with the gene
expression profile of dissociated whole ganglia, which likely
means that genes expressed in small populations of neurons
were underestimated. A recent study using a transgenic mouse
line in which a fluorescent reporter was driven by the Ilirl
promoter also failed to detect IL-1R1 in DRG neurons (Song et al.,
2018). This discrepancy between their results and the study of
Usoskin et al. (2015) and ours could be explained by the low
protein turnover of IL-1R1 in neurons under unstressed con-
ditions, resulting in an underestimation of IL-1R1 protein levels
using a transcription-based approach. Importantly, the demon-
stration here that the IL-1R1 protein is abundantly expressed by
human DRGs not only corroborates previous scRNA-seq studies
performed in both mice and humans (Ray et al., 2018; Usoskin
et al,, 2015), but extends them by supporting the translational
potential of targeting IL-1R1 to prevent pain. Still, one has to
keep in mind that IL-1R1 expression may change under patho-
logical conditions and that expression and function of IL-1R may
not be the same in all types of sensory neurons.
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Figure 9. Restoration of the Il1rl gene in nociceptors induces allodynia without affecting knee joint damage in the MIA OA model. (A-C) Repre-
sentative photomicrographs of histological sections of the knee joint of WT (n = 6), Il1r1~/~ (n = 7), and TrpvIcr::l1r1”/" (n = 5) mice at 4 wk after injection of MIA.
Tissue sections were stained with Toluidine blue and Fast green to identify the articular cartilage, and cartilage damage was quantified in the main structures of
the knee joint in both the ipsilateral (B) and contralateral (C) knee. (D and E) Mechanical allodynia assessment in the contralateral (D) and ipsilateral (E) knee
joint following intra-articular injection of MIA in WT (n = 6), IlIr1~/~ (n = 7), and TrpvIre:ll1r1/" (n = 5) mice. TrpvIWT/WT..l[1r1VT/WT mice were used as WT
controls in A-E. Data are shown as mean + SEM. Statistical significance was determined by two-way (B and C) or two-way repeated-measures (D and E)
ANOVA followed by a Bonferroni post hoc test. *, P < 0.05; **, P < 0.01; Il1r1~/~ mice compared with the other two groups. BL, baseline; LFC, lateral femoral

condyle; LTP, lateral tibial plateau; M, meniscus; MFC, medial femoral condyle; MTP, medial tibial plateau. Scale bar: 200 um (A).

The contribution of myeloid cells, such as macrophages and
neutrophils, to the development of pain after peripheral nerve
injury has been supported by a number of cell depletion studies
in mice (Liu et al., 2000; Nadeau et al., 2011). Although the role
of these innate immune cells in pain has been well established,
the mechanisms by which they stimulate nociceptors are not
well understood. We previously reported that mice lacking the
proinflammatory cytokines IL-18 and TNF or their type 1 re-
ceptors (IL-1R1 and TNFR1) have reduced nociceptive sensitivity
after peripheral nerve injury (Liu et al., 2000; Nadeau et al.,
2011). Similarly, intrathecal administration of anakinra, a nat-
urally occurring antagonist of IL-1R1, in combination with sol-
uble TNF receptor exhibited an anti-allodynic effect in a rat L5
spinal nerve transection model of neuropathic pain (Sweitzer
et al., 2001). Intraneural injection of recombinant forms of IL-
1B and TNF into the rodent sciatic nerve induced thermal hy-
peralgesia and mechanical allodynia (Zelenka et al., 2005).
However, it remains unclear whether IL-1B and TNF can directly
modulate nociception by acting on sensory neurons or whether
they indirectly affect pain via the recruitment of innate immune
cells at the site of inflammation, which in turn release pain-
inducing mediators. Here, we showed that the presence of IL-
1B in the sciatic nerve or DRG induces direct and fast activation
of TRPV1* DRG sensory neurons, a process that precedes the
infiltration of neutrophils and monocytes at the site of admin-
istration. Furthermore, we found that nociceptor activation in
this model is dependent on IL-1R1 expression by TRPV1* neurons
and that restoration of IL-1R1 expression in TRPV1* neurons of
Ilirl~/~ mice (via Cre recombination) is sufficient to restore pain
sensitivity. These findings suggest that the local production of
IL-1B can directly trigger pain through the activation of neuronal
IL-1R1. However, it should be kept in mind that in the context of
chronic inflammatory diseases, IL-1R1 may signal to pain in the
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absence of an agonistic ligand by interacting with ion channels,
as was suggested to occur for the IL-17 receptor in the context of
chemotherapy-induced neuropathic pain (Luo et al., 2019).

Using a conditional gene knockout approach that enabled us
to specifically block IL-1R1 signaling in neurons, we uncovered
that neuronal IL-1R1 is required for mechanical allodynia in-
duced in two of the most common autoimmune inflammatory
diseases. Deficiency in neuronal IL-1R1 signaling did not com-
promise peripheral and CNS inflammation, tissue damage, or
clinical symptoms (except pain) caused by either EAE or RA.
This finding is in agreement with previous work from us and
others that revealed that leukocyte and endothelial IL-1R1 are the
two main targets associated with the development and ampli-
fication of the autoimmune inflammatory response (Lévesque
et al.,, 2016; McCandless et al., 2009; Mufazalov et al., 2017; Paré
et al., 2018). However, the possibility that DRG sensory neurons
may be able to influence neuroinflammation during EAE re-
mains a topic of debate, especially with the discovery that sen-
sory nerve stimulation (via soleus muscles) triggers activation of
an endothelial IL-6-chemokine (C-C motif) ligand 20 amplifi-
cation loop, leading to the accumulation of leukocytes in the
dorsal vein at the L5 level of the spinal cord (Arima et al., 2012).
It is interesting to note that in EAE, the expression of IL-6 by
radio-resistant cells is regulated by IL-1B produced by macro-
phages and neutrophils (Dumas et al., 2014). Thus, whether and
how the IL-1B-IL-1R1 cytokine system fits into this concept of IL-
6-mediated inflammation amplifier remains to be experimen-
tally tested.

The idea of neurogenic inflammation was further substan-
tiated by another provocative study by Arima et al. (2015),
which showed that pain induced by the activation of TRPV1
neurons through the injection of capsaicin triggered EAE relapse
in mice. This observation appears to conflict with our finding
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that EAE disease course and severity are unaffected by the in-
hibition of pain in immunized Trpvi®e:IlIr1%1 mice. One ex-
planation for these differences could be that the initial immune
attack of the mouse CNS did not require pain, despite causing it,
but that the subsequent relapses were influenced by it. Future
work will help unravel mechanisms underlying the possible
relationship between IL-1R1 and other pain-associated receptors
such as TRPV1 and Nav1.8.

Similar to EAE, the intricate relationship between IL-1B signaling
and the development of RA is well recognized, as best demonstrated
by the fact that IL-1B-targeted therapies have been successfully
translated to the clinic (Dinarello et al., 2012). The efficacy and
excellent safety profile of anakinra and canakinumab (a human
anti-IL-1B monoclonal antibody) are reasons why these drugs are
the first-line indication in the treatment of juvenile arthritis (Sota
et al., 2019). We add to this body of work by demonstrating that
blocking IL-1R1 signaling in mice can also relieve pain associated
with RA. Because we did not observe any difference in disease in-
itiation and its progression in Trpvi®e:Ilir"/! mice compared with
their control counterparts, we argue that the presence of IL-1R1 in
nociceptors does not contribute to the pathogenesis of RA. The re-
sults discussed above suggest that IL-1R1-targeted therapies might
have dual effects on inflammation and pain. These findings warrant
future research aimed at understanding whether different cor-
eceptors and signaling pathways come into play.

In contrast to MS/EAE and RA, OA is not an autoimmune
disease. Yet, excessive proinflammatory cytokine production is
well known to occur in OA, with IL-1B among the most abun-
dantly expressed in joints of OA patients (Melchiorri et al.,
1998). Some studies that tested the efficacy of anti-IL-1 thera-
pies in animal models of OA have, however, reported disap-
pointing results regarding the potential benefit of such
treatment on disease progression (Nasi et al., 2017; van Dalen
et al., 2017), which could be explained by the diversity of the
models and their association (or lack thereof) with inflammation.
The impact on pain was also frequently overlooked in prior
studies. Here, we used the MIA model of OA, which induces
rapid cartilage degradation and pain as early as 1 wk after in-
jection. We found that deficiency in IL-1R1 had no significant benefit
on cartilage damage but prevented pain from developing. One must
keep in mind, however, that human OA is an inflammatory disease
that is more progressive than MIA and that inflammation is be-
lieved to play a central role in cartilage degeneration and joint
destruction in patients. Thus, patients suffering from inflammation-
driven OA may experience greater benefits than animal models
following treatment with anti-IL-1 drugs. Along this line, a recent
randomized phase 1 clinical trial revealed that lutikizumab, a hu-
man dual-variable domain immunoglobulin targeting both IL-
lo and IL-1B, reduces inflammation in OA patients (Wang et al.,
2017). The future will tell whether anti-IL-1 therapies can prevent
pain and treat inflammation-driven OA at the same time.

In summary, we demonstrated that IL-1R1 is expressed by a
subset of DRG nociceptors in both mice and humans and that the
projections and terminals of these sensory neurons are sur-
rounded by IL-1B-producing immune cells during chronic in-
flammatory diseases such as EAE and RA. Importantly, the
expression of IL-1R1 by TRPV1* nociceptors was demonstrated to
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be required for pain to develop in mouse models of EAE, RA, and
OA. Collectively, this work shows that the proinflammatory
cytokine IL-1B can directly induce pain by activating a new
nociceptive receptor, namely neuronal IL-1R1. Therapies aimed
at blocking IL-1B/IL-1R1 signaling could therefore have a dual
effect in chronic inflammatory diseases: attenuating inflamma-
tion and the subsequent tissue degeneration and concurrently
preventing the manifestation of pain.

Materials and methods

Animals

A total 0of 170 male and female mice were used in this study. For
EAE and OA experiments, both males and females were pooled
in the groups, as no difference in the induction or severity of the
disease had been observed. For the K/BxN serum transfer model,
only males were used in the experiment as there is a reported
sex bias in this model, with the females developing a less severe
disease. C57BL/6 mice were purchased from The Jackson Labo-
ratory or Charles River at 8-10 wk of age. Breeders for IlIrI*/*
mice were obtained from Dr. Ning Quan (Ohio State University,
Columbus, OH; Liu et al., 2015), pIllb-DsRed transgenic mice
from Dr. Akira Takashima (University of Toledo, Toledo, OH;
Matsushima et al., 2010), and Illb~/~ mice from Dr. Y. Iwakura
(University of Tokyo, Tokyo, Japan; Horai et al., 1998). TrpviCre
(JAX stock #017769), Iri/2 (1028398), SstCre (x013044), and
Rosa26-tdTomato (also known as Ai9 or RCL-tdT; #007905)
transgenic mice were purchased from The Jackson Laboratory.
All mouse lines were bred in-house at the Animal Facility of the
CHU de Québec-Université Laval Research Center, Stanford
Neurosciences Institute, or McGill University. WT littermates
generated from heterozygous matings were used as controls
according to the breeding scheme shown in Fig. S1. Mice had ad
libidum access to food and water.

EAE induction and clinical scoring

Mice were immunized by two s.c. injections of 100 ug of myelin
oligodendrocyte glycoprotein peptide 35-55 (MOGgs_ss5; MEVG-
WYRSPFSRVVHLYRNGK; Feldan) emulsified in 100 pl of
incomplete Freund’s adjuvant supplemented with 4 mg/ml heat-
inactivated Mpycobacterium tuberculosis H37Ra (BD Biosciences).
Pertussis toxin (200 ng/mouse; List Biological Laboratories Inc.)
was injected i.v. consecutive to MOGgs_s5 injections and again 2 d
later. Animals were monitored daily to assess weight loss and
scored using a grading scale of 0 to 5, following recommendations
of Stromnes and Goverman (2006): 0 = unaffected, 0.5 = partially
limp tail, 1 = paralyzed tail, 1.5 = loss in coordinated movements,
2 = hind limb paresis, 2.5 = one hind limb paralyzed, 3 = both hind
limbs paralyzed, 3.5 = hind limbs paralyzed and weakness in
forelimbs, 4 = one forelimb paralyzed, 4.5 = both forelimbs para-
lyzed, and 5 = moribund/death. Mice displaying a score of >2 re-
ceived daily manual bladder evacuation, and those with a score
>3.5 received daily s.c. injections of sterile saline.

Inflammatory arthritis induction and scoring
Inflammatory arthritis was induced using arthritogenic K/BxN
serum (200 pl), transferred by intraperitoneal injection to
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recipient mice on experimental days 0 and 2. The development
of arthritis was monitored daily by assessing the clinical index
of arthritis, graded on a scale from O to 12, as previously de-
scribed (Monach et al., 2007; Monach et al., 2010). Delta ankle
thickness was measured at the malleoli, with the ankle in a fully
flexed position, using a spring-loaded precision caliper (Kifer
dial thickness gauge J15; Kifer Messuhrenfabrik GmbH & Co.).

OA induction and scoring

The MIA model of OA was induced as previously described (He
et al., 2017). Briefly, under isoflurane anesthesia, mice were
injected intra-articularly with 5 ul of MIA at a concentration of
50 pg/pl diluted in physiological saline, with the needle passing
behind the patellar ligament into the joint space of the left knee.
Movement-induced behavioral reactions were assessed using
the knee-bend test in both the ipsilateral knee (injected) and the
contralateral knee, used as a measure of normal responsiveness
according to the scoring scale developed by Ferreira-Gomes et al.
(2008).

Mechanical and thermal sensitivity assessment

Mechanical allodynia was measured by placing mice on an ele-
vated wire-mesh grid and stimulating the plantar surface of the
hind paw with a set of calibrated von Frey filaments (Stoelting)
following our previously published method (Nadeau et al., 2011;
Petitjean et al., 2015). Animals were habituated to the testing
environment daily for at least a week before baseline testing.
Before experimentation, mice were allowed to acclimatize for at
least 1 h in individual plastic boxes with a wire mesh floor (Ugo
Basile). In brief, calibrated von Frey filaments (ranging from
0.008 to 2.0 g) were applied to the plantar surface of each hind
paw in ascending order of bending force by a blinded investi-
gator. Each monofilament was applied five times per paw, and
the number of nociceptive responses was recorded. The mono-
filament that produced nociceptive responses (paw withdrawal)
>60% of the time was used to determine the mechanical noci-
ceptive threshold, as described previously (Chaplan et al., 1994;
Mills et al., 2012).

Thermal nocifensive behaviors to heat and cold were as-
sessed as previously described (Bautista et al., 2007), using a
Hot/Cold Plate (Bioseb) set at 52°C and -2°C, respectively. The
time required to elicit a nocifensive response (latency), either
paw lifting or paw shaking or licking, shivering, or jumping, was
recorded for each animal following contact with the plate, with a
maximum time limit of 30 s on the hot plate and 60 s on the cold
plate to prevent paw pad injuries. Each animal was tested at least
three times for both temperatures, with a minimum 5-min in-
terval between tests.

Injection of IL-1B

For intraneural sciatic nerve injections, mice were anesthetized
under isoflurane, and the left sciatic nerve was surgically
exposed. Microinjections of 100 ng of carrier-free rmlIL-
1B (PreproTech) diluted in sterile PBS were made through a
pulled-glass micropipette (30-pm external diameter) connected
to a 5-pl Hamilton syringe. Treatment consisted of two micro-
injections of 0.5 pl each (1 pl total) into the two major branches
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of the sciatic nerve. For the knee injection, mice were anesthe-
tized under isoflurane and injected intra-articularly with 5 ul of
rmlIL-1B at a concentration of 2 pg/pl diluted in physiological
saline (10 pg total), with the needle passing behind the patellar
ligament into the joint space of the left knee.

In vivo DRG calcium imaging

TrpvI®™ mice transduced with the GCaMPés virus were imaged
as previously described (Wang et al., 2018). Briefly, Trpvicre
heterozygous mice at postnatal day 3 to postnatal day 6 of
age were injected s.c. with an adeno-associated virus 9
(AAV9) harboring Cre-inducible GCaMPé6s under the control
of a CAG promoter with expression enhanced by WPRE
sequence (AAV9.CAG.Flex.GCaMP6s.WPRE.SV40; Addgene;
100842-AAV9). In total, 5 pl of the virus (with a titer >1 x 1012 vg/
ml) was injected into the plantar area of the hind paw using a 25-
ul Hamilton syringe fitted with a 30G 1/2-gauge needle. Both
hind paws were injected. Mice were imaged 6 to 8 wk after the
injection. For functional imaging of calcium, a laminectomy was
performed to expose L4 and L5 DRGs. Anesthetized mice were
then fixed on a custom-made stabilization device, and Ca?* re-
sponses were recorded using a homemade video-rate two-
photon microscope following application of rmIL-1f (100 ng)
or vehicle directly to the exposed DRGs. In total, we recorded 968
neurons from 23 imaging fields of ~400 x 200 pm from four
mice. A response was considered positive when the peak of the
Ca** trace (AF/F, curve) during rmlIL-1B or vehicle application
was above F, + (Fp.max — Fp) x X, where x was a value chosen
between 2 and 3, depending on baseline stability, to ensure the
most reliable detection. F, and Fj,_mq, Were calculated as average
and maximum AF/F, values during baseline before the applica-
tion of vehicle or rmIL-1B, respectively.

Immunostaining and histology

Mice were overdosed with ketamine-xylazine and transcardially
perfused with PBS followed by 1% paraformaldehyde (vol/vol;
pH 7.4). DRG and spinal cords were dissected out from vertebral
columns, postfixed in 1% paraformaldehyde 48 h at 4°C, and then
transferred into PBS + 20% sucrose for at least 24 h before tissue
sectioning. To preserve the structural integrity of the dorsal
roots, some spinal cords were left inside the vertebral columns,
and a decalcification step was performed right after the post-
fixation step by incubating in 0.5 M EDTA (pH 7.4) for 4 d under
constant agitation, with a medium (decalcification solution)
change after 2 d. The spinal cords enclosed in the backbone were
then transferred for 1 d into a PBS + 20% sucrose solution and
embedded in Shandon M-1 Embedding Matrix (Thermo Fisher
Scientific) before sectioning. Depending on the experimental
protocol, DRGs and lumbar spinal cord segments were cut at a
thickness of 12 and 14 pm, respectively, using a cryostat (Leica
Biosystems).

Immunofluorescence labeling was performed according to
our previously published method (de Rivero Vaccari et al., 2012).
Primary antibodies used in this study are from the following
sources (catalog numbers in parentheses) and were used at the
indicated dilutions: guinea pig anti-TRPV1 (also known as cap-
saicin receptor; 1:1,000; Millipore; AB5566), rabbit anti-TRPV1
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(1:500; Alomone Labs; ACC-030), biotin-conjugated lectin from
Bandeiraea simplicifolia (1:1,000; Sigma-Aldrich; L2140), rat anti-
CD31 (1:1,000; BD Biosciences; 557355), goat anti-Iba-1 (1:1,500;
Novus Biochemical; NB100-1028), goat anti-IL-1R1 (1:100; R&D
Systems; AF-771), goat anti-IL-1B (1:100; R&D Systems; AF-
40INA), mouse anti-NeuN (1:250; Millipore; MAB377), mouse
anti-HuC/D (1:100; Invitrogen; A6455), rabbit anti-laminin
(1:1,000; Dako; Z0097), mouse anti-CGRP (1:1,000; Abcam;
ab81887), rabbit anti-P2X3 (1:2,000; Abcam; ab10269), rat anti-
Ly6G (1:2,000; BD Biosciences; 551459), rabbit anti-Fos (1:500;
Cell Signaling Technology; 2250), rabbit anti-pCREB (1:500;
Cell Signaling Technology; 9198), rat anti-CD45 (1:750; BD Bio-
sciences; 553076), and mouse anti-TH (1:1,000, Millipore;
MAB318). Secondary antibodies conjugated to DyLight 405
(1:100; Jackson ImmunoResearch Laboratories; 715-475-151) or
Alexa Fluor (1:200; Life Technologies Corp.), and streptavidin
(which binds to biotin) conjugated to Alexa Fluor 647 (1:1,000;
Thermo Fisher Scientific; $S21374) were used as secondary and
tertiary antibodies, whereas DAPI (1 pg/ml; Life Technologies
Corp.) was used for nuclear counterstaining. For the blocking of
anti-IL-1R1 antibody binding sites, fresh frozen human DRG
sections were preincubated with anakinra (Kineret; 150 mg/ml,
1:25 dilution) before incubation with the anti-IL-1R1 primary
antibody. Sections were imaged on a Zeiss LSM 800 confocal
microscope system equipped with 405-nm, 488-nm, 561-nm,
and 640-nm lasers or Zeiss Axio Scan.Z1 slide scanner equipped
with a Colibri 2 LED source. Confocal images were acquired
using a Zeiss Axiocam 506 Mono Camera and mosaics created
using the Zen 2.3 software (Blue edition).

Quantitative analyses
For the quantitative assessment of cell numbers in tissue sec-
tions prepared from the DRGs, spinal nerve roots, and ankle
joints, the analysis was performed on the digitized whole-tissue
sections acquired using a Zeiss Slide Scanner Axio Scan.Zl at
20x magnification. All cell counts were performed using Fiji
software (version 1.52h, National Institutes of Health [NIH];
Schindelin et al., 2012). Briefly, a grid was overlaid on the tissue
area of interest, and the Cell Counter tool in Fiji was used to man-
ually count (and classify) cells according to their protein expression
profile. Only cells with a DAPI-stained nucleus were counted. Data
were expressed as the average number of positive cells per milli-
meter squared of tissue section or the percentage of cells that ex-
pressed specific markers, and at least five tissue sections per animal
were analyzed. For the quantitative evaluation of inflammation in
the spinal cord, the proportional area of tissue immunostained for
CD45 within the entire coronal section was measured using images
taken with the Zeiss Slide Scanner Axio Scan.Z1. Thresholding val-
ues in Fiji were chosen such that only labeled product resulted in
measurable pixels on the digitized images. Contrast between positive
signal and background was maximized and held constant between
all images. Data were expressed as the proportional area of the spinal
cord cross section occupied by immunostaining, and at least three
tissue sections per animal were quantified. All quantifications were
performed blind with respect to the identity of the animals.

For the histomorphometric analysis of the ankle joint in the
K/BxN serum transfer arthritis model, tissue sections were
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processed as described above for the spinal cord (with a decal-
cification of 1 wk in 0.5 M EDTA) and stained with Safranin O,
hematoxylin, and Fast green (Lorenz et al., 2014). The sections
were digitized using an Axio Scan.Z1 slide scanner, and histo-
logical scoring was performed for both the tibiotalar and talo-
navicular joints by a blinded investigator, using the previously
described criteria (Chen et al., 2006; Pettit et al., 2001). At least
four tissue sections per animal were quantified for each joint.
The scores of both joints were averaged and used as the indi-
vidual animal score.

For the histopathological analysis of the articular cartilage in
OA mice, paraffin-embedded mid-coronal sections (8-pm-thick)
of the ipsilateral and contralateral knees were stained with To-
luidine blue and Fast green and scored as described before (Glass
et al., 1993; He et al., 2017).

Human tissues

Human DRGs were obtained from the NIH Neurobiobank
(University of Maryland, Baltimore, MD). The five tested sample
tissues were harvested from a 51-yr-old white female who died
of atherosclerotic cardiovascular disease; a 66-yr-old female who
died in a car accident; a 41-yr-old male who died of atheroscle-
rotic cardiovascular disease; a 48-yr-old white male who died of
hypertensive atherosclerotic cardiovascular disease; and a 65-
yr-old white male who died of atherosclerotic cardiovascular
disease. None of the subjects had reported inflammatory-related
comorbidities or CNS diseases, thus classifying them as unaf-
fected controls for this study.

Bioinformatic analysis of RNA-seq data

The bioinformatic analysis was performed using the publicly
available scRNA-seq database generated from adult mouse DRG
neurons (Zeisel et al., 2018), using raw sequence data deposited
at the National Center for Biotechnology Information Sequence
Read Archive under accession no. SRX3809270. Briefly, scRNA-
seq reads provided for each DRG subpopulation were aligned
against the neuropeptides listed in the NeuroPep database
(Wang et al., 2015) and those annotated with gene ontology (GO)
terms “neuropeptide signaling pathway” (G0:0007218), “neu-
ropeptide binding” (G0:0042923), and “neuropeptide receptor
binding” (GO:0071855).

Statistics

Statistical evaluations were performed using one- or two-way
ANOVA or repeated-measures ANOVA where appropriate. The
multiple comparisons adjustment was made using the Bonfer-
roni correction. All statistical analyses were performed using
GraphPad Prism software (v.7). A P value <0.05 was considered
statistically significant. All data in the graphs are expressed as
means + SEM.

Study approval

Experiments were approved by the Animal Welfare Committees
of Université Laval and McGill University, in accordance with
the Canadian Council on Animal Care policy or Stanford Uni-
versity’s Administrative Panel on Laboratory Animal Care.
Postmortem human DRGs were obtained from the NIH
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Neurobiobank and used under local ethical approval (#2012-
1138) by the Comité d’éthique de la recherche du CHU de
Québec-Université Laval.

Online supplemental material

Fig. S1 shows a schematic representation of the breeding strat-
egy used in the present study to generate cell-specific IL-1R1
restored and knockout mouse lines. Table Sl lists the differen-
tially expressed genes associated with neuropeptides, neuro-
modulators, and neurotransmitters among the different DRG
neuronal subtypes using scRNA-seq raw data from Zeisel et al.
(2018).
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Figure S1. Breeding strategy used to generate nociceptor-specific IL-1R1 restored and knockout mouse lines. (A and B) Schematic representation of
the breeding strategy used in the present study to generate cell-specific IL-1R1 restored (A) and knockout (B) mouse lines, as well as their respective WT
littermates. A shows the breeding strategy used to generate TrpvICe:llIrI”/" mice, whereas B shows how TrpvI€re:/lIrI/fl mice were generated by taking
advantage of the Cre-LoxP system. The Trpv1“r:ll1r1”/" mouse line was used to restore IL-1R1 expression specifically and only in TRPV1* cells, while the
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Trpv1cre:l(1r1Vf line was used to knock out the Il1r1 gene specifically in TRPV1-expressing cells. FL, floxed allele; he, heterozygous; ho, homozygous.

Table S1 is provided online as a separate Excel file and lists the differentially expressed genes associated with neuropeptides,
neuromodulators, and neurotransmitters among the different DRG neuronal subtypes using scRNA-seq raw data.
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