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INTRODUCTION: There is growing evidence that
neuroimmune interactions regulate im-
mune and inflammatory responses. In par-
ticular, nociceptors, the afferent neurons that
transmit the sensation of pain or itch in re-
sponse to noxious stimuli, modulate im-
mune cell functions in the peripheral tissues
that they innervate. One of the major noci-
ceptor targets are dendritic cells (DCs), which
orchestrate local inflammatory responses
and control adaptive immunity. Although

nociceptors have been shown to exert con-
trol over DCs in several pathophysiological
settings, the molecular mechanisms under-
lying nociceptor–DC cross-talk and the full
scope of nociceptor involvement in DC im-
munobiology remain to be established.

RATIONALE: To determine the communication
framework between nociceptors and DCs, we
established an in vitro coculture system for the
two cell types that enabled us to interrogate

bona fide nociceptor–DC interactions with-
out the involvement of other cell types. We
explored the impact of nociceptors on both
activated and steady-state DCs and defined,
at the molecular level, communication path-
ways that rely on either physical cell–cell con-
tact or nociceptor-derived soluble mediators.
Subsequently, we investigatedwhether key ob-
servations in our reductionist in vitro system
were predictive of the nociceptor–DC dialogue
in several in vivo scenarios.

RESULTS: We identified three molecularly dis-
tinct modalities of communication used by
nociceptors to controlDC functions in a context-
dependent manner. First, through the produc-
tion of the chemokine CCL2, nociceptors can
attract DCs and regulate their tissue dwell time.
Second, through the activation-induced release
of the neuropeptide calcitonin gene–related
peptide (CGRP), nociceptors induce a tran-
scriptional program in DCs characterized by
the expression of Il1b as well as multiple other
genes important for pathogen resistance and
sentinel functions, but no overt DC activa-
tion. Third, through direct electrical coupling,
firing nociceptors trigger a Ca2+ flux andmem-
brane depolarization in DCs and potentiate
DC responses to inflammatory stimuli such
as Toll-like receptor (TLR) agonists. Accord-
ingly, in vivo activation of dermal nociceptors
enhanced the sentinel phenotype of DCs in the
absence of immune stimuli and amplified DC-
dependent tissue inflammation in response to
TLR agonists. Furthermore, conditional abla-
tion of CCL2 in nociceptors compromised the
ability of dermal DCs to amplify local inflam-
mation in the skin and to initiate adaptive im-
mune responses against skin-derived antigens.

CONCLUSION: The multiple communication
modalities characterized here reveal how no-
ciceptors and DCs form a neuroimmune unit
that integrates the nociceptors’ rapid respon-
siveness and finely honed ability to sense and
respond to noxious stimuli with the DCs’ abil-
ity to coordinate innate and adaptive immune
responses. This merger of unique capabilities
allows the nociceptor–DC unit to act as an
advanced warning system. DCs in barrier tis-
sues are therefore a priori primed to antic-
ipate imminent pathogen encounter, respond
more vigorously upon painful pathogen ex-
posure, and fine-tune the subsequent or-
chestration of adaptive immune responses to
peripheral antigens.▪
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Nociceptors communicate with dendritic cells (DCs) using three distinct pathways to elicit context-
dependent responses. (i) The release of CCL2 attracts DCs and regulates their dwell time within barrier
tissues and antigen transport to lymph nodes; (ii) pain-induced release of the neuropeptide CGRP alters
the transcriptional profile of steady-state DCs to assume enhanced sentinel functions; and (iii) when activated
DCs contact firing nociceptors, the electrical activity amplifies their proinflammatory cytokine response.
IL-6/12/23, interleukin-6, interleukin-12, interleukin-23.
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It is known that interactions between nociceptors and dendritic cells (DCs) can modulate immune
responses in barrier tissues. However, our understanding of the underlying communication frameworks
remains rudimentary. Here, we show that nociceptors control DCs in three molecularly distinct ways.
First, nociceptors release the calcitonin gene–related peptide that imparts a distinct transcriptional
profile on steady-state DCs characterized by expression of pro–interleukin-1b and other genes
implicated in DC sentinel functions. Second, nociceptor activation induces contact-dependent calcium
fluxes and membrane depolarization in DCs and enhances their production of proinflammatory cytokines
when stimulated. Finally, nociceptor-derived chemokine CCL2 contributes to the orchestration of
DC-dependent local inflammation and the induction of adaptive responses against skin-acquired
antigens. Thus, the combined actions of nociceptor-derived chemokines, neuropeptides, and electrical
activity fine-tune DC responses in barrier tissues.

N
ociceptors are sensory neurons that
respond to noxious stimuli by eliciting
sensations of pain or itch and by mod-
ulating immune responses (1–4). Their
somata reside in dorsal root ganglia

(DRGs) with axons projecting to both the
spinal cord and peripheral tissues (5). Noci-
ceptors densely innervate barrier tissues (6)
such as the skin and mucosal surfaces, which
are also populated by dendritic cells (DCs).
These sentinel leukocytes sense pathogen-
and danger-associated molecular patterns
and play critical roles in antigen presentation
and control of adaptive immunity. Moreover,
DCs coordinate local inflammation by secret-
ing cytokines and other mediators (7). Intra-
vital imaging demonstrated that dermal DCs
congregate tightly around nociceptors, which
profoundly affect DC functions (8–10). How-
ever, although these observations suggest di-
rect cell–cell communication, the requirement
for physical DC–nociceptor interactions versus
a possible involvement of other intermediary
cells has not been established. Furthermore,
the role of nociceptor-derived neuropeptides
in DC–nociceptor communication has been
controversial, because neuropeptides appear
dispensable in some experimental settings but
exert either pro- or anti-inflammatory effects in
other models (8, 9, 11).

Nociceptors potentiate cytokine responses by
DCs in vitro
To address these outstanding questions, we
cocultured primary DRG neurons and Flt3L-
induced bonemarrowDCs (BMDCs) (fig. S1A).
Neuronal cultures contained >90% small-
diameter NaV1.8+ nociceptors (fig. S1B), where-
as BMDC cultures comprised three major sub-
sets: type 1 and 2 conventional DCs (cDCs) and
plasmacytoid DCs (pDCs) (fig. S1C). Using this
system, we examined DC responses to a Toll-
like receptor 7 (TLR7) agonist, imiquimod
(IMQ). Nociceptors did not affect DC matura-
tion marker expression upon IMQ treatment
(fig. S2A), but their presence significantly
enhanced DC production of interleukin-12
(IL-12) p40, the shared subunit of IL-12 and
IL-23 (Fig. 1A), as well as IL-6 (Fig. 1B). Con-
versely, production of another proinflamma-
tory cytokine, tumor necrosis factor a (TNFa),
was reduced (Fig. 1C). A likely mechanism
for TNFa down-regulation is the action of
calcitonin gene–related peptide (CGRP), a
nociceptor-derived neuropeptide known to
inhibit cytokine production by myeloid leu-
kocytes (11). Indeed, olcegepant, a CGRP re-
ceptor antagonist, rescued TNFa production
in DC–nociceptor cocultures, but had no im-
pact on DCs alone (fig. S2B). Olcegepant did
not affect DC production of IL-12 p40 or IL-6
regardless of whether nociceptors were pres-
ent (fig. S2, C and D), indicating that this
cytokine-promoting effect of nociceptors on
DCs was CGRP independent. By contrast, a
different myeloid cell type, BM-derived mac-
rophages, showed decreased or unaltered
cytokine responses to IMQ in nociceptor
cocultures (Fig. 1D). Finally, coculture with
hippocampal or cortical neurons did not alter

DC responses to IMQ (Fig. 1E and fig. S2E).
Thus, the potentiation of inflammatory cy-
tokine production (other than TNFa) is a
unique and specific consequence of the DC–
nociceptor dialogue.
Numerous stimuli can trigger inflamma-

tory cytokine production by DCs, including
damage-associatedmolecularpatterns (DAMPs)
released from dead or distressed cells (12). A
DC response to DAMPs from dead nociceptors
could conceivably provide a trivial explanation
for the exacerbated IMQ effect. However, DCs
cocultured with nociceptors killed by prior
fixation showed no enhanced cytokine produc-
tion (Fig. 1F and fig. S2F). Moreover, treat-
ment with lidocaine (a voltage-gated sodium
channel blocker) and QX314 (a membrane-
impermeable quaternary derivative of lido-
caine), which together produce a long-lasting
blockade of neuronal activity (13), dampened
the ability of nociceptors to potentiate DC
cytokine responses (Fig. 1G and fig. S2G).
Thus, nociceptors must be alive and electrically
active to exert their effects.
IMQ stimulated IL-12 p40 production in

only a fraction of DCs, which increased in a
concentration-dependent manner. Nocicep-
tor cocultures increased the frequency of
responding cDCs, but did not grossly alter
the amount of cytokine detected per cell (Fig.
1H). By contrast, IMQ treatment of pDCs in-
duced only a modest response, which was
minimally affected by nociceptors (fig. S3A).
Accordingly, the accumulation of interferon
b (IFN-b), a prototypical pDC cytokine (14),
was also unaffected by nociceptors (fig. S3B).
Finally, although only cDC2s and pDCs pro-
duced IL-6 in response to IMQ (fig. S3C), the
proportion of IL-6+ cDC2s was significantly
increased in the presence of nociceptors (fig.
S3C), whereas pDCs in nociceptor cocultures
showed only a weak, statistically nonsig-
nificant trend toward increased IL-6 produc-
tion (fig. S3C). Thus, cDCs, but not pDCs, are
affected by nociceptors, at least under these
experimental conditions, and the presence
of electrically active nociceptors increases
the proportion of DCs responding to a giv-
en dose of IMQ, presumably by decreasing
the activation threshold to initiate cytokine
production.

Cytokine potentiation requires concomitant
activation of nociceptors and DCs

The principal IMQ receptor, TLR7 (15), is ro-
bustly expressed in murine DCs, but it has
also been reported in sensory neurons (16). To
clarify its role in this process, we established
cocultures in which either nociceptors or DCs
had been harvested from Tlr7−/− mice (17).
Cytokine responses to IMQ were abrogated
when DCs lacked TLR7, whereas Tlr7−/− and
wild-type (WT) nociceptors equally enhanced
cytokine production by WT DCs (Fig. 1I and
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fig. S4A). Thus, nociceptors cannot by them-
selves elicit a cytokine response in DCs unless
DCs are directly stimulated. Nonetheless, con-
comitant IMQ stimulation of nociceptors was
required, but independently of TLR7. IMQ can
directly gate the cation channel TRPA1 (18, 19),
and a TRPA1 inhibitor prevented nociceptor
enhancement ofDC responses to IMQ (fig. S4B).
The fact that IMQ may act on both DCs and

nociceptors although through different mech-
anisms prompted us to investigate other im-
mune stimuli, including zymosan (a TLR2 and
Dectin-1 agonist), polyinosinic:polycytidylic
acid (poly-I:C) (a TLR3 agonist), lipopolysac-
charide (LPS) (a TLR4 agonist), flagellin (a

TLR5 agonist), or CpG (a TLR9 agonist). All
of these agents activate DCs, but only LPS,
flagellin, and zymosan stimulate nociceptors
by direct gating of ion channels or through
membrane receptors such as TLR4 or Dectin-1
(20–22). Accordingly, nociceptors potentiated
DC cytokine responses to zymosan, LPS, and
flagellin, but not to poly-I:C or CpG (Fig. 2A
and fig. S4C). Finally, as expected, nociceptors
potentiated the LPS response irrespective of
TLR7 expression by DCs (fig. S4D), indicating
that Tlr7−/− DCs did not respond to IMQ be-
cause of their inability to register the stimulus
and not because of other inherent functional
defects.

Next, to test whether nociceptors can also
enhance DC cytokine responses to infectious
microbes, we exposed nociceptor–DC cocul-
tures to viral [influenza A virus (IAV)], bacte-
rial (ultraviolet light–inactivated Streptococcus
pnneumoniae), or fungal (Candida albicans)
pathogens that are commonly encountered
in barrier tissues. IL-12 p40 was induced by
every tested pathogen, whereas IL-6 was
only induced by S. pneumoniae and IAV.
Regardless of the microbial challenge, co-
culture with nociceptors markedly enhanced
these responses (Fig. 2B and fig. S4E), sug-
gesting that the paradigm of nociceptor en-
hancement of DC cytokine production may
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Fig. 1. Nociceptors enhance proinflammatory cytokine production by IMQ-
activated DCs in vitro. BMDCs and nociceptors were cultured either separately
or together and treated overnight with proinflammatory stimuli. Indicated
cytokines were measured by ELISA in supernatants. (A to C) One representative
dose response to IMQ (left panels) and summary of 42 (n = 104) (A), 37 (n = 74)
(B), and 7 (n = 16) (C) experiments (right panels) for 1 mg/ml IMQ. (D) BM-
macrophages were cultured alone or in the presence of nociceptors and treated
with 1 mg/ml IMQ overnight. Summary of two experiments (n = 4) is shown.
(E) BMDCs were cocultured with nociceptors, cortical neurons, or hippocampal
neurons and treated with 1 mg/ml IMQ overnight. Summary of three experiments
(n = 6 to 10) is shown. (F) BMDCs were cocultured with live or fixed nociceptors
and treated with 1 mg/ml IMQ. Summary of three experiments (n = 6) is shown.

(G) DCs were cocultured with nociceptors and treated with lidocaine + QX314 and
1 mg/ml IMQ. Summary of four experiments (n = 8) is shown. (H) Intracellular
content of IL-12 p40 in BMDCs left untreated (full histograms) or treated with IMQ
(open histograms) in isolation or in a coculture with nociceptors was assessed
using flow cytometry. One representative experiment (left) and quantitation of
eight independent experiments (right; n = 16) are shown. (I) WT or Tlr7-knockout
(KO) DCs were cocultured with WT or Tlr7-KO nociceptors and treated with 1 mg/ml
IMQ. Summary of two (n = 4) experiments is shown. Across all panels, data
represent mean ± SD. Unpaired t test [(A) to (D)], one-way ANOVA with Tukey’s
multiple-comparisons test (F), or two-way ANOVA with Tukey’s multiple-
comparisons test [(E) and (G) to (I)] were used for statistical analysis: *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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apply to a host of inflammatory and infec-
tious stimuli.

DC cytokine potentiation by nociceptors
requires physical contact but not
neuropeptides

Upon activation, nociceptors release immuno-
modulatory neuropeptides, particularly the
CGRP-family of neuropeptides (CGRP, adre-
nomedullin, and intermedin) (23), substance P
(SP) (24), vasoactive intestinal peptide (VIP)
(25), and pituitary adenylate cyclase-activating
peptide (PACAP) (25). However, DC exposure
to neuropeptides did not enhance the IMQ-
induced production of IL-12 p40 or IL-6, nor
did neuropeptides induce de novo cytokine
responses in unstimulated DCs (fig. S4F).
Similarly, nociceptor-conditioned medium
did not enhance cytokine production by IMQ-
stimulatedDCs, suggesting that direct cell–cell
contact may be required (Fig. 2C and fig. S4G).

Indeed, when DCs and nociceptors were sep-
arated by a filter membrane in a Transwell de-
vice that allowed diffusion of soluble molecules
while preventing physical contact, DCs pro-
ducednomore IL-12 p40 thandidDCs cultured
alone (Fig. 2D). Furthermore, the accumulation
of IL-6 was decreased, albeit not quite to the
levels observed in DC-only cultures (fig. S4H).
Thus, the presence of electrically competent
nociceptors enhances DC cytokine responses
to multiple exogenous immune stimuli in a
manner independent of neuropeptides and
is dependent on physical contact or at least
close physical proximity.

Nociceptors attract DCs by secreting CCL2

Seeing the importance of physical contact for
nociceptor–DC communication in vitro, and
in light of their close proximity in vivo (9, 10),
we investigated whether nociceptors produce
DC chemoattractants. Indeed, all DC subsets

migrated toward nociceptor-conditioned me-
dium in a concentration-dependent manner
(Fig. 3A and fig. S5, A and B). Using two mul-
tiplexed assays, we identified several known
chemoattractants in nociceptor-conditioned
medium, with CCL2 and chemerin being the
most abundant (fig. S5, C and D). Although
chemerin immunodepletion had no effect,
CCL2 depletion significantly decreased DC
migration toward nociceptor-conditioned me-
dium (fig. S5E). Furthermore, medium condi-
tioned by nociceptors from Ccl2−/− mice (26)
showed a reduced capacity to attract DCs
(Fig. 3A and fig. S5, A and B), indicating that
CCL2 is the predominant DC chemoattractant
secreted by nociceptors. Accordingly, CCL2was
detectable in medium conditioned by WT but
not Ccl2−/− nociceptors (fig. S5F) and increased
after nociceptor stimulation with capsaicin or
IMQ (fig. S5G). A previous report linked CCL2
up-regulation in nociceptors to activation of
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Fig. 2. Nociceptors enhance DC cytokine response to various stimuli in a
contact-dependent manner. (A and B) BMDCs and nociceptors were either
cultured separately or together and treated overnight with indicated nonmicrobial
(A) or microbial (B) stimuli. Summary of two to five experiments (n = 4 to 12) is
shown. (C) BMDCs were cultured alone, with nociceptors, or in a transferred
medium in which nociceptors had been stimulated and treated with IMQ
overnight. Summary of three experiments (n = 4) is shown. (D) BMDCs were

cultured in Transwell plates either alone or with nociceptors in a manner that
allowed or prevented direct physical contact between the cell types. Summary of
three experiments (n = 6) is shown. IL-12 p40 concentration was measured
by ELISA in supernatants. Across all panels, data represent mean ± SD. Unpaired
t test [(A) and (B)] or one-way ANOVA with Tukey’s multiple-comparisons
test [(C) and (D)] were used for statistical analysis: *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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MyD88, a signaling adaptor critical for TLR
function (27). Indeed, LPS-induced ligation
of TLR4 resulted in markedly increased levels
of CCL2 (fig. S5H). Moreover, in agreement
with previous studies, unstimulated cDC1s
and cDC2s expressed uniformly high levels of
the CCL2 receptor CCR2, which was down-
regulated upon LPS exposure, coincident with
CCR7 up-regulation (fig. S5I) (28). In macro-
phages, CCL2 reportedly affects the secretion
of cytokines including IL-12 (29). However,
CCL2 had no effect on cytokine production
by DCs, because Ccl2−/− andWT nociceptors
potentiated the DC response to IMQ equally
(fig. S5J).

DCs engage in tight and dynamic interactions
with nociceptors

Next, using live-cell imaging, we observed that
DCs engaged in tight and highly dynamic phys-
ical interactions with nociceptors (Fig. 3B, fig.

S6A, andmovies S1 to S3). Furthermore, trans-
mission electron microscopy revealed a tight
apposition of the plasmamembranes of inter-
acting cells (Fig. 3C). To determine whether
similarly tight contacts occur in vivo, we trans-
planted BM from Zbtb46eGFP (where eGFP is
enhanced green fluorescent protein) donors
(30) into irradiated Scn10aCre/+Rosa26tdTomato/+

recipients. Nociceptors andDCs in these chime-
ras were identifiable by expression of tdTomato
andGFP, respectively, and confocalmicroscopy
analysis of dermal sheets revealed physical
contacts between them (Fig. 3D).

Nociceptor activation induces calcium flux in
interacting DCs

Given the importance of physical contact for
effective communication between nociceptors
and DCs and the observation that nociceptors
attract DCs by the secretion of CCL2, we per-
formed calcium imaging to assess whether and

how signals propagate from activated neurons
to interacting DCs. Upon treatment with the
TRPV1 channel agonist capsaicin (31), a rapid
increase in intracellular calcium occurred in
both nociceptors and DCs (Fig. 4, A and B, and
movie S4). Capsaicin did not elicit a calcium
flux in DCs alone (Fig. 4B and movie S5),
indicating that the capsaicin effect in cocul-
tures was caused by the activation of nocicep-
tors, not DCs.
To better approximate the anatomic rela-

tionship between DCs and nociceptors, we
next used a culture device with two compart-
ments connected by fluidically isolated micro-
grooves (32) (fig. S6B). Nociceptors plated in
one compartment, the “neuronal compart-
ment,” sprouted axons across the microgrooves
into the second compartment, the “DC com-
partment.” Capsaicin stimulation of nocicep-
tors in the neuronal compartment triggered
axonal action potential propagation to the DC
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Fig. 3. Nociceptors attract and physically interact with DCs in vitro.
(A) Migration of BMDCs toward WT nociceptor-conditioned, control, and Ccl2−/−

nociceptor-conditioned medium was assessed in a Transwell chemotaxis
assay (5-mm pore size). Summary of three experiments (n = 6) is shown.
Data represent mean ± SD. Two-way ANOVA with Tukey’s multiple-comparisons
test was used for statistical analysis: *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001. (B) DCs from MHC-II eGFP mice were cocultured with nociceptors
from NaV1.8Cre/+ ROSAtdTomato/+ donors and imaged using a lattice light-sheet

microscope (see also movies S2 and S3). Arrowheads highlight some of
the points of contact between nociceptors and DCs. Scale bars, 10 mM.
(C) Transmission electron micrographs of a DC contacting a nociceptor axon.
Two representatives of >10 similar images are shown. Scale bars, 1 mM.
(D) Dermal sheets from BM chimeric animals expressing tdTomato under the
NaV1.8 promoter in somatic cells and eGFP under the Zbtb46 promoter in
the hematopoietic lineage were stained with anti-S100 antibody to identify
Schwann cells and analyzed using confocal microscopy.
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compartment, where DCs interacting with
firing axonal segments fluxed calcium (Fig. 4C
and movie S6) comparably to conventional co-
cultures (fig. S6C). Although some DCs fluxed
calcium in sync with contacting axons (fig. S6D
and movie S7), calcium flux kinetics in the DC
population as a whole were nonuniform (Fig.
4C and fig. S6E), a phenomenon likely attrib-
utable to the dynamic nature of interactions,
asynchronous firing of different axons, non-
homogeneous distribution of TRPV-1 expres-

sion among nociceptors, and potentially also
differences between DC subsets.

Nociceptor activation induces membrane
depolarization in interacting DCs

Neuronal calcium influx is triggered by mem-
brane depolarization as action potentials prop-
agate along axons. Therefore, we wondered
whether the calcium flux in DCs was also
accompanied by membrane depolarization.
Indeed, using a ratiometric fluorescent probe,

Di-8-ANNEPS, capsaicin-induced membrane
depolarization was detected in both cell types
in DC–nociceptor cocultures. Capsaicin, how-
ever, had no effect on DCs alone (fig. S6F and
movies S8 and S9). Similarly, DCs and noci-
ceptors stainedwith BeRST, a voltage-sensitive
dye compatible with calcium imaging (33), de-
polarized and fluxed calcium in response to
capsaicin (Fig. 4D and movie S10).
Thus, nociceptors attract DCs by producing

CCL2 and engage in tight physical interactions,
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Fig. 4. Activation of nociceptors induces calcium mobilization and mem-
brane depolarization in DCs. (A) Cells in nociceptor:DC cocultures were
loaded with the calcium indicator dye Fluo-4 and imaged on a spinning disk
confocal microscope. Left panel shows the culture before and right panel
after the addition of capsaicin. Representative calcium traces of DCs and
proximal axons (arrowheads) are shown in bottom panels (see also movies S4
and S5). (B) Calcium traces of representative responder (green), equivocal
(yellow), and unresponsive (dark red) DCs (left panel) and quantification
of four independent experiments as shown in (A), comparing the proportion of
responder cells (middle panel) and the magnitude of calcium response in
each cell (right panel). (C) Nociceptors were plated in one compartment
(neuronal compartment) of a microfluidic device consisting of two wells that
were separated by fluidically-isolated microgrooves. Once neuronal axons
had grown across the microgrooves, DCs were added to the second compartment

(DC compartment). All cells were loaded with Fluo-4, and the DC compartment
was imaged on a spinning disk confocal microscope after capsaicin addition
to the neuronal compartment. Some of the responding DCs are highlighted,
and their calcium traces are shown in the lower panels. One representative
and a quantitation of three independent experiments are shown (see also
movie S6). (D) Cells in a nociceptor–DC coculture were loaded with Fluo-4 and
a membrane potential indicator dye (BeRST) and imaged on a spinning disk
confocal microscope. Top panels show the culture before and bottom panels
after the addition of capsaicin. Some of the responding DCs are highlighted,
and their calcium and membrane potential traces are shown in the right
panel. One representative of two experiments is shown (see also movie S10).
Across all imaging panels, warmer colors represent higher intracellular
calcium concentration except in (D), left panels, where they indicate lower
membrane potential (depolarization).
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presumably mediated by a yet-to-be-identified
adhesion molecule(s). Electrical nociceptor
activity induces in interacting DCs membrane
depolarization and calcium influx, which may
modulate myeloid cell functions (34, 35). In-
deed, calciummobilization has been shown to
increase IL-12 production by DCs upon TLR
stimulation (36). Accordingly, coadministra-
tion of a calcium ionophore boosted the DC
response to IMQ (fig. S7, A and B), analogous to
our observations in nociceptor–DC cocultures.

Nociceptors induce transcriptomic
changes in DCs

Next, to assess the impact of nociceptors
beyond amplifying DC cytokine responses,
we performed RNA sequencing (RNA-seq)
on DCs cultured in the presence or absence
of nociceptors and with or without IMQ or
capsaicin. Principal components analysis (PCA)
revealed that the mere presence of nociceptors
induced profound transcriptomic changes in
both resting and IMQ-treated cDCs (Fig. 5A).
Further marginal changes observable in PCA

space were induced by capsaicin stimulation
of cocultures, whereas isolated DCs showed
altered gene expression profiles only after ex-
posure to IMQ, but not capsaicin. Across all
conditions, 983 genes in cDCs were differ-
entially regulated by nociceptors with a fold
change (FC) ≥ 2 [false discovery rate (FDR) =
0.1]. Of the differentially regulated genes, a
minority (190 genes) were shared between
the IMQ-treated and -untreated groups, indic-
ative of two largely independently regulated
genesets, one modulated by nociceptors in
immature DCs (445 genes) and a second that
only became apparent upon DC activation
(348 genes) (Fig. 5, B to D, and fig. S8A).
Compared with cocultures with unstimulated
nociceptors, capsaicin exposure resulted in
only 16 differentially regulated genes in cDCs
(FC ≥ 2; FDR = 0.1) (fig. S8B), suggesting that
nociceptors express themost relevant commu-
nication molecule(s) constitutively, at least
in vitro. Finally, consistent with our earlier
observations (fig. S3, A to C), the presence of
nociceptors exerted minimal effects on pDCs,

in which only 38 genes were differentially ex-
pressed across all conditions (fig. S8, C and D).
Of the differentially regulated genes in IMQ-

activated cDCs, most were selectively regulated
in cDC1s, with a minority shared or unique to
cDC2s (Fig. 5C). Gene-set enrichment analysis
(GSEA) (37, 38) revealed that among the hall-
mark gene sets (39), the most prominently up-
regulated pathways in activated cDCs exposed
to nociceptors were the glycolysis and hypoxia
response pathways (fig. S9, A to C). This was
consistent with the increased proportion of
cytokine-producing cells (Fig. 1H and fig. S3C),
because these two gene sets correlate with
DC activation status (40). Additionally, GSEA
revealed a down-regulation in the unfolded
protein response and apoptotic signaling in
activated cDC1s, suggesting that nociceptors
may improve activated cDC1 survival. Most
of the differentially regulated genes in im-
mature cDCs (Fig. 5D) were likewise regulated
in a subset-specificmanner. However, the num-
ber of genes was comparable between cDC sub-
sets, and more genes were co-regulated. These

Hanč et al., Science 379, eabm5658 (2023) 31 March 2023 6 of 16

row min

row max

0.134
0.300

0.200

0.100

0.00

-0.100

0.179
0.202

0.224
0.247

0.200

PC1
(68.24%)

PC2
(26.04%)

cDC1

DCs + nociceptors + capsaicin

DCs + IMQ

DCs + nociceptors

DCs alone

DCs + nociceptors + IMQ

DCs + capsaicin

0.00

-0.200

0.157 0.223

0.213

0.203

0.193

0.182

0.172

0.300
0.200

0.100
0.00

-0.100
-0.200

-0.200

0.00

0.200

PC2
(15.98%)

PC1
(78.65%)

cDC2
)

%47. 1( 3
C

P

)
%12. 2( 3

C
P

A B

DC

348445 190

IMQ-treated

unstimulated DCs

nociceptors - + +
IMQ + + ++

cDC1

cDC1

nociceptors
capsaicin

-
- -

+
+ +
- +

cDC2

cDC2

-
- -

+
+ +
- +

82 13538

210 9591

Upregulated

cDC1

cDC2

Downregulated

cDC1

cDC2

Upregulated

cDC1

cDC2

Downregulated

123 29

317 3422

cDC1 cDC2

17

cDC1 up

cDC1 down

cDC2 up

cDC2 up

cDC2 down

cDC2 down

cDC1 down

cDC1 up

both up

both down
both down
both up

row minrow max

-

Fig. 5. Nociceptors modulate the DC transcriptome. (A) PCA of RNA-seq
data from DCs treated with IMQ or capsaicin in the presence or absence
of nociceptors. (B) Venn diagram of differentially regulated genes across
DC subsets in coculture with nociceptors compared with DC monoculture.
(C and D) Heatmap of genes differentially regulated (FC ≥ 2, FDR = 0.1)
between DCs stimulated with IMQ in monoculture and in coculture with

nociceptors (C) or DCs left untreated or treated with capsaicin in the
presence or absence of nociceptors (D). Colored bars and sections of the
Venn diagrams designate gene sets that are uniquely differentially regulated
in cDC1s (blue), cDC2s (green), or co-regulated in the two subsets (red).
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subset-specific effects of nociceptors likely re-
flect the fact that cDC1s and cDC2s perform
distinct roles in vivo. Nonetheless, the genes
co-regulated by nociceptors in cDCs included a
number of genes coding for proteins involved
in cDC sentinel functions, including pro–IL-
1b (fig. S9D and table S1).

CGRP induces an enhanced sentinel
phenotype in DCs

Unlikemany other proinflammatory cytokines,
IL-1b is synthesized as a pro-protein (pro–IL-
1b), which is proteolytically processed and
released upon inflammasome activation (41).
Consistent with the lack of overt DC activation
in unstimulated cocultures, mature IL-1b was
undetectable in coculture supernatants (fig.
S10A). However, nociceptors induced a pro-
nounced, contact-independent intracellular ac-
cumulation of pro–IL-1b in DCs (Fig. 6A), which

was reproduced by exposure to nociceptor-
conditioned medium (fig. S10B), suggesting
the involvement of a soluble signal(s) such as a
neuropeptide(s). Indeed, although SP, PACAP,
and VIP were inactive, adrenomedullin and
intermedin induced pro–IL-1b expression at
submicromolar concentrations, and aCGRP
was singularly potent even at picomolar con-
centrations (fig. S10C). Accordingly, CGRPwas
readily detectable in nociceptor-conditioned
medium and further increased after nociceptor
stimulationwith capsaicin (fig. S10D). The addi-
tion of a CGRP receptor antagonist, olcegepant,
to nociceptor-conditionedmedium attenuated
this effect (Fig. 6B). CGRP up-regulated pro–
IL-1b in DCs within 1 hour, reaching a plateau
within 4 hours (fig. S10E). Therefore, CGRP
pretreatment enhanced the release of mature
IL-1b from DCs upon inflammasome activa-
tion (fig. S10F). Finally, CGRP admixture to

IMQ also significantly increased pro–IL-1b up-
regulation in activated DCs. Simultaneously,
CGRP at high concentrations exerted a moder-
ate inhibitory effect on IL-12 p40 up-regulation
(fig. S10G). This cytokine pattern implies that
the DC response to CGRP is independent of
and distinct from canonical DC activation me-
diated by PAMP receptor ligation.
To further explore the impact of nociceptor-

derived CGRP, we compared the transcrip-
tomes of DCs cocultured with nociceptors with
those treatedwith CGRP or SP. Exposure to SP
did not significantly alter the transcriptional
profile of DCs (Fig. 6C and fig. S11A), in agree-
ment with the present data and with published
datasets (10, 42), which indicates a lack of SP
receptors on BMDCs (fig. S11B). Conversely,
CGRP treatment resulted in profound tran-
scriptional changes, reminiscent of, butnot iden-
tical to, those observed in nociceptor cocultures
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Fig. 6. CGRP induces an enhanced sentinel phenotype in DCs. (A and
B) The intracellular content of pro–IL-1b was determined by flow cytometry in DCs
that were directly cocultured with nociceptors, shared medium with nociceptors, or
cultured alone (A) and in DCs that were incubated with nociceptor-conditioned
medium in the presence or absence of CGRP receptor antagonist (olcegepant)
(B). Summary of three to four independent experiments (n = 6 to 8) is shown.
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(AC activator) overnight. The expression of pro–IL-1b was determined by flow
cytometry. Summary of three to six experiments per condition is shown (n = 6 to

12). (E) DCs were treated with CGRP or forskolin for the indicated periods of time
and lysed. Phosphorylation status of p38 was assessed by phospho-Thr180/
Tyr182–specific antibody in immunoblot analysis (top). Total p38 was used as a
loading control (bottom). One representative of three independent experiments is
shown. (F) DCs were plated in wells coated with CCL2 and treated with CGRP
overnight. Pro–IL-1b up-regulation was assessed by flow cytometry. Summary
of eight independent experiments (n = 16) is shown. Across all panels, data
represent mean ± SD. One-way ANOVA with Tukey’s multiple-comparisons
test (A), two-way ANOVA with Tukey’s multiple-comparisons test [(B) and (D)],
or paired t test (F) were used for statistical analysis: *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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(Fig. 6C and fig. S11, A and C), suggesting that
CGRP is a major, but not the only, nociceptor-
derived signal modulating steady-state DCs.
The accumulation of CGRP in the culturemedia
of unstimulated neuronal cultures (fig. S10D)
explains why the transcriptional profile of DC–
nociceptor cocultureswith or without capsaicin
showed only minimal differences (fig. S8B). Be-
cause of the high sensitivity of DCs toward
CGRP, the basal CGRP concentration in con-
ditionedmediumwas apparently sufficient for
a full-fledgedDC response, rendering a further
capsaicin-induced increase in CGRP function-
ally irrelevant.

CGRP enhances pro–IL-1b in DCs by signaling
through a cAMP-p38–dependent pathway

The CGRP receptor comprises a G protein–
coupled receptor (GPCR), which is the signal-
transducingunit, andreceptor-activitymodifying
protein 1 (RAMP1), which confers ligand spe-
cificity (43). Several G-protein subunits inter-
act with this receptor, including ai/o, aq, and as.
Functionally, Gai/o signaling reduces adenylyl
cyclase (AC) activity, whereas Gas signaling
activates AC and promotes cyclic AMP (cAMP)
accumulation, activatingprotein kinaseA (PKA)
(43) and certain mitogen-activated protein
kinases (MAPKs) (44). To determine the path-
ways involved in CGRP-mediated pro–IL-1b
up-regulation in DCs, we tested small-molecule
inhibitors and activators of the respective en-
zymes. A PKA inhibitor, H89, showed no effect,
whereas a p38MAPK inhibitor, doramapimod,
abrogatedCGRP-induced pro–IL-1b expression.
Conversely, an AC activator, forskolin, triggered
pro–IL-1b expression inDCs, even in the absence
of CGRP (Fig. 6D). Both CGRP and forskolin
induced rapid phosphorylation of p38 (Fig. 6E),
consistent with a model in which p38 activa-
tion lies downstream of CGRP-mediated AC
activation.Additionally, 8-Br-cAMP, ahydrolysis-
resistant synthetic analog of cAMP, drove pro–
IL-1b accumulation in DCs (fig. S11D), and
pertussis toxin–mediated inhibition of Gai/o
signaling further potentiated the effect of CGRP
(fig. S11E).
Finally, surface-immobilized CCL2 enhanced

the DC response to CGRP (Fig. 6E). CCR2 is a
Gai-coupled GPCR, so CCR2 signaling might
limit the availability of Gai subunits, resulting
in enhanced Gas coupling to the CGRP recep-
tor and increased cAMP signaling. Thus, in
DCs, CGRP receptor signaling through Gas
promotes cAMP accumulation and initiates
a p38-dependent program of gene expression
(fig. S11F). Indeed, GSEA confirmed an enrich-
ment of MAPK and p38MAPK pathway genes
in DCs after coculture with nociceptors (fig.
S11G). This reprogramming is molecularly dis-
tinct from classical activation and renders DCs
in a poised state of enhanced sentinel function
characterized by intracellular accumulation of
pro–IL-1b, as well as the up-regulation of genes

important for pathogen resistance, regulation
of phagocytosis, cell adhesion and migration,
cytokine responsiveness, and antigen presen-
tation (table S1).

Nociceptors promote cytokine production by
dermal DCs in vivo

Having identified three distinct mechanisms
by which nociceptors modulate DC functions
in vitro, electrical activity, release of CGRP,
and secretion of CCL2, we sought to determine
their in vivo relevance by examining mice in
which nociceptors had been ablated by treat-
ment with resiniferatoxin (RTX). As shown
previously (9) in mice with intact nociceptors,
topical treatment with IMQ stimulated the
production of IL-12 p40 and an influx of mono-
cytes and neutrophils, a response that was
markedly attenuated in RTX-treated animals
(Fig. 7A and fig. S12A). Consistent with our
in vitro observations, this correlated with a
markedly lower frequency of IL-12 p40+ der-
mal DCs in nociceptor-depletedmice (fig. S12B)
even though the overall number of dermal
DCs in steady-state skin was unaffected (fig.
S12C). Similarly, blocking nociceptor electri-
cal activity by topical treatment with lidocaine
and QX-314 mimicked the effect of denerva-
tion and prevented IMQ-induced IL-12 p40
accumulation, as well as monocyte and neu-
trophil influx into the skin (Fig. 7B and fig.
S12D). Finally, as predicted in vitro, both
nociceptor depletion and anesthetics also
decreased the accumulation of IL-6 (Fig. 7, C
and D). Thus, the ablation of nociceptors and
the pharmacological silencing of their electri-
cal activity using topical anesthetics amelio-
rate the pathology that drives DC-dependent
psoriasiform skin inflammation.

CGRP induces pro–IL-1b up-regulation in
dermal DCs in vivo

In contrast to our in vitro experiments, in
which the presence of nociceptors was suffi-
cient to up-regulate pro–IL-1b in DCs (Fig. 6A),
the in vivo ablation of nociceptors did not alter
baseline levels of pro–IL-1b in dermal DCs
(Fig. 7E). This was likely due to the fact that
nociceptors in vitro spontaneously release CGRP
(45), whereas resting nociceptors in vivo do
not (46). Accordingly, when control mice were
topically challenged with IMQ, dermal DCs
responded by upregulating pro–IL-1b (Fig. 7E),
resulting in the accumulation of mature IL-1b
in the tissue (Fig. 7F). By contrast, IMQ had
only a minimal effect on pro–IL-1b expression
and IL-1b accumulation in animals in which
nociceptors had been depleted (Fig. 7, E and F)
or silenced (Fig. 7, G and H) in a manner an-
alogous to the IL-12 p40 response. However,
local treatment with capsaicin, a stimulus for
nociceptors, but not DCs, failed to induce IL-12
p40 (fig. S12E), whereas pro–IL-1b was readily
up-regulated in nociceptor-sufficient animals,

an effect that was significantly dampened in
RTX-treatedmice (Fig. 7I). These findings were
consistent with our in vitro observations that
neuronal activation alone was insufficient to
drive IL-12 p40 expression in otherwise un-
stimulated DCs (Fig. 1I). Capsaicin treatment
also weakly induced pro–IL-1b up-regulation
in RTX-treated animals (Fig. 7I), possibly be-
cause of incomplete nociceptor depletion or
capsaicin-mediated activation of cutaneous
mast cells, which may express TRPV1 (47),
CGRP (fig. S12F), and other factors that could
induce pro–IL-1b up-regulation in DCs (48).
To determine whether the induction of pro–

IL-1b in DCs in vivo is CGRP dependent, we
induced sterile tissue inflammation by intrader-
mal corn oil injection.Admixture of olcegepant to
the injectate decreased pro–IL-1b up-regulation
in DCs, but had no impact on the influx of in-
flammatory cells (Fig. 7J and fig. S12G). Thus,
the activation of nociceptors and resultant
local release of CGRP are sufficient to drive
pro–IL-1b up-regulation in dermal DCs inde-
pendently of other inflammatory signals.

Nociceptor-derived CCL2 controls
DC-dependent dermal immune responses

Finally, we assessed the role of nociceptor-
derived CCL2. First, to determine CCL2 expres-
sion innociceptors,we examinedCcl2-mCherryfl/fl

reporter mice, which express a CCL2-mCherry
fusion protein deletable by Cre recombinase
(49). CCL2-mCherry was readily detectable by
confocalmicroscopywithin intra-axonal vesicle–
like structures in cutaneous fibers at steady
state (Fig. 8A) and after IMQ treatment (fig.
S13A). CCL2 expression was not restricted to
nociceptors, indicating that nociceptors are
not the sole source of CCL2 in murine skin.
Indeed, when Ccl2-mCherryfl/fl mice were
crossedwith Scn10aCre/+mice (hereafter called
NaV1.8DCCL2), the CCL2 reporter signal in non-
neuronal cells remained unchanged but was
extinguished in cutaneous nerve fibers (Fig.
8B and fig. S13B).
Upon topical treatmentwith IMQ,NaV1.8DCCL2

animals exhibited smaller inflammatory infil-
trates (Fig. 8C) and decreased IL-12 p40 acu-
mulation in the skin (Fig. 8D) compared with
Cre-negative littermates.DermalDCs expressed
high levels of CCR2 (fig. S13C), indicating that
they were equipped to sense and respond to
CCL2. Nonetheless, the number of DCs in
unperturbed skin was comparable between
NaV1.8DCCL2 animals and littermate controls
(fig. S13D), suggesting that nociceptor-derived
CCL2 was dispensable for the maintenance
of dermal DCs under steady-state conditions.
After IMQ treatment, however, NaV1.8DCCL2

mice showed a decrease in dermal DC num-
bers compared with their littermates (Fig. 8E),
suggesting that nociceptor-derived CCL2 serves
as a retention signal preventing DCs from pre-
maturily leaving the skin, thus allowing for a
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longer period of in situ cytokine production and
more pronounced local inflammation.
In addition to compromising local inflamma-

tory responses, we reasoned that the dysregula-
tion of DC migration may also interfere with
the acquisition of cutaneous antigens and affect
the initiation of adaptive immune responses.
To test this idea, we performed contact hyper-
sensitivity (CHS) experiments in which the
adaptive recall response depends on the ac-

quisition of hapten-modified self-antigens by
dermal DCs and their presentation to adaptive
lymphocytes in draining lymph nodes (50). In
naïve mice, exposure of ear skin to hapten
caused a comparable irritant response in
NaV1.8DCCL2 animals and littermates. By con-
trast, the DC-dependent recall response inmice
sensitized by prior hapten painting of abdom-
inal skinwas nearly abrogated in the absence of
nociceptor-derived CCL2 (Fig. 8F and fig. S13E).

Nociceptor ablation has previously been shown
to impair the ability of DCs to acquire viral
antigens in HSV-1–infected skin (51), suggest-
ing that this phenotype of NaV1.8DCCL2 mice
was likely caused by a defect in DC-dependent
primingof antigen-specific lymphocytes in lymph
nodes. Indeed,whenWTmicewere treatedwith
lidocaine and QX-314 to transiently inhibit no-
ciceptor activity in abdominal skin during sen-
sitization, the CHS response was compromised
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Fig. 7. Nociceptors control DC functions in murine skin in vivo. (A to
D) Ears of mice in which nociceptors had been left intact, were chemically
ablated, or were treated with lidocaine + QX314 were then treated topically
with IMQ cream. Cytokine accumulation was analyzed by tissue lysate ELISA.
Summary of three to four experiments (n = 7-9 per group) is shown. (E) Ears of
mice in which nociceptors had been left intact or were chemically ablated
were treated with IMQ cream, and pro–IL-1b expression by dermal DCs was
assessed by flow cytometry. One representative experiment (left) and
quantification of three independent experiments (n = 7 per group; right) are
shown. (F) Ears of mice were treated as in (E) and the accumulation of mature
IL-1b cytokine in the tissues was assessed by by tissue lysate ELISA. Summary
of three experiments (n = 7 per group) is shown. (G) Ears of mice in which
nociceptors had been left intact or ears treated with lidocaine + QX314 were
treated topically with IMQ cream, and pro–IL-1b expression by dermal DCs was

assessed by flow cytometry. Summary of five experiments (n = 11 per group) is
shown. (H) Ears of mice were treated as in (G) and the accumulation of
mature IL-1b cytokine in the tissues was assessed by by tissue lysate ELISA.
Summary of three experiments (n = 9 per group) is shown. (I) Ears of mice in
which nociceptors had been left intact or were chemically ablated were treated
with capsaicin and analyzed for pro–IL-1b expression by flow cytometry.
One representative experiment (left) and quantification of four independent
experiments (n = 8 per group; right) are shown. (J) Mouse ears were injected
intradermally with PBS, oil, or oil supplemented with olcegepant, and pro–IL-
1b up-regulation in DCs was analyzed by flow cytometry 16 hours later.
Quantitation of four independent experiments (n = 10 to 11 per group) is shown.
Across all panels, data represent mean ± SD. Two-way ANOVA with Tukey’s
multiple-comparisons test was used for statistical analysis: *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 8. Nociceptor-derived CCL2 is important for induction of local
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(NaV1.8DCCL2) (B) animals were fixed, stained with anti–b3-tubulin (green)
and anti-mCherry (magenta) antibodies, and analyzed using confocal
microscopy. Examples of neuronal fibers showing CCL2-mCherry signal are
highlighted with arrows (top panels). Surface reconstructions of high-
resolution images were performed in Imaris to illustrate the vesicle-like
staining pattern of CCL2 (bottom panels). Scale bars: 100 mm in top panels
and 2 mm in bottom panels. (C to E) Ears of NaV1.8DCCL2 or littermate control

mice were treated with IMQ cream and inflammatory infiltrate (C) and IL12-
p40 accumulation (D) and ratios of DCs between treated and untreated
ears for each animal (E) were analyzed. Summary data of six experiments
(n = 11 to 12 per group) is shown. (F and G) Mice were sensitized with DNFB
or treated with vehicle control (acetone) and challenged 5 days later with
DNFB on one ear and acetone on the other. Ear thickness was measured
at the indicated time points after challenge, and specific swelling was
calculated as the difference between the DNFB-treated ear and the vehicle-
treated ear for each animal. (F) NaV1.8DCCL2 or littermate control mice
(n = 7 to 8 per group). (G) WT mice treated with lidocaine + OX314 before
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in subsequently challenged ear skin where
nociceptors had always been fully functional
(Fig. 8G and fig. S13F). Thus, nociceptorsmust
be functional and express CCL2 for the proper
induction of both DC-dependent local inflam-
mation and the priming of adaptive immune
responses against dermal antigens.

Discussion

At the transcriptome level, our results indicate
that the presence of nociceptors induces num-
erous subset-specific changes in cDC1 and cDC2
cells in vitro. These differential responses likely
reflect the fact that cDC1s and cDC2s have
distinct roles in regulating immune responses,
and it will be important to determine whether
and how nociceptors regulate subset-specific
cDC functions in vivo. The present study has,
however, focused on exploring the communi-
cation signals emanating from nociceptors that
elicit a shared response by all cDCs in periph-
eral tissues.
We show here that nociceptors control DC

functions in a context-dependent manner
through at least three independent communi-
cation modalities. Without immune stimuli,
nociceptor-derived CGRP induces transcrip-
tional changes in steady-state DCs to up-
regulate sentinel function–related genes but
without causing overt DC activation. Upon
concomitant encounter of painful stimuli and
PAMPs, the nociceptors’ electrical activity is
sensed by interacting PAMP-stimulated DCs,
which increases the proportion of DCs that
commence the production of proinflammatory
cytokines. Thus, DCs are uniquely equipped to
sense and interpret nociceptor activation either
as a “reminder” to assume a poised, anticipatory
state when other inflammatory signals are ab-
sent or as an “alarm call” that amplifies their
collective inflammatory response to immune
stimuli. Additionally, by secreting CCL2, noci-
ceptors further fine-tune DC functions by pro-
moting their contribution to local inflammatory
responses and by regulating the egress of DCs
from the skin to optimize adaptive immune
responses (fig. S14).
CGRP receptor–mediated activation of AC

(52) exerts anti-inflammatory effects on im-
mune cells, including macrophages (53), neu-
trophils (46), gdT cells (54), and innate lymphoid
cells (55). By contrast, CGRP, even at high con-
centrations, had onlymodest inhibitory effects
on IL-12 p40 up-regulation in activated BMDCs
(figs. S4E and S10G). This was in contrast to
previously reported inhibitory effects of CGRP
on IL-12 production in granulocyte-macrophage

colony-stimulating factor (GM-CSF)–induced
BMDCs (11). Unlike the Flt3L-induced BMDCs
used here, GM-CSF cultures contain macro-
phages (56), which are potently inhibited by
nociceptors (Fig. 1D) and by CGRP (52). It is
therefore possible that the negative effect of
CGRPonGM-CSF–inducedBMDC culturesmay
be a consequence ofmacrophage contamination
rather than a true effect on DCs. Finally, taken
at face value, these observations also suggest
an inherent difference in the intracellular sig-
nalingpathways betweenDCsandmacrophages
whereby AC activation may exert strong inhib-
itory effects on the latter (57) but not the former.
In light of the exquisite sensitivity of DCs

toward CGRP, the close proximity of DCs and
nociceptors in vivo, and the anticipatory na-
ture of the DC response elicited by CGRP, it is
tempting to speculate that DCs may have spe-
cifically evolved to register and interpret a
local, limited release of CGRP induced by tran-
sient or subtle activation of nociceptors as a
warning signal that could portend a barrier
breach. By contrast, other immune cells that
do not a priori associate closely with nocicep-
torsmay only sense CGRPwhen it is released in
larger quantities, likely as a consequence of
severe tissue damage. In this context, CGRP-
induced anti-inflammatory and tissue repair–
promoting functions [e.g., through action on
macrophages (57) or neutrophils (46)] may
become more prominent.
Although CGRP did not induce IL-23 pro-

duction by DCs in this study, recent work has
demonstrated that nociceptor-derived CGRP
is sufficient and necessary for IL-23 produc-
tion by CD301b+ dermal DCs duringC. albicans
infection (8). The reasons for this discrepancy
remain unclear, but it is possible that CGRP-
induced IL-1b potentiates IL-23 expression
(58, 59) or that an intermediary cell type(s)
that generates as-yet-unidentified secondary
signals in response to CGRP to promote IL-23
production by DCs may be involved.
Aside from neuropeptides, our results high-

light a critical role for CCL2, a chemokine
whose expression by nociceptors has tradi-
tionally been considered a sign of pathology.
CCL2 can recruit inflammatory cells to DRGs,
resulting in peripheral sensitization and neu-
ropathic pain (60). However, some nociceptors
express CCL2 even at steady state, at least at
the mRNA level (3, 61, 62). Indeed, we show
here that the expression of CCL2 in cutaneous
fibers is not necessarily maladaptive but rath-
er serves to fine-tune DC-dependent immune
responses. Aside from DCs, other cell types, in-

cluding monocytes and memory T-cell subsets,
also express the CCL2 receptor CCR2; however,
the impact of nociceptor-derived CCL2 on these
populations remains to be explored. Moreover,
further work will be needed to determine how
CCL2 is regulated in nociceptors. In vitro, cul-
turednociceptors releasedCCL2 spontaneously,
and nociceptor stimulation further potentiated
CCL2 release, similar to the dynamics of neuro-
peptide release. In vivo, neuropeptide release
from nociceptors is tightly controlled (46), but
it remains to be established whether similar
rules apply to CCL2.
Although myeloid leukocytes are generally

not considered excitable, we observed that ac-
tivation of nociceptors induced membrane
depolarization and calcium flux in the inter-
acting DCs. Spreading of action potentials to
and among non-neural cells through mecha-
nisms including gap junctions and tunneling
nanotubes has been described previously (63),
and both of these communication modalities
have been reported for DCs (64). Whatever the
mechanism, our observations establish a pre-
cedent for a direct, contact-dependent, and
neuropeptide-independent communication
pathway between nociceptors and DCs, which
culminates in calcium mobilization in the lat-
ter. Intracellular calcium is a key second mes-
senger in numerous signaling processes. The
downstreammolecular signaling pathway(s)
promoting DC production of IL-12 p40 and
IL-6 but not TNFa remains to be clarified.
Nonetheless, synergy between MyD88- and
TRIF-dependent pathways in DCs has previ-
ously been shown to stimulate IL-12 and IL-6
secretion while having no effect on TNFa (65),
indicating that these cytokines are not co-
regulated. Conceivably, calcium mobilization
in activated DCs triggered by firing nocicep-
tors might act in an analogous manner to syn-
ergize with TLR-induced MyD88 signaling to
potentiate the expression of IL-12 p40 and IL-6.

Materials and Methods
Mice

C57BL/6J (JAX stock no. 000664), Ccl2−/− (JAX
stock no. 004434) (26), Tlr7−/− (JAX stock no.
008380) (17), Zbtb46eGFP (JAX stock no. 027618)
(30), and Ccl2-mCherryfl/fl (JAX stock no.
016849) (69) mice were purchased from The
JacksonLaboratory. I–Abb-eGFP (66), Scn10aCre

(67), and Scn10aCre/CreRosa26TdT/TdT (3) mice
were all described previously and were bred
at the Harvard Medical School animal facility.
All animal experiments were performed in
accordance with national and institutional
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and on 2 consecutive days after sensitization. All data are presented
as mean ± SD. Two-way ANOVA with Tukey’s multiple-comparisons test
was used for statistical analysis. For (F) and (G), *statistical comparison
between control DNFB-sensitized and control nonsensitized groups and

#statistical comparison between control DNFB-sensitized and NaV1.8DCCL2

DNFB-sensitized groups (F) or between control DNFB-sensitized and lidocaine
+ QX314 DNFB-sensitized groups (G). *, #P < 0.05; **, ##P < 0.01; ***,
###P < 0.001; ****, ####P < 0.001.
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guidelines, and were approved by the institu-
tional animal care and use committee and the
Committee on Microbiological Safety (COMS)
of Harvard Medical School. Both male and
female mice were used.

In vitro DC generation

Flt3L-induced BM-derived dendritic cells were
generated as described previously (68). Briefly,
BM was harvested from femurs and tibiae of
6- to 8-week-old C57BL/6J mice of either sex.
Red blood cells were lysed and BM cells were
platedwith 100 ng/ml recombinant Flt3L (R&D
Systems) in six-well plates (3 ml per well),
one plate per mouse in RPMI1640 medium
(Gibco) containing 10% fetal bovine serum
(FBS) (Gemini Bio), b-mercaptoethanol, gluta-
mine, and penicillin–streptomycin. Fully devel-
oped DCs were harvested and used on days 9
and 10.

In vitro macrophage generation

M-CSF–induced BM macrophages were gen-
erated as described previously (69). Briefly, BM
was harvested from femurs and tibiae of 6- to
8-week-old C57BL/6J mice of either sex. Red
blood cells were lysed and BM cells were
plated with 25 ng/ml recombinant M-CSF in
six-well plates (3 ml per well) in RPMI1640 me-
dium (Gibco) containing 10% FBS (Gemini Bio),
b-mercaptoethanol, glutamine, and penicillin–
streptomycin. Fully developed macrophages
were harvested and used on day 7.

In vitro nociceptor culture

DRG cultures were prepared from freshly iso-
lated dorsal root ganglia from adult (6- to
10-week-old) C57BL/6J mice of either sex as
described previously (45, 70) with minor mod-
ifications. Briefly, the dissection was performed
in ice-cold phosphate-buffered saline (PBS),
and harvestedDRGswere kept on ice through-
out. The first step of digestion was performed
for 10 min at 37°C in 3 ml of Hank’s balanced
salt solution (HBSS) (Gibco)with 60Uof papain
(Worthington), 0.5 mM EDTA, and 1.5 mM
CaCl2. The seconddigestion stepwas performed
in 3 ml of HBSS with 4 mg/ml collagenase
Type-2 (Worthington) and 5 mg/ml dispase
(Gibco) for 30min at 37°C. Cell suspensionswere
triturated by repeated pipetting in Leibovitz
medium (Gibco) supplemented with 10% FBS
(Gemini Bio), overlaid over 20% Percoll (GE
Healthcare) in Leibovitz medium, and centri-
fuged for 9min at 400gwith no brake. Pelleted
cells were washed in Neurobasal Medium
(Gibco) containing B27 supplement (Gibco)
andpenicillin–streptomycin before beingplated
(1-1.5×104 cells per well) in wells precoated with
poly-D lysine and laminin (both Sigma Aldrich)
inNeurobasalMedium containing B27 supple-
ment andpenicillin–streptomycin, supplemented
with5mMcytosine b-D-arabinofuranoside (Sigma-
Aldrich) and 25 ng/mlmouse recombinant NGF

(R&D Systems). Culture medium was refreshed
every 4 to 5 days, and neuronal culture was typ-
ically used between days 7 and 10 after plating.
Cultures were visually inspected to verify neu-
ronal recovery and depletion of contaminating
glial/Schwann cells before each experiment.

In vitro cortical and hippocampal neuron cultures

CNS neuronal cultures were prepared from
freshly isolated C57BL/6J mouse embryonic
day 18 (E18) to E19 brains, as described prev-
iously (71) with minor adjustments. Dissection
was performed in ice-coldHBSS+HEPES (both
Gibco), and tissues were digested at 37°C for
15min in 0.25% trypsin (Invitrogen) for hippo-
campus and 0.25% trypsin + 0.5mg/mlDNAse
I (Roche) for cortex samples. Tissues were ho-
mogenized by trituration in a fire-polished
Pasteur pipette, and single-cell suspensions
were generated by filtration through 100-mm
cell strainers. Cells were washed in Neurobasal
Medium containing B27 supplement (both
Gibco) and penicillin–streptomycin before being
plated in wells precoated with poly-D-lysine
and laminin (both Sigma-Aldrich) in Neuro-
basalMedium containing B27 supplement and
penicillin–streptomycin supplementedwith5mM
cytosine b-D-arabinofuranoside (Sigma-Aldrich).
Culture medium was refreshed every 3 days,
and the culture was used between days 7 and
14 after plating.

In vitro cocultures

For coculture experiments, neuronal medium
was replaced with fresh Neurobasal Medium
containing B27 supplement and penicillin–
streptomycin, and 1 × 105 BMDCs per well
were added in an equal volume of RPMI 1640
medium containing 10% FBS, b-mercaptoethanol,
glutamine, and penicillin–streptomycin. Cells
were allowed to interact for 2 to 4 hours be-
fore any treatments or stimuli were applied
unless stated otherwise. As a control, DCs were
plated and treated in an identical fashion in
wells containing an appropriate volume of
Neurobasal Medium with B27 supplement and
penicillin–streptomycin but no nociceptors.

In vitro treatments

All treatments were performed overnight un-
less otherwise stated. All CGRP treatmentswere
performed with 1 nM CGRP unless otherwise
indicated. Lidocaine (500 mM), QX314 (1 mM),
A967079 (10 mM), and olcegepant (100 nM)
were added to cultured nociceptors 2 hours
before the addition of DCs. H89 (1 mM), dora-
mapimod (1 mM), andpertussis toxin (100ng/ml)
were added to DCs immediately before CGRP
treatment. 8-Br-cAMP (1 mM) and forskolin
(50 mM) were used without further stimuli.
A23187 (400 ng/ml) was added to DCs along-
side IMQ, and the treatment lasted for 4 to
5 hours to avoid toxicity. Activating stimuli
were used at the following concentrations: IMQ,

1 mg/ml; zymosan, 10 mg/ml; LPS, 1 ng/ml;
flagellin, 20 ng/ml; CpG, 0.1 mM; poly I:C, 1 mg/
ml; PR-8 GFP IAV, multiplicity of infection
(MOI) = 0.25; S. pneumoniae, MOI = 5; and
C. albicans, MOI = 10.

Microbes

Influenza PR8-GFP was generously provided
by Dr. A. Garcia-Sastre at the Mount Sinai
School of Medicine and the NIAID Centers of
Excellence for Influenza Research and Surveil-
lance program. S. pneumoniae was a kind gift
from Dr. R. Malley at the Boston Children’s
Hospital andHarvardMedical School.C. albicans
was purchased from ATCC (MYA-2876).

ELISA

ELISA kits specific for IL-12 p40 (catalog no.
431601), IL-6 (catalog no. 431302), TNFa (cata-
log no. 430902), IFN-b (catalog no. 439407),
CCL2 (catalog no. 432704), and IL-1b (catalog
no. 432603) were fromBioLegend. The EIA kit
specific for CGRP (catalog no. 589001) was
from Cayman Chemicals. All assays were per-
formed as per themanufacturers’ instructions.

In vitro coculture flow cytometry analysis

In vitro cultures were harvested in warm 5mM
EDTA in PBS. Dead cells were then stained
using the LIVE/DEAD Fixable Near-IR Dead
Cell Stain Kit (Thermo Fisher) in ice-cold PBS.
Samples were washed and stained with fluo-
rescent antibodies for appropriate surface
markers in fluorescence-activated cell sorting
(FACS) buffer (1% FBS, 5 mM EDTA, and 0.1%
NaN3 in PBS) on ice. Intracellular stainingwas
performed using the Cytofix/Cytoperm kit (BD
Biosciences) according to the manufacturer’s
instructions. cDC1s were identified as XCR-1+,
and cDC2s were identified as CD11b+. For IL-6
intracellular stains, 10 mM brefeldin A was ad-
ded to the cultures 2 hours before harvest.

Transwell assays

BMDCs (0.5 to 1 × 106) in complete RPMI
1640 medium were added to the upper com-
partment of a Transwell setup (Corning) with
5-mm pores and allowed to migrate into the
lower compartment containing chemotactic
stimuli for 4 hours. Migrated cells were har-
vested, stained with fluorescent antibodies,
and enumerated by flow cytometry. The chem-
otactic index was calculated as the number of
cells transmigrated under a given condition
divided by the number of cells that trans-
migrated between two compartments con-
taining the same medium.

Chemotactic molecule identification

TheMouse Chemokine Array C1 (Ray Biotech)
and Proteome Profiler Mouse Chemokine Ar-
ray Kit (R&D) were used. Membranes were
incubatedwith nociceptor-conditionedmedium
or control medium overnight and developed

Hanč et al., Science 379, eabm5658 (2023) 31 March 2023 12 of 16

RESEARCH | RESEARCH ARTICLE
D

ow
nloaded from

 https://w
w

w
.science.org at H

arvard U
niversity on A

pril 10, 2023



as per the manufacturers’ instructions. The sig-
nal intensity for each spot was quantified in
Fiji 2.0.0 (72) using the Analyze Gels function.

SDS-PAGE and immunoblot analysis

Cells were harvested and lysed for 30 min in
Tris buffer, pH 7.5, with 1% SDS, 150 mMNaCl,
10 mM NaF, 2 mM Na3VO4, protease inhibi-
tors (Thermo Scientific), and benzonase (Sigma
Aldrich). After 30 min, the lysate was diluted
1 to 10 into Tris buffer, pH 7.5, with 1%NP40,
150mMNaCl, 10mMNaF, 2mMNa3VO4, and
protease inhibitors (Thermo Scientific) and
centrifuged for 15 min at 16,000g. Superna-
tants were prepared for SDS–polyacrylamide
gel electrophoresis (SDS-PAGE) in 6×Laemmli
buffer containing 60% v/v glycerol, 150 mg/ml
SDS, and 0.75 mg/ml bromophenol blue in
75 mM Tris–HCl, pH 6.8, in the presence of
100 mM dithiothreitol. Separation was per-
formed using 4 to 12% NuPAGE precast gels
(Invitrogen). Proteins were transferred onto
Immobilon P membrane (Merck Millipore)
using wet transfer, and the membrane was
blocked in 5%bovine serum albumin (BSA) in
PBS + 0.05% Tween-20. Binding of appropriate
horseradish peroxidase–conjugated antibodies
was revealed using Luminata Forte HRP sub-
strate (MerckMillipore) andAmershamImager
600 (GE Healthcare).

Live-cell imaging

Live-cell imaging was performed on a Nikon
Ti inverted microscope equipped with W1
Yokogawa Spinning diskwith 50-mmpinholes,
an Andor Zyla 4.2 Plus sCMOS monochrome
camera, and the OKO Lab Heated enclosure
with environmental control set to 37°C and 5%
CO2. A Plan Apo l 20X/0.75 DIC I objective
was used. All imaging experiments were per-
formed in a 1:1 mixture of RPMI 1640medium
containing 10% FBS, b-mercaptoethanol, glu-
tamine, and penicillin–streptomycin and Neu-
robasal Medium containing B27 supplement
and penicillin–streptomycin, both phenol red–
free, on m-Slide eight-well chambered coverslips
(Ibidi). For themicrofluidics experiments, Xona
Microfluidics chips with 150-mmmicrogrooves
were used.
For calcium-imaging experiments, cells were

loadedwith 10 mMFluo-4 calcium-sensitive dye
(Thermo-Fisher) for 20 min at 37°C. Immedi-
ately before imaging, Fluo-4–containingmedium
was replacedwith fresh, prewarmed, phenol red–
free medium, and the Fluo-4 signal was imaged
in a single confocal plane using a 488-nm laser
line and a GFP filter cube (Chroma ET 49002).
Formembranepotential imaging experiments

using BeRST dye, cells were loaded with 5 mM
BeRST and 10 mM Fluo-4 for 20 min at 37°C.
Immediately before imaging, dye-containing
medium was replaced with fresh, prewarmed
phenol red–free medium, and images were ac-
quired in a single confocal plane using 488-

and 640-nm laser lines and GFP and Cy5 filter
cubes (ET Chroma 49002 and 49006).
Formembrane potential imaging experiments

usingDi-8-ANNEPS, cellswere loadedwith 5 mM
Di-8-ANNEPS for 30min at 37°C. Immediately
before imaging, dye-containing medium was
replaced with fresh, prewarmed medium, and
imageswere acquired in a single confocal plane
using a 488-nm laser line andmCherry andCy5
filter cubes (ET Chroma 49008 and 49006).

Light-sheet imaging

The lattice light-sheet microscope was con-
structed as described previously (73) with a
Special Optics 0.65 numerical aperture (NA)
excitation objective, a Nikon CFI Apo LWD
25XW 1.1 NA detection objective, an Orca
Flash 4.0 v3 sCMOS camera (Hamamatsu),
and 488-nm (300 mW Coherent Sapphire)
and 560-nm (500mW,MPBCommunications)
lasers. The annular mask was set at 0.42 to
0.5 NA, and a square lattice in the dithered
mode was produced at the sample. The exci-
tation power (488 nm) was measured at the
back focal plane of the excitation objective at
~100 mW. The 25× detection objective was
paired with a 500-mm achromat lens for an
effective magnification of 63.7×, resulting an
image pixel size of 102 nm. The exposure time
for each plane was 4ms, and the stage-scanning
step size for the volumetric imagingwas0.5mm,
corresponding to 265 nm along the optical
axis after deskewing. Data were deskewed
and deconvolved with LLSpy (DOI: 10.5281/
zenodo.1059099) and cudaDeconv (source code
available at https://github.com/scopetools/
cudaDecon) using a PSF measured from a
0.1 mmbead. sCMOS residual charge artifact
was corrected using LLSpy (https://llspy.
readthedocs.io/en/latest/camera.html).

Electron microscopy

Nociceptors were grown on aclar coverslips
precoated with poly-D-lysine and laminin. DCs
were allowed to interact with nociceptors for
4 hours before the co-culture was fixed in a
mixture of 2.5% glutaraldehyde, 1.25% para-
formaldehyde, and 0.03% picric acid in 0.1 M
sodium cacodylate buffer, pH 7.4, for 1 hour
at room temperature. The cells were washed
in 0.1 M sodium cacodylate buffer, pH 7.4, post-
fixed for 30 min in a 1% OsO4/1.5% KFeCN6

solution, washed twice in water and once in
maleate buffer, and incubated in 1% uranyl
acetate in maleate buffer for 30 min. This was
followed by two washes in water and subse-
quent dehydration in grades of alcohol (5 min
each at 50, 70, and 95% and twice at 100%). The
sampleswere subsequently embedded inTAAB
Epon (Marivac Canada Inc.) and polymerized
at 60°C for 48 hours. After polymerization, the
aclar was peeled off, and ultrathin sections
(~80 nm) were cut on a Reichert Ultracut-S
microtome, picked up onto copper grids, and

stainedwith lead citrate. Grids were examined
under a TecnaiG2 Spirit BioTWIN transmission
electronmicroscope, and imageswere recorded
using an AMT 2k CCD camera.

Confocal imaging

For whole-mount imaging of dermal sheets,
ears of fromZbtb46eGFPScn10aCre/+ROSAtdTomato/+

animals were split into the dorsal and ventral
aspects, fixed in 4% paraformaldehyde (PFA),
permeabilized in 0.3% Tween in PBS, and
stained with S100b primary antibody over-
night in a blocking buffer containing 3% BSA.
Samples were washed and stained with anti-
rabbit Alexa Fluor 647 and anti-GFP Alexa
Fluor 488 antibodies. Ears of Ccl2-mCherryfl/fl

or Scn10aCre/+Ccl2-mCherryfl/fl animals were
split into the dorsal and ventral aspects, fixed
in 4% PFA, permeabilized in 0.3% Tween in
PBS, blocked in 3% BSA, and stained with
b3-tubulin andmCherry antibodies for 48 hours.
Subsequently, the samples were washed and
stained with anti-goat Alexa Fluor 568 and
anti-rabbit Alexa Fluor 647 antibodies.
For imaging of fixed nociceptor cultures, no-

ciceptors isolated fromNaV1.8Cre/+Rosa26tdTomato/+

were plated on m-Slide eight-well chambered
coverslips (Ibidi), and cultures weremaintained
as per the standard protocol. Cells were fixed
in 4% PFA, permeabilized in 0.3% Tween in
PBS, and stained with b3-tubulin primary anti-
body overnight in a blocking buffer containing
3%BSA. Sampleswere thenwashed and stained
with anti-rabbit Alexa Fluor 488 antibody.
Images were acquired on an Olympus IX83

inverted single-point laser scanning confocal
microscope with UPlan S Apo 20×/0.75 air or
UPlan X Apo 60×/1.42 oil objectives.

Image analysis

Calcium imaging andmembrane potential an-
alysis were performed in Fiji 2.0.0 (72). Images
are presented using the “Fire” LUT, and quan-
titation of signal was performed in selected
regions of interest across all time points using
the “Plot Z-axis profile” function to generate
single-cell response graphs. For statistical an-
alysis, cells were manually traced and were con-
sidered “responders” if their Fluo-4 signal showed
at least 50% increase (Fmax/F0 ≥ 1.5), “equivo-
cal” for a 30 to 50% increase (1.5 > Fmax/F0 ≥
1.3), and “nonresponders” if no change >30%
was observed (Fmax/F0 < 1.3). Only cells ob-
served contacting a firing axonwere considered
in the coculture condition.
For the ratiometric analysis of Di-8-ANNEPS

imaging, both channels were background sub-
tracted, and the ratio of channels was generated
for each pixel. The resulting image was thresh-
olded and is presented using the “Fire” LUT. A
binary mask created from original images that
included all neuronal bodies, as well as axons
and DCs, was used to assign a zero value to
background pixels.
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3D reconstruction of confocal images of skin
whole mounts and the generation of surfaces
were performed in Imaris 9.2.1.

RNA-seq

CD45.1 BMDCs were incubated with nocicep-
tors from CD45.2 mice or alone and treated
with the appropriate stimuli. After 8 hours, the
cultured cells were harvested, stained, and
sorted on a MoFlo Astrios EQ FACS-sorter
(Beckman). cDC1s were identified as CD45.1
+XCR-1+CD11b−, cDC2s as CD45.1+CD11b+XCR-
1−, and pDCs as CD45.1+XCR-1−CD11b−PDCA1+.
One thousand cells of each population were
sorted directly into 5 ml of lysis buffer (TCL
Buffer fromQiagenwith 1%b-mercaptoethanol),
and Smart-seq2 libraries were prepared as
previously described (74, 75) with slight mod-
ifications. Briefly, total RNA was captured and
purified on RNAClean XP beads (Beckman
Coulter). Polyadenylated mRNA was then se-
lected using an anchored oligo(dT) primer (5′-
AAGCAGTGGTATCAACGCAGAGTACT30VN-3′)
and converted to cDNA through reverse tran-
scription. First-strand cDNA was subjected to
limited polymerase chain reaction (PCR) am-
plification, followed by transposon-based frag-
mentation using the Nextera XT DNA Library
Preparation Kit (Illumina). Samples were PCR
amplified for 18 cycles using barcoded primers
such that each sample carried a specific com-
bination of eight base Illumina P5 and P7 bar-
codes, and samples were pooled together before
sequencing. Paired-end sequencing was per-
formed on an Illumina NextSeq500 using 2 ×
25 bp reads.

RNA-seq data analysis

Reads were aligned to the mouse genome
(GENCODEGRCm38/mm10 primary assembly
and gene annotations vM16; https://www.
gencodegenes.org/mouse/release_M16.html)
withSTAR2.5.4a (https://github.com/alexdobin/
STAR/releases). The ribosomal RNA gene an-
notations were removed from the GTF (general
transfer format) file. The gene-level quantifi-
cationwas calculated by featureCounts (https://
subread.sourceforge.net/). Raw reads count
tables were normalized in iDEP.91 {EdgeR
[Log2(CPM+1)]} (76). Samples with fewer than
2 × 106 uniquely mapped reads were excluded
to mitigate the effect of poor-quality samples
on normalized counts, and only genes with
minimal 50 counts per million (CPM) expres-
sion in at least two libraries were selected for
further analysis to exclude genes with little to
no expression across all conditions. Differen-
tially expressed genes were identified using
DESeq2 with FC ≥ 2 and FDR 0.1 cutoffs in
iDEP.91.
PCA was performed and visualized using

Population PCA software (https://cbdm.hms.
harvard.edu/LabMembersPges/SD.html) for 3D
PCA, or prcomp function within the R3.6.1

package and visualized using ggbiplot for 2D
PCA.Morpheus (https://software.broadinstitute.
org/morpheus/) was used for visualization and
heatmap generation. GSEA analysis (37, 38)
was performed in GSEA 4.0.1 software using
the Hallmarks gene matrix v7.1 (h.all.v7.1)
(39) and the Biocarta gene matrix v7.4 (c2.
cp.biocarta.v7.4) MAPK_PATHWAY and P38_
MAPK_PATHWAY subsets.

Antibodies

All antibodies used in this study are listed in
table S2.

In vivo nociceptor depletion

RTX-mediated depletion of nociceptor inner-
vation was performed as described previously
(9). Four-week-oldmice were injected on 3 con-
secutive days with 30, 70, and 100 mg/kg body
weight of RTX or vehicle control and allowed
to age for at least 6 weeks before being used
for experiments. Functional denervation was
confirmed using the tail withdrawal assay (9).

Imiquimod and capsaicin treatment in vivo

Eight- to 20-week-old C57BL/6J mice were
treated topically with capsaicin or IMQ as de-
scribed previously (9, 77). Briefly, for capsaicin
treatment,mice were anesthetized, and 250 mg
of capsaicin [50 mM in dimethyl sulfoxide
(DMSO)] was applied to the treated ear (125 mg
on each side) twice 12 hours apart. Pro–IL-
1b expression was assessed 24 hours after the
first dose. For IMQ treatment, mice were an-
esthetized, and 25 mg of IMQ in the form of a
5% cream (Aldara) was applied to the treated
ear three times 24 hours apart. Where indi-
cated, 3 hours before the IMQ treatment, 5 mg
of QX-314 and 5 mg of lidocaine in the form
of 4% cream (Aspercreme) was applied to the
treated skin. IL-1b, pro–IL-1b, IL-6, or IL-12
p40 expression was assessed 72 hours after
the first treatment.

Intradermal injections

Six- to 10-week-old C57BL/6J mice were an-
esthetized, and 10 ml of PBS, corn oil with 10%
DMSO, or corn oil with 10% DMSO and 5 mg/
ml olcegepant was injected intradermally into
the dorsal side of the ear pinna. After 16 hours,
the animals were sacrificed and the injected
area of the ear was separated and prepared for
flow cytometry analysis.

Skin flow cytometry analysis

Mouse ears were split into the dorsal and ven-
tral aspects, cut into small pieces, and incubated
for 40 to 60min at 37°Cwith constant shaking in
RPMI 1640medium containing DNase (100 mg/
ml) and TM Liberase (62.5 mg/ml) or DNase
(100 mg/ml) and collagenase D (2.5 mg/ml).
Single-cell suspensionswere generated using a
GentleMACS dissociator (Miltenyi Biotec), and
mechanical disruption was then performed

using 50-mm cell strainers. Single-cell suspen-
sions were kept on ice, dead cells were iden-
tified using the LIVE/DEAD Fixable Near-IR
Dead Cell Stain Kit (Thermo Fisher), Fc recep-
tors were blocked with the anti-CD16/32 anti-
body, and surface markers were stained with
the appropriate fluorescent antibodies in FACS
buffer (1% FBS, 5 mM EDTA, and 0.1% NaN3).
Intracellular staining was performed using the
Cytofix/Cytoperm kit (BD Biosciences) as per
the manufacturer’s instructions. DCs were iden-
tified as CD45+CD11c+MHC-II+CD64−Ly6C−,
monocytes as CD45+CD3−CD19−NK1.1−Ly6Chi

Ly6G−, and neutrophils as CD45+CD3−CD19−

NK1.1−Ly6CloLy6G+.

CHS

CHS experiments were performed as described
previously (78). Briefly, abdomens of 8- to
12-week-old C57BL/6J mice were shaved and
sensitized the following day with 50 ml of 0.5%
2,4-dinitro-1-fluorobenzene (DNFB) in ace-
tone or vehicle control. For experiments with
lidocaine + QX314, 5 mg of QX314 and 5mg of
lidocaine in the formof 4% cream (Aspercreme)
were applied to the shaved skin 4 hours before
sensitization and in 24-hour intervals there-
after for the following 2 days. On day 5, mouse
ears were challenged with 20 ml of 0.2% DNFB
in acetone or vehicle control, and ear thickness
was measured for the following 4 to 5 days.
Antigen-specific ear swelling was calculated as
DNFB-treated ear thickness minus control ear
thickness. The experimenter performing ear-
swelling measurements was blinded to mouse
genotype and treatment group.

Statistical analysis

Statistical analyses were performed as described
in figure legends. Student’s t test was used for
statistical comparisons of two experimental
groups. If more than two experimental groups
were present, one-way analysis of variance
(ANOVA) with Tukey’s multiple-comparisons
test was used. For analyses that included two
independent variables, two-way ANOVA with
Tukey’s multiple-comparisons test was used. All
statistical analyses were performed inGraphPad
Prism version 9.3.1 software.
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Nociceptors and dendritic cells tango
Nociceptors are afferent neurons that transmit pain and itch sensations in response to noxious stimuli. Although they
can influence dendritic cells (DCs), the specifics of nociceptor–DC cross-talk have been unclear. Han# et al. found
that nociceptors can control DC functions in at least three ways that are context dependent (see the Perspective by
Schraml). Nociceptors can attract DCs to tissues and regulate how long they stay there through the chemokine CCL21.
When triggered, nociceptors can release the neuropeptide CGRP, which induces a “poised” DC gene program. Finally,
nociceptors can trigger calcium ion flux and membrane depolarization in DCs, amplifying DC inflammatory responses
through direct electrical coupling. This system allows the immune system to integrate pain with inflammatory and
infectious signals in an exquisitely fine-tuned manner. —STS
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