Nociceptors

Sensory nerves that are
activated by noxious or
potentially damaging stimuli.
Two classes of nerve fibres,

A8 and C fibres, make up
nociceptors in humans,

and nociceptors are classified
according to their ability to
respond to mechanical,
thermal and chemical stimuli.
Free nerve endings in the
periphery serving as receptive
sites extend from neuronal cell
bodies in the dorsal root or
cranial nerve ganglia.
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host defence

Pain and immunity: implications for

to treat infectious diseases and chronic pain.

Pain is an unpleasant sensation that often accompa-
nies tissue injury, infection, cancer and inflammatory
diseases. Chronic disease conditions including diabetic
neuropathy, rheumatoid arthritis, osteoarthritis, irritable
bowel syndrome and ulcerative colitis are also charac-
terized by pain. Celsus defined pain (dolor) as one of
the four cardinal signs of inflammation (60 AD). Pain as
experienced by mammals is a critical defensive mecha-
nism leading to behavioural withdrawal from environ-
mental dangers and noxious stimuli. While acute pain
represents a mechanism to avoid further injury, chronic
pain can be maladaptive and pathologic, constituting a
major burden on society'.

Pain is initiated by the activation of somatosensory
neurons called nociceptors that innervate the skin,
cornea, genitourinary tract, gastrointestinal tract, joints,
bones, muscles and deep visceral tissues". Nociceptors
express molecular sensors at their peripheral nerve
terminals, such as transient receptor potential (TRP)
channels and G protein-coupled receptors (GPCRs)"**.
These sensors detect noxious inflammatory stimuli
including reactive chemicals, damaging temperatures
(either heat or cold), mechanical injury and ATP and
immune mediators, including bradykinin, histamine
and cytokines™*. Recent studies have shown that noci-
ceptors also detect bacterial pathogens and microbial
products, such as pore-forming toxins, during infection’.
Upon sensing these noxious stimuli, action potentials
are generated at nociceptor terminals that are trans-
duced to the dorsal horn of the spinal cord and relayed
to the brain to be processed and perceived as pain’.
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Abstract | Pain is a hallmark of tissue injury, inflammatory diseases, pathogen invasion and
neuropathy. It is mediated by nociceptor sensory neurons that innervate the skin, joints, bones,
muscles and mucosal tissues and protects organisms from noxious stimuli. Nociceptors are
sensitized by inflammatory mediators produced by the immune system, including cytokines,
lipid mediators and growth factors, and can also directly detect pathogens and their secreted
products to produce pain during infection. Upon activation, nociceptors release neuropeptides
from their terminals that potently shape the function of innate and adaptive immune cells.

For some pathogens, neuron-immune interactions enhance host protection from infection,

but for other pathogens, neuron-immune signalling pathways can be exploited to facilitate
pathogen survival. Here, we discuss the role of nociceptor interactions with the immune system
in pain and infection and how understanding these pathways could produce new approaches

Given the shared role of nociceptor neurons and the
immune system in protecting organisms from danger,
coordinating pain signalling with the immune response
may be physiologically advantageous.

Recent work has shown that neuroimmune inter-
actions in pain are bidirectional. Immune cells release
cytokines, lipids and growth factors that act on periph-
eral nociceptors and central nervous system (CNS)
neurons to sensitize pain signalling pathways (BOX 1).
In turn, nociceptors actively release neuropeptides from
their peripheral nerve terminals that modulate the activ-
ity of innate and adaptive immune cells**’. Nociceptors
regulate psoriasis-like inflammation®, host responses
to candidal infections’, inflammatory bowel disease'’,
fungal oesteoinflammation'' and Streptococcus pyogenes
skin infections'”. Enhancing our knowledge of nociceptor—
immune communication could therefore increase our
understanding of the pathophysiology of multiple dis-
eases and lead to new therapies for chronic pain and,
more broadly, pathological inflammation.

In this Review, we discuss the crosstalk that occurs
between nociceptors and the immune system during
pain processes and consider the therapeutic potential of
targeting these pathways. We review molecular mecha-
nisms by which immune cells and microbial pathogens
signal to nociceptors to modulate pain. We do not go in
depth into central sensitization mechanisms or micro-
glial cells, although we do discuss their significance in
pain. Finally, we discuss the important role of nociceptors
in regulating the function of innate and adaptive
immune cells, with a focus on host defence.
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Presynaptic nerve
Anatomically, the neuron
before the synapse that
delivers the chemical
neurotransmitter to the
postsynaptic neuron. In
figure 1, presynaptic refers to
peripheral sensory neurons
projecting from the peripheral
tissues to the spinal cord
whose cell bodies are located
in the dorsal root ganglia.
These presynaptic neurons
transmit pain signals from the
periphery to the spinal cord.

Dorsal root ganglia

(DRQ). Structures that contain
clusters of sensory neurons that
reside adjacent to the spinal
cord, which include nociceptors.
These neurons are pseudo-
unipolar in nature, meaning
that they have one axon with
two processes: one peripheral
axonal branch that innervates
the tissues of the body to
receive sensory information
and one axonal branch that
sends nerve impulses to the
spinal cord. DRG also house
satellite glia and macrophages
that can modulate the function
of sensory neurons.

Hyperalgesia

An increased sensitivity to a
normally painful mechanical or
thermal stimuli.

Box 1| Peripheral and central pain sensitization

Neuroimmune interactions modulate both peripheral
and central mechanisms of pain. Pain sensitization results
in allodynia, which is defined as an increased sensitivity
to normally innocuous stimuli (for example, touch), and
hyperalgesia, which is defined as an increased response
to painful stimuli (such as noxious mechanical force or
heat). Peripheral sensitization of pain occurs when
inflammatory cells and mediators induce signalling
pathways in afferent nociceptors that increase sensitivity
to mechanical or thermal stimuli. The peripheral nerve
terminals of nociceptors have been found to express a
wide range of receptors that detect immune cell-derived
mediators®'’. Inmune receptor signalling in neurons
leads to modification of membrane conductance
properties and gating of transient receptor potential
(TRP) and voltage-gated ion channels. Central
sensitization of pain occurs when molecular and
biochemical changes occur in the central nervous system
that augment the nociceptive afferent input, leading to
pain hypersensitivity'>'*. In neuropathic pain disorders,
central sensitization is a major driving force of the
persistence of pain that arises spontaneously even
without the presence of noxious triggers'***%. In the
spinal cord dorsal horn, resident microglia, astrocytes
and infiltrating T cells act on presynaptic nerve terminals
from first-order dorsal root ganglion neurons and
postsynaptic sites on second-order neurons to modulate
membrane excitability and synaptic transmission.

Immune system contributions to pain

Pain is often categorized into neuropathic or inflamma-
tory pain. Neuropathic pain is caused by direct nerve
damage or lesions in the neural circuitry that mediate
pain'*"°. By contrast, inflammatory pain is driven by
immune-associated stimuli and can be modelled in
animals using wound incision or injection of inflam-
matory stimuli, such as complete Freund’s adjuvant
(CFA), lipopolysaccharides (LPS) or carrageenan®'s.
Despite the nomenclature, immune cells contribute
significantly to both neuropathic and inflammatory
pain. Distinct immune cell types release mediators that
act on the terminals of nociceptors to drive peripheral
sensitization (FIC. 1a). In the CNS, microglia, astro-
cytes and T cells modulate neurotransmission and
spinal cord pain circuitry to drive central sensitization
(FIG. 1b). In acute inflammation, pain often parallels the
immune response and diminishes with resolution of
inflammation. In chronic diseases such as rheumatoid
arthritis and colitis, persistent immune triggers such as
cytokines mediate long-lasting pain.

Cytokines and pain

Cytokines released by immune cells and non-neuronal
cells (for example, epithelial cells) can directly act on
nociceptor neurons to sensitize pain pathways (FIC. 2).
Multiple studies have shown that cytokine and chemokine
signalling pathways impact pain-like behaviours in
animal models of inflammatory and neuropathic pain'®".
Pro-inflammatory cytokines, such as tumour necrosis
factor (TNF) and IL-1p, are pro-algesic by directly driving
nociceptor activation®'®. There is also emerging interest in
the role of chemokines in pain, which we discuss in BOX 2.

Our discussion of specific cytokines below is not exhaus-
tive, and further molecular profiling and investigations
of neurons are needed to accurately determine exact
immune molecules that act on nociceptors'®.

TNF and pain. TNF mediates pain sensitization mainly
through its receptor TNF receptor 1 (TNFR1); the role
of its other receptor, TNFR2, in pain is less clear'®'®".
TNF application to dorsal root ganglia (DRG) cell bod-
ies induces increased neuronal excitability that is
dependent on p38 signalling downstream of TNFR1
and tetrodotoxin-resistant sodium channels®. In a
mouse model of carrageenan-induced inflammatory
pain, mechanical hyperalgesia was markedly reduced in
TNFR1-deficient mice®’. In antigen-induced arthritis
(AIA) and collagen-induced arthritis (CIA) models,
systemic neutralization of TNF attenuated mechanical
and thermal hypersensitivity in the affected joints'®*.
Direct injection of TNF into the joint induces mechan-
ical hypersensitivity, and this hyperalgesic effect was
prevented by blockade of p38 signalling". In the CNS,
microglia and astrocytes also release TNF, which acts
on CNS neural circuitry to modulate pain signalling'®.
TNF increases the excitatory postsynaptic current
frequencies and synaptic transmission in the spinal
dorsal horn after intrathecal injection”. TNF block-
ade in human patients with rheumatoid arthritis
also significantly reduced pain, providing not only
symptomatic relief but also nociceptive signal changes
in the thalamus and somatosensory cortex involved in
pain perception™.

IL-1B and pain. IL-1p is a cytokine produced down-
stream of the inflammasome and is involved in driving
pain sensitivity in a number of diseases including
gout and rheumatoid arthritis. IL-1p was one of the
first cytokines demonstrated to cause hyperalgesia
upon both local challenge and systemic administra-
tion in mice”. Studies in mice and rats have shown
its hyperalgesic action in inflammatory pain mod-
els?*>?, IL-1p-mediated mechanical hyperalgesia in
carrageenan-induced pain depends on downstream pro-
duction of prostaglandins by cyclooxygenases*"*. IL-1p-
induced thermal hyperalgesia in arthritic joint pain also
depends on the upregulation of transient receptor poten-
tial cation channel subfamily V member 1 (TRPV1)*.
IL-1pB neutralization reduces carrageenan-induced
and IL-1B-induced mechanical hyperalgesia®"*>*°. IL-1f
was found to increase action potential generation in
DRG nociceptors in response to both mechanical and
thermal stimuli in rats””. IL-1 signalling in nociceptors
leads to sensitization of Na, 1.8 (also known as SCN10A)
sodium channels and increased excitability downstream
of p38 mitogen-activated protein kinase (MAPK) signal-
ling*. In the spinal cord, microglia produce IL-1f, which
acts on receptors expressed on dorsal horn neurons to
mediate central sensitization'.

IL-6 and pain. IL-6 is considered an important media-
tor of the pain response. Transcriptional analyses show
high expression of gp130, a component of the IL-6
receptor, in DRG neurons®. Compared with wild-type
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Postsynaptic neurons
Neurons located after the
synapse that receives the
chemical transmitter from the
presynaptic neuron. In figure 1,
postsynaptic refers to second-
order neurons in the dorsal
horn of the spinal cord that
project to the brain. These
neurons transmit the
nociceptive signals received
from presynaptic neurons.

Allodynia

A painful sensation caused by
a normally innocuous stimuli.
For example, mechanical
allodynia can be caused by
light touch or stroking.
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Fig. 1| Neuroimmune interactions at peripheral nerve terminals and the spinal cord in pain. a| During inflammation,
immune cells (mast cells, macrophages and/or monocytes, neutrophils and T cells) release mediators (cytokines,
chemokines, lipid mediators and growth factors) that act on peripheral nerve terminals of nociceptor neurons.

Action potentials are transduced via the dorsal root ganglia (DRQ) to the spinal cord and relayed to the brain to be
processed as pain. b | In the spinal cord dorsal horn, neuroimmune interactions contribute to central mechanisms of pain.
Primary DRG nociceptive afferents (presynaptic) release glutamate, ATP and chemokines from their central terminals,

mediating neurotransmission to second-order postsynaptic n

eurons that relay signals to the brain. T cells, microglia and

astrocytes also produce pro-inflammatory cytokines and growth factors that act on both presynaptic and postsynaptic
nerve terminals to increase neurotransmission and mediate central pain sensitization.

mice, II67~ mice showed attenuated hyperalgesia to
mechanical and thermal stimuli after footpad injection
of carrageenan'®*. Specific loss of gp130 from noci-
ceptors in mice attenuated mechanical hyperalgesia
during inflammation owing to diminished JAK-STAT-
dependent expression of the TRPA1 ion channel®. It has
been shown that spinal IL-6 contributes to central sensi-
tization and hyperalgesia in joint inflammation and that
application of soluble gp130 to the spinal cord to bind to
IL-6 dampens the central sensitization®.

IL-17 and pain. IL-17A drives inflammation and pathol-
ogy in several autoimmune and inflammatory diseases.
Intraplantar injection of recombinant IL-17A was shown
to induce hyperalgesia in mice, and this effect was
dependent on neutrophil recruitment and TNF-TNFR
signalling™. In an antigen-induced arthritis model
of pain, IL-17A levels were increased after induction of
arthritis and correlated with mechanical hyperalgesia®.
Neutralizing endogenous IL-17A prevented pain-like
behaviours in mice, with this effect being mediated via the
expression of TNF, IL-1p and CXC-chemokine ligand 1
(CXCL1) and neutrophil recruitment**. IL-17A was also

observed to directly induce rapid phosphorylation of
protein kinase B and ERK in DRG cell cultures, which
contain nociceptors™.

IL-10 and pain. IL-10 is a key anti-inflammatory
cytokine that also possesses anti-nociceptive prop-
erties. Several immune cell types are able to produce
IL-10, including regulatory T cells and macrophages.
Previous studies using II10”~ mice or neutralization
of spinal IL-10 activity prolonged the duration of
paclitaxel-induced mechanical allodynia**. Moreover,
exogenous IL-10 injection into the spinal cord decreased
paclitaxel-induced pain®. In the chronic constriction
injury model of chronic pain, both intrathecal injec-
tion of IL-10 and adenovirus-mediated spinal IL-10
delivery prevented mechanical allodynia and thermal
hyperalgesia”’. Addition of IL-10 to DRG cultures from
paclitaxel-treated mice suppressed spontaneous neu-
ronal discharges®. Electrophysiological studies in rat
DRGs showed that IL-10 directly suppressed the sodium
currents and mediated the downregulation of nociceptor
expression of voltage-gated sodium channels™

Thus, IL-10-mediated suppression of pain may involve
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Fig. 2 | Molecular mechanisms of immune-driven pain. Immune cells release mediators that are directly sensed by
nociceptor terminals to modulate neuronal excitation and pain transduction. IL-1p, tumour necrosis factor (TNF), nerve
growth factor (NGF), prostaglandin E, (PGE,), leukotriene B4 (LTB,) and bradykinin bind to their cognate receptors
expressed by nociceptor terminals to mediate neuronal firing. Receptor-mediated signalling cascades through PI3K, p38,
protein kinase A (PKA) and SRC lead to phosphorylation of the transient receptor potential (TRP) ion channels transient
receptor potential cation channel subfamily V. member 1 (TRPV1) and TRPA1, as well as the voltage-gated sodium
channels Na, 1.8 and Na, 1.9, leading to changes in gating properties of these ion channels. Phospholipase C (PLC) is
activated downstream of tropomyosin receptor kinase A (TRKA) or bradykinin receptor (B2R), mediating hydrolysis of the
inhibitory molecule phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P,) into inositol-1,4,5-trisphosphate (Ins(1,4,5)P,)
and diacylglycerol (DAQ). Ins(1,4,5)P, in turn mediates intracellular calcium release that sensitizes TRPV1 and TRPA1
activity. Immune mediators can also induce the upregulation of trafficking of ion channels to the membrane or increased
transcriptional expression of these ion channels. The overall result of these immune-mediated pathways in nociceptors is

the lowering of the threshold for responses to mechanical or thermal stimuli, leading to increased pain sensitivity.
MAPK, mitogen-activated protein kinase; PKC, protein kinase C; TNFR1, TNF receptor 1.

both its inhibitory effect on the expression of pro-algesic
cytokines such as TNF, IL-6 and IL-1f and a direct effect
on neurons.

GM-CSF and G-CSF in pain. Granulocyte-macro-
phage colony-stimulating factor (GM-CSF), granulo-
cyte colony-stimulating factor (G-CSF) and macrophage
colony-stimulating factor (M-CSF; also known as CSF1)
play key roles in myeloid immune cell function and
recently have been found to mediate pain'®. GM-CSF
and G-CSF signalling mediates cancer-evoked pain
in a JAK-MAPK-dependent manner”. GM-CSF medi-
ates CFA-induced inflammatory pain as well as pain in
experimental arthritis models*. M-CSF has also been
shown to act downstream of TNF-driven and GM-CSF-
driven inflammatory pain’'. Mechanistically, GM-CSF
mediates pain through the induction of interferon-
regulatory factor 4 (IRF4) and subsequent CC-chemokine
ligand 17 (CCL17) production by macrophages;

CCL17-deficient mice and IRF4-deficient mice showed
attenuated pain responses to GM-CSE, which were also
seen in other inflammatory pain models*.

Lipid mediators. Lipid mediators released during
inflammation play a major role in pain signalling.
Prostaglandins and leukotrienes drive pain sensitivity,
whereas pro-resolving lipids such as resolvins and
maresins have analgesic actions®*. The analgesic effects
of non-steroidal anti-inflammatory drugs (NSAIDs)
work by blockade of cyclooxygenase 1 (COX1) and
COX2, which convert arachidonic acid to prostanoid
precursors that are then converted to prostaglandins and
thromboxanes*. Five bioactive prostanoids are gener-
ated by this pathway, namely, prostaglandin E, (PGE,),
PGIL, PGD,, PGF,_ and thromboxane"'. Prostaglandin-
driven sensitization of peripheral nerve terminals is a
major cause of inflammatory pain®*’. A seminal study
in humans showed that PGE, injection in human
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Box 2 | Chemokines and pain

Chemokines are mediators of neuroimmune communication in pain that are involved

in both peripheral and central pain sensitization. CXC-chemokine ligand 1 (CXCL1)

and CC-chemokine ligand 2 (CCL2; also known as MCP1) are two chemokines associated
with pain. Mouse dissociated dorsal root ganglia (DRG) neurons express CXC-
chemokine receptor 2 (CXCR2), the cognate receptor for CXCL1 (REF?), and release

the neuropeptide calcitonin gene-related peptide (CGRP) upon stimulation with CXCL1
(REFE'). In complete Freund’s adjuvant (CFA)-induced inflammatory pain, CXCL1 and
CXCR?2 are induced in DRG neurons, and silencing CXCR2 expression in neurons

reduced mechanical allodynia and heat hyperalgesia’*’. In a knee osteoarthritis pain
model, mechanical allodynia was reversed by CC-chemokine receptor 2 (CCR2)
blockade'*'. CCL17 also critically drives pain in models of arthritis and joint inflammation
downstream of granulocyte-macrophage colony-stimulating factor (GM-CSF)-induced
macrophage activation*’. CCL2 and CXCL1 were also shown to be involved in neuronal
signalling in the spinal cord via engagement with their receptors in astrocytes to drive
neuropathic pain'****, CXCL13, CCL21 and CX,C-chemokine ligand 1 (CX,CL1; also
known as fractalkine) also modulate central pain sensitization by acting through microglia
and astrocytes in the spinal cord. After spinal nerve ligation, CXCL13 levels were increased
in spinal dorsal horn neurons; intrathecal injection of CXCL13 also induced pain and
astrocyte activation'**. CXCL13-induced pain depended on expression of its cognate
receptor, CXCRS5, by astrocytes and activation of the downstream ERK signalling
pathway***. After nerve injury, neuronal CCL21 is upregulated in nociceptor afferents and
transported to presynaptic terminals in the dorsal horn, where it causes microglial P2X4
receptor upregulation and mediates tactile allodynia'*. Spinal administration of CX,CL1
dose-dependently evoked mechanical allodynia and thermal hyperalgesia in neuropathic
pain models, and blocking spinal CX,CR1 signalling reduced both nociceptive
responses’*®. CX,CL1 is expressed by neurons, and its receptor, CX,C-chemokine
receptor 1 (CX,CR1), is expressed by microglia and upregulated after neuropathy*’.

volunteers caused hyperalgesia®. Peripheral nociceptive
terminals express GPCRs for several prostanoids: EP1-
EP4, which bind to PGE,, DP1 (also known as PGD,
receptor) and DP2 (also known as PTGDR2), which bind
to PGD,, and the prostacyclin receptor (IP), which
binds to PGI, (REF.*). Activation of the DP1, EP2, EP4
and IP receptors mediates an increase in neuronal
cAMP levels, while EP1 receptor activation induces
calcium mobilization*’. Peripheral inflammation also
induces COX2 expression in CNS neurons, leading to
accumulation of PGE, levels in cerebrospinal fluid and
modulation of pain via central mechanisms*. While
EP1-EP4 augment TRPV1 activity via protein kinase C
(PKC)-dependent and protein kinase A (PKA)-
dependent signalling during peripheral sensitization™
(FIC. 2), spinal PGE, increases spinal neuronal excitabil-
ity through EP2 (REF*). Leukotrienes are also generated
downstream of arachidonic acid metabolism and drive
pain sensitization pathways. Intradermal injection of
leukotriene B4 (LTB,), but not LTD,, induced hyper-
algesia within 20 minutes in the rat footpad®. LTB, is a
potent chemoattractant of neutrophils, and it was shown
that LTB,-mediated hyperalgesia depended on neutro-
phil influx*®. LTB, acts through BLT1 (also known as
LTB,R1) (FIG. 2), its high affinity receptor, and BLT2 (also

known as LTB,R2), a lower affinity receptor. At low LTB,

Capsaicin doses, BLT1 drives PKC-dependent TRPV1 sensitization
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peripheral nerves and nociceptive signal transduction
that modulates pain. NGF causes peripheral pain sen-
sitization by binding tropomyosin receptor kinase A
(TRKA) (FIC. 2), which is highly expressed by nocice-
ptor sensory afferents®’. During inflammation, NGF
is produced by mast cells and macrophages®*. In ani-
mal models and human studies, cutaneous injection of
NGF produces pain and hyperalgesia within 20 min-
utes of injection®”’'. Increased NGF levels have been
shown in the synovium of patients with inflammatory
joint diseases™. Treatment with a monoclonal antibody
against NGF in patients with advanced knee osteo-
arthritis resulted in significant reduction in pain™;
however, adverse side effects such as joint destruction
and neuropathies were also often observed in the treated
patients™. NGF sensitization leads to PI3K-SRC and p38
MAPK signalling pathways in nociceptors that increase
the trafficking of the TRPV1 ion channel to the outer
membrane of nociceptors, leading to increased ther-
mal sensitivity”*>**. NGF also drives Na, 1.8 sensitiza-
tion, and NGF fails to produce thermal hyperalgesia in
Na, 1.8-deficient mice*’. In neuropathic pain conditions,
microglia in the CNS release BDNEF, which acts on its
receptor, TRKB, expressed on neurons to cause a shift
in the anion gradient, leading to pain disinhibition®*.
Intrathecal administration of BDNF or ATP-stimulated
microglia evokes depolarization of spinal L1 neu-
rons and allodynia in a TRKB-dependent manner™.
Recently, work has shown that microglia and adaptive
immune cells differentially modulate neuropathic pain
in a gender-dependent fashion™. In male mice, micro-
glia drive neuropathic pain after spared nerve injury
(SNI) through BDNF-dependent signalling; however,
in female mice, SNI-pain is driven by adaptive immune
cells independently of BDNF™.

Immune sensitization of nociceptor ion channels

A key mechanism through which immune-derived
mediators signal in nociceptors to drive pain is by
modifying ion channel activity. Below, we describe how
specific cytokines and inflammatory mediators lead
to sensitization of TRP channels (TRPV1, TRPA1 and
TRPV4) and voltage-gated sodium channels Na,1.7
(also known as SCN9A), Na, 1.8 and Na, 1.9 (also known
as SCN11A).

TRPV1. TRPV1 is a large-pore cation channel that
mediates sensation of noxious heat (=43 °C), protons
and capsaicin and mediates thermal hyperalgesia during
inflammation®. During tissue inflammation or dam-
age, cytokines, prostaglandins, NGF and bradykinin
signal in neurons to increase TRPV1 expression and/or
TRPV1 activity>®. Immune mediators activate MAPK,
PKC and PKA, which phosphorylate the membrane
or cytoplasmic residues of TRPV1 to change its gating

The pungent ingredient from
chili peppers that elicits the
burning sensation of pain.
Capsaicin is a ligand that
binds to the transient

receptor potential subfamily V
member 1 (TRPV1) ion channel
on nociceptors to drive

pain sensation.

and thus thermal hyperalgesia; however, at higher LTB,
doses, BLT2 is activated and produces analgesia®.

properties and facilitate its opening®'. NGF-mediated
and bradykinin-mediated potentiation of TRPV1 activ-
ity involves the phospholipase C (PLC)-dependent
hydrolysis of inhibitory molecule phosphatidylin-
ositol-4,5-bisphosphate (PtdIns(4,5)P,) into inositol-
1,4,5-trisphosphate (Ins(1,4,5)P,) and diacylglycerol
(DAG)**%. Ins(1,4,5)P, in turn mediates intracellular

Growth factors. Neurotrophic growth factors including
nerve growth factor (NGF) and brain-derived neuro-
trophic factor (BDNF) can be released by immune cells
during inflammation, which can induce sprouting of
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Substance P

A neuropeptide of 11 amino
acids in length belonging to the
tachykinin family. It is formed
by differential splicing of the
preprotachykinin A gene
(TACT). Substance P is widely
distributed throughout the
nervous system but has been
best appreciated as an
important neurotransmitter in
nociceptive pathways.

Calcitonin gene-related
peptide

(CGRP). A neuropeptide
formed by the alternative
splicing of the calcitonin gene.
It has two isoforms, a-CGRP
and B-CGRP, which differ in
three amino acids and are
transcribed from distinct genes
(CALCA and CALCB). Classically,
a-CGRP has been thought to
be the primary form expressed
in the peripheral and central
nervous systems, while B-CGRP
is mainly found in the enteric
nervous system. Of note, while
the primary association of
CGRP is with the nervous
system and particularly with
nociceptive signalling,
expression has been reported
in non-neuronal cells as well.

calcium release and thus sensitizes the TRPV1 channel
as well as the TRPA1 channel®* (FIG. 2). Bradykinin also
augments TRPV1 activity through PKC® (FIC. 2). PKA-
dependent and PKC-dependent sensitization of TRPV1
depends upon binding of scaffolding protein AKAP79
(also known as AKAP5) to the carboxy-terminal region
of TRPV1 (REF*). TNF and IL-6 elevate gene expression
or membrane expression of TRPV1 (REFS®).

TRPA1. TRPALl is a nociceptive ion channel that responds
to electrophilic reactive chemicals such as allyl isothio-
cyanates and to inflammatory products, including lipid
peroxidation products, such as 4-hydroxy-2-nonenal,
and oxidized lipids, such as 15-deoxy-prostaglandin J,
(REFS®*%%). TRPA1 is predominantly expressed by noci-
ceptor sensory neurons of vagal ganglia, trigeminal gan-
glia and DRG in both peptidergic and non-peptidergic
neurons®. Bradykinin produced during inflammation
activates the TRPA1 channel downstream of brady-
kinin receptor (B2R) signalling®*. B2R activation of
PLC releases the intermediates DAG and Ins(1,4,5)P,
from PtdIns(4,5)P,, which in turn gates TRPA1 open-
ing®’. Both CFA-induced peripheral inflammation and
nerve injury via spinal nerve ligation (SNL) can increase
TRPAI mRNA expression in nociceptors downstream
of TRKA and/or p38 MAPK signalling, which drives
cold pain sensitization”. Inflammatory stimuli can also
increase membrane expression of TRPA1 downstream of
PKA and PLC signalling to sensitize nociceptors’.

TRPV4. TRPV4 is a calcium-permeable ion channel that
is activated by warm temperatures (>25 °C), hypotonic-
ity and acidic pH. Besides its key role in osmosensation
and hypotonicity-induced nociception’, TRPV4 also
mediates pain-related behaviours in response to inflam-
matory mediators” and in chemotherapy-induced
neuropathy’. Increased temperature and reduced
pH, which are both characteristic of tissue inflamma-
tion, activate TRPV4 (REFS”>7). TRPV4 contributes to
mechanical hyperalgesia induced by carrageenan or an
inflammatory soup containing bradykinin, substance P,
PGE,, serotonin and histamine involving cAMP-PKA
and PKC signalling”. In taxol-induced neuropathic pain,
TRPV4 mediated nociceptive behavioural responses to
mechanical and hypotonic stimulation via integrin-SRC
tyrosine kinase signalling™.

Na,1.7, Na,1.8 and Na,1.9. The voltage-gated sodium
channels Na, 1.7, Na, 1.8 and Na, 1.9 are highly enriched
in nociceptors that mediate action potential generation’.
Based upon the sensitivity of sodium currents of these
channels to tetrodotoxin (T'TX), they are grouped as
TTX-sensitive (TTX-S) and TTX-resistant (TTX-R)’.
Na, 1.7 is a TTX-S channel, whereas Na, 1.8 and Na, 1.9
are TTX-R channels. Similarly to TRP channels, several
pro-inflammatory mediators including IL-1f and TNF
signal through kinases to phosphorylate these sodium
channels to facilitate their opening?****. IL-1 and TNF
induce a p38-mediated change in TTX-R sodium cur-
rents and subsequent nociceptive excitability’* (FIC. 2).
Inflammation also modulates the expression of sodium
channels. Na,1.7 and Na, 1.8 are upregulated in the

DRG following carrageenan or CFA injection into the
rat hind paw’” and in rat knee joints after induction
of inflammation’.

Microbial infection and pain

Pain is the herald and hallmark of many infections.
Increasingly, infections are appreciated as triggers
for chronic pain and downstream remodelling of the
nervous system. Pain during infection was thought
to be the by-product of immune responses to patho-
gens. However, recent studies have demonstrated that
nociceptors can directly sense microorganisms and
their products (FIC. 3).

Bacterial infections and pain

Direct sensing of pathogens by nociceptors was first
appreciated in the context of bacterial infection. The
major human pathogen Staphylococcus aureus is a Gram-
positive coccus that causes a variety of pyogenic and
typically painful infections. In a mouse model of cutaneous
S. aureus infection, acute pain correlated with bacterial
population expansion rather than with tissue swelling or
myeloid cell recruitment”. The S. aureus pore-forming
toxin (PFT) a-haemolysin (aHL) directly caused calcium
influx and action potential generation in nociceptors
and was sufficient to induce pain-like behaviours when
injected into mice”. Two other S. aureus PFTs — the
bicomponent leukocidin y-haemolysin AB and phenol
soluble modulin a3 (PSMa3) — are also able to directly
induce neuronal firing and produce pain”*. The mech-
anism of action of PFTs is through their assembly into
membrane-perforating pores that produce neuronal
depolarization, while N-formyl peptides likely act via
the GPCR formyl peptide receptor 1 (FPR1)"”.

Another Gram-positive human pathogen, S. pyogenes,
is the most frequent cause of necrotizing fasciitis (also
referred to as flesh-eating disease), a rapidly progres-
sive infection of deep soft tissues. Necrotizing fasciitis
is characterized by early pain out of proportion with
other signs of inflammation, such as noticeable red-
ness or swelling. In mouse models of necrotizing fas-
ciitis, S. pyogenes produces pain by secreting the PFT
streptolysin S (SLS), which directly acts on nociceptors
to cause neuronal activation and release of the neuro-
peptide calcitonin gene-related peptide (CGRP)". Two
clinical isolates of S. pyogenes caused spontaneous acute
nociceptive responses, mechanical hyperalgesia and
thermal hyperalgesia within an hour of inoculation'”.
Bacteria lacking SLS did not produce pain, and an SLS-
neutralizing antibody also significantly reduced pain
during infection'?.

Gram-negative bacterial infections are also fre-
quently painful. LPS, which is a major component of
Gram-negative bacterial cell walls, induces pain when
injected into mice. Recent work suggests that LPS can
directly act on nociceptors®"*, as nociceptors express
Toll-like receptor 4 (TLR4), which mediates LPS detec-
tion. LPS derived from the odontogenic pathogen
Porphyromonas gingivalis elicits dose-dependent cal-
cium influx and inward currents, sensitizes TRPV1 to
capsaicin and stimulates release of CGRP in cultured
trigeminal neurons, with inhibition of these effects by
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Fig. 3 | Molecular mechanisms of microbial-driven pain. Nociceptors can directly detect microbial pathogens and their
products. Staphylococcus aureus directly activates nociceptors through N-formyl peptides and the pore-forming toxins
(PFTs) a-haemolysin, phenol soluble modulin a3 (PSMa3) and y-haemolysin AB. Streptococcus pyogenes activates neurons
through streptolysin S, which is a peptide toxin that also mediates cell lysis. In neurons, PFTs induce rapid cation influx
and subsequent depolarization, leading to pain production. Lipopolysaccharide (LPS), a major cell wall component of
Gram-negative bacteria, also activates nociceptors through either neuronal Toll-like receptor 4 (TLR4) or direct gating

of the transient receptor potential cation channel subfamily A member 1 (TRPA1) ion channel. A subset of sensory neurons
also expresses TLR5, whose cognate ligand is bacterial flagellin expressed by Gram-negative bacteria. Candida albicans,
afungal pathogen, activates nociceptors through zymosan. Zymosan is a major cell wall component of fungi.
Mycobacterium ulcerans, a skin pathogen that causes Buruli ulcer, silences pain by secreting a mycolactone that causes
neuronal hyperpolarization by inducing angiotensin Il receptor signalling. Herpesviruses invade sensory neurons and can
cause significant pain following reactivation in syndromes such as post-herpetic neuralgia. Many molecular mechanisms
remain to be determined for pathogen-induced pain, although it is now clear that nociceptors, like immune cells, are able
to directly respond to pathogen-derived molecules. FPR1, formyl peptide receptor 1.

TLR4 antagonism®'. In a mouse model of urinary tract
infection (UTI) with uropathogenic Escherichia coli,
UTTl-associated pelvic pain was driven by LPS in a TLR4-
dependent fashion independent of bacterial colonization
or inflammation®. By contrast, another study found that
LPS from multiple Gram-negative pathogens, including
Salmonella, Klebsiella and Pseudomonas species, was
able to directly induce calcium influx and CGRP release
from cultured nociceptors independent of TLR4 but
through direct action on the ion channel TRPA1 (REF*).
Acute pain responses and mechanical hyperalgesia in
response to LPS were attenuated in Trpal~~ mice but
preserved in Tlr4”~ mice®. CGRP release and local
vasodilation were also diminished in Trpal™" mice,

but systemic inflammatory responses to LPS were pre-
served®. Recent work also showed that LPS can activate
TRPV4 and increase intracellular calcium in respiratory
epithelial cells independent of TLR4 signalling™, sug-
gesting another potential mechanism of LPS activation
of nociceptors.

Other factors produced by Gram-negative bacteria
may also contribute to pain induction. A subset of A
DRG neurons were found to express mRNA encoding
TLR5 (which detects flagellin from bacterial flagella),
and co-application of flagellin with the analgesic com-
pound QX-314 to induce TLR5-dependent block-
ade of AP fibres was exploited to inhibit neuropathic
pain®. Nociceptors may be able to distinguish between
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M2 macrophage

An alternatively activated or
anti-inflammatory macrophage.
Multiple anti-inflammatory
cytokines such as IL-4, IL-13 or
IL-10 drive M2 macrophage
polarization. While M1
macrophages drive host
inflammation via release of
pro-inflammatory cytokines,
M2 macrophages mediate the
resolution of inflammation and
the wound healing.

closely related bacteria; approximately 70% of cultured
DRG neurons showed calcium influxes to the symbi-
ont Erysipelatoclostridium ramosum (formerly known
as Clostridium ramosum), but DRG neurons showed a
minimal response to the pathogenic clostridial bacteria
Finegoldia magna (formerly known as Peptostreptococcus
magnus)®. One possible explanation is that LPS from
different Gram-negative bacteria may induce differential
activation of TRPA1, with the degree of activation being
shaped by the lipid A moiety of LPS*.

Fungal infection and pain

Like bacterial infections, fungal infections are frequently
characterized by pain. A prototypical example is infec-
tion with Candida albicans, an opportunistic yeast
that causes painful mucocutaneous disease along with
invasive infections. Zymosan and pB-glucan are yeast
cell wall components that are recognized by host cells
through TLR2 and dectin 1. Recent work suggests that
nociceptors directly sense fungal pathogens using simi-
lar pathways”'"*". In cultured DRG neurons, zymosan or
heat-killed C. albicans can induce rapid calcium influx
and CGRP release’. Similarly, f-glucan directly activates
nociceptors and triggers CGRP release in DRG cultures
in a dectin 1-dependent fashion''. Nociceptor activa-
tion also involved TRPV1 and TRPA1 channels, as defi-
ciency in either ion channel led to partial impairment
of their activation in response to $-glucan or heat-killed
C. albicans, while deficiency in both ion channels
severely impaired their activation''. Further experiments
in mice demonstrated that subcutaneous infection with
live C. albicans or the administration of B-glucan elic-
ited dectin 1-mediated mechanical allodynia in a man-
ner that was independent of the innate and adaptive
immune response but dependent upon ATP signal-
ling via the P2X3 receptor®. In response to heat-killed
C. albicans, acute pain behaviour was inhibited in TRPV1-
deficient or TRPA1-deficient mice, and TRPV1-TRPA1
double deficient mice also had inhibition of mechanical
allodynia®. As zymosan and {3-glucan are cell wall com-
ponents of many other clinically significant pathogens,
including Aspergillus and Pneumocystis species, similar
mechanisms may be at play in other fungal diseases.

Herpesvirus infection and pain

Viral modulation of nociceptors has long been appre-
ciated owing to the well-characterized neuroinvasive
herpesviruses. These three pathogens, namely, herpes
simplex virus 1 (HSV1), HSV2 and varicella zoster
virus (VZV), gain access to sensory nerves after initial
mucocutaneous disease, establish persistent infection
in neuronal cell bodies mainly in DRG or trigeminal
ganglia and, under certain conditions, cause recrudes-
cent disease generally limited to the area innervated
by infected sensory ganglia®**. During infection of
nociceptors, lesions are classically exquisitely painful.
Post-herpetic neuralgia (PHN), which occurs follow-
ing reactivation of VZV, is characterized by persistent
neuropathic pain®. The molecular mechanism underlying
pain production during acute infection and after reso-
lution of rash remain to be elucidated, but hypothesized
mechanisms for PHN include abnormal hyperactivity of

damaged primary afferents versus deafferentation with
generation of abnormal connections®. Many other viral
infections are also characteristically painful, and deci-
phering nociceptor responses during viral infection is
an area that warrants further investigation.

Analgesic infections

In contrast to typically painful infections, some path-
ogens may exploit analgesia to facilitate their spread.
Mpycobacterium ulcerans is the aetiologic agent of
Buruli ulcer, a disease characterized by destructive yet
painless ulceration. These disparate manifestations are
caused by the secreted polyketide toxin mycolactone®.
Mycolactone hyperpolarizes sensory neurons by acti-
vation of the angiotensin II receptor pathway and sub-
sequent activation of the TRAAK potassium channel”.
Another species of mycobacteria, Mycobacterium leprae,
the causative agent of leprosy, causes similar hypo-
esthesia presumably secondary to the extensive nerve
destruction seen in leprosy. Other pathogens also cause
painless lesions despite significant tissue inflammation
and destruction (for example, Treponema pallidum and
the chancre of primary syphilis), and direct action on
sensory neurons offers a possible mechanism that could
explain disassociation of pain from inflammation.

Modulation of immunity by nociceptors

Pain has been long recognized as a key feature of inflam-
mation and infection, and we now appreciate that it also
contributes to the response to noxious stimuli. However,
the contribution of pain to host defence was traditionally
thought to be limited to higher order cognitive responses
that would motivate removal from a harmful environ-
ment, protect damaged tissues from further injury and
drive sickness behaviour, allowing for rest and recovery.
Seminal experiments in the 19th and early 20th century
demonstrated that neuronal signalling via the secreted
neuropeptides CGRP and substance P could generate
immediate vasodilation, increasing blood flow and
oedema independently of the immune response in a pro-
cess called neurogenic inflammation (BOX 3). Innate and
adaptive immune cells also express receptors for CGRP,
substance P and other neurotransmitters. Increasing
evidence points to a role for complex neural-immune
communication through these neuropeptides to potently
regulate innate and adaptive immunity (FIC. 4a-f). Here,
we review the modulation of immune cells by nociceptor
activation, particularly in the context of pathogen
response. Defining the molecular mechanisms of
these neuroimmune interactions could reshape our
understanding of host defence.

Monocytes and macrophages

Substance P has a robust effect on monocytes and
macrophages (FIG. 4b) and induces their release of pro-
inflammatory cytokines, including IL-1, TNF and IL-6
(REF"), via ERK-p38 MAPK-mediated NF-«B activation™.
Recent work supports additional roles for substance P, with
another study suggesting that substance P is able to polar-
ize already activated macrophages to a tissue-repairing
M2 macrophage phenotype®. Increased M2 macrophage
numbers, in association with decreased inflammation,
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Box 3 | Neurogenic inflammation

Seminal experiments in the 19th and early 20th century by Goltz (1874), Strickler
(1876), Bayliss (1901) and others demonstrated that stimulation of sensory nerves
generates immediate vasodilation, increased blood flow and oedema independent of
the immune response, a process termed neurogenic inflammation®. Extensive later
work demonstrated that the underlying mechanism was release of neuronal mediators
from nociceptors into the peripheral field via a local axon reflex. In addition to the
orthodromic propagation of action potentials to the spinal cord to transmit pain
centrally, generated action potentials also back-propagate from axonal branch points
in an antidromic fashion and cause calcium influx and vesicle release from neighbouring
nerve terminals, leading to tightly localized and rapid release of neuronal effectors into
affected tissue’. A variety of neurogenic inflammatory mediators have been identified,

among which the most potent are neuropeptides calcitonin gene-related peptide
(CGRP) and substance P. Substance P acts through its receptor, NK1R, on endothelial
cells to drive vascular permeability’. CGRP acts via its cognate receptor on vascular and
lymphatic smooth muscle cells to drive vasodilation and lymph flow. CGRP can also
promote vasodilation via release of nitric oxide (NO) from endothelial cells®.
Nociceptors release many other neuropeptides, such as pituitary adenylyl cyclase-
activating polypeptide (PACAP), and other mediators, such as prostaglandins and NO,
which have also been implicated in neurogenic inflammation®. Taken together, this
leads to the warmth, erythema and oedema of inflammation. This process first
suggested a direct role of nociceptors in not only sensing but also regulating and
targeting response to noxious stimuli, including to pathogens.

Orthodromic

The traditional direction of
action potentials in nerves,
running along the axon away
from the neuronal soma. For a
peripheral sensory neuron,
orthodromic means
propagation of action
potentials towards central
nerve terminals and the
spinal cord.

Antidromic

The opposite direction of
traditional nerve impulses.
For a peripheral sensory
neuron, antidromic refers to
back-propagation of action
potentials towards peripheral
nerve endings.

Vasoactive intestinal
peptide

(VIP). A peptide of 28 amino
acids in length belonging to the
glucagon/secretin family and
encoded by the VIP gene in
humans. VIP acts via the

G protein-coupled receptors
VPAC1 and VPAC2. It is broadly
expressed throughout the
nervous system and peripheral
tissues and has been best
appreciated as a
neurotransmitter implicated in
gastrointestinal motility.

were also seen upon substance P administration in a
murine model of inflammatory arthritis*.

CGRP has a predominantly anti-inflammatory
effect on myeloid cells, inducing the downregulation
of cytokine production, oxidative burst synthesis and
antigen presentation and the upregulation of the anti-
inflammatory cytokine IL-10 in macrophages and den-
dritic cells (DCs)**~””. CGRP signals through its receptor
complex, which is a heterodimer of the GPCRs calci-
tonin receptor-like receptor (CALCRL; also known as
CGRP type 1 receptor) and receptor activity-modifying
protein 1 (RAMP1). In myeloid cells, RAMP1-CALCRL
signalling leads to cAMP-PKA-dependent modulation
of CREB to upregulate IL-10 and inducible cAMP early
repressor (ICER)-dependent transcriptional repression
of pro-inflammatory cytokines’***. CGRP adminis-
tration protected mice from development of fatal shock
response to endotoxin administration via inhibition of
TNF release from peritoneal macrophages'”, suggest-
ing that CGRP signalling to macrophages could limit
inflammatory responses and prevent systemic propaga-
tion from localized inflammation. In septic peritonitis,
RAMP1-deficient mice had improved early antibacterial
defence with reduced levels of IL-10 (REF.'""), suggest-
ing similar activity of CGRP in limiting inflammatory
response in this model of polymicrobial sepsis.

Other neuropeptides can also act on macrophages,
with vasoactive intestinal peptide (VIP) and pituitary adenylyl
cyclase-activating polypeptide (PACAP) able to inhibit
macrophage production of cytokines such as TNF
and IL-6 through a cAMP-dependent pathway'>'®.
The opposing activities of various neuropeptides
may be context dependent, suggesting an ability of
nociceptors to have varied effects on the basis of the
type of infection or immune response. During bacterial
infection, neural inhibition of macrophage activation
may predominate on the basis of limited studies of noci-
ceptor silencing. With Na, 1.8" neuron ablation, S. aureus
infection was accompanied by increased monocyte
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recruitment and cytokine production, with CGRP injec-
tion in nociceptor-deficient mice reversing the observed
increased lymphadenopathy”. However, when subjected
to overwhelming sepsis secondary to caecal ligation and
puncture, Trpvl~~ mice developed worsened markers of
sepsis and accelerated organ damage; this was associated
with impaired macrophage function, with ex vivo peri-
toneal macrophages showing increased cytokine release
but reduced phagocytosis. This suggests that absence of
TRPV1 activity leads to an increased but less effective
inflammatory response in this model'*. Taken together,
these data suggest that nociceptors potently regulate
macrophages during infection, with in vivo studies sup-
porting a predominantly anti-inflammatory effect of
nociceptors on macrophage function in the models
of bacterial infection studied.

One intriguing area that remains to be character-
ized is the impact that the mechanisms described above
have on pain, as bidirectional communication between
nociceptors and immune cells would be expected to
feed back on nociceptor activation and perceived pain.
For example, CGRP-mediated downregulation of
macrophage activation and release of TNF and other
proalgesic cytokines would be expected to reduce fur-
ther nociceptor activation and sensitization, thus serving
as a negative control mechanism to diminish the inciting
painful stimuli and ultimately resolve the inflammatory
response. By contrast, a dominant substance P-mediated
nociceptive response with downstream release of pro-
algesic cytokines could act to amplify and sustain both
pain and inflammation.

Neutrophils

Nociceptor interactions with neutrophils have been less
well characterized, but recent studies show a key role
for nociceptors in regulating neutrophil recruitment
and activation (FIC. 4c). Elegant earlier work in arthritis
models showed that nociceptor signalling induced shed-
ding of L-selectin from neutrophils, leading to decreased
neutrophil recruitment into the inflamed joint'”.
In S. pyogenes-induced necrotizing fasciitis, ablation of
nociceptors led to increased neutrophil recruitment in
association with more well-circumscribed abscesses,
smaller necroticlesions and improved control of infection'.
Similarly, in cutaneous S. aureus infection, nociceptor
ablation led to increased infiltration of myeloid cells
including neutrophils at infection sites and in draining
lymph nodes™. This effect is not limited to cutaneous
nociceptors, as TRPV1* neurons that innervate the res-
piratory tract were demonstrated to suppress pulmo-
nary neutrophil recruitment in S. aureus pneumonia'®.
TrpvI~~ mice also show increased neutrophil recruit-
ment in mouse models of post-myocardial infarction
inflammation'”. Furthermore, analysis of dynamic
neutrophil behaviour via live imaging in the S. aureus
pneumonia model showed enhanced neutrophil func-
tion in the absence of nociceptors'®. In summation, these
studies suggest marked inhibition of neutrophil recruit-
ment and activity by nociceptors in multiple models of
infection and inflammation. Given the ability of substance
P and CGRP to induce vasodilation and microvascular
plasma extravasation, it may be expected that nociceptive
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Fig. 4 | Nociceptors regulate inflammation through neural-vascular and neuro-immune interactions. a| Nociceptors
release neuropeptides (such as substance P, calcitonin gene-related peptide (CGRP) and pituitary adenylyl cyclase-activating
polypeptide (PACAP)) from peripheral nerve terminals that act on the vasculature to drive neurogenic inflammation.
Substance P activates NK1R on endothelial cells to promote vascular permeability and oedema. CGRP acts via the calcitonin
receptor-like receptor (CALCRL)-receptor activity-modifying protein 1 (RAMP1) receptor complex on vascular and lymphatic
smooth muscle cells to promote relaxation and acts on endothelial cells to release nitric oxide, leading to vasodilation.

b | Nociceptors release substance P, which acts on monocytes and macrophages via ERK-p38 mitogen-activated protein
kinase (MAPK)-mediated NF-kB activation to drive expression of pro-inflammatory cytokines (left). CGRP acts on CALCRL-
RAMP1 to drive cAMP-protein kinase A (PKA)-dependent modulation of CREB to upregulate IL-10 and inducible cAMP early
repressor (ICER)-dependent transcriptional repression of pro-inflammatory cytokines (right). ¢ | Nociceptors release CGRP,
which decreases neutrophil recruitment to the lungs and skin and inhibits the ability of neutrophils to opsonophagocytose and
kill bacteria. d | Substance P activates MAS-related G protein-coupled receptor member B2 (MRGPRB2) on mast cells, leading
to mast cell degranulation and pro-inflammatory mediator release. e | CGRP from nociceptive neurons drives IL-23 production
by dermal dendritic cells, which in turn leads to activation of y8 T cells and IL-17 production (left). The neuropeptide vasoactive
intestinal peptide (VIP) activates its receptor VPAC2 on group 2 innate lymphoid cells (ILC2s) to drive production of IL-5 and
IL-13 (right). f| CGRP binds to RAMP1 on dendritic cells to inhibit dendritic cell migration and activation, decreasing T helper 1
(T, 1) cell differentiation. By contrast, CGRP potentiates dendritic cell polarization of T2 cell differentiation. CGRP may also act
via RAMP1 to increase IL-4 production by T cells directly to amplify the T2 cell response.

signalling would potentiate immune cell accumulation in
inflamed tissues. It is possible that the vascular oedema
and classic neurogenic inflammation occur at earlier time
points following nociceptor stimulation (that is, within

minutes), whereas the same signals suppress neutrophil
extravasation at later time points (that is, within hours).

Nociceptor effects on neutrophils are likely to be
at least partially mediated by neuronal production of

442 JULY 2019 | VOLUME 19

www.nature.com/nri



Pituitary adenylyl cyclase-
activating polypeptide
(PACAP). A peptide with close
homology to vasoactive
intestinal peptide (VIP) that is
encoded by the ADCYAP] gene
in humans and has two
biologically active forms,
PACAP-27 and PACAP-38.
PACAP has high affinity for
three classes of G protein-
coupled receptors: VPACT,
VPAC2 and PACT. Like VIP,
PACAP is broadly expressed in
the nervous system and
peripheral tissues.

CGREP, as nociceptor ablation led to significant decreases
in CGRP levels in the bronchoalveolar lavage fluid during
S. aureus lung infections'*, and CGRP inhibited murine
neutrophil killing of both S. aureus'* and S. pyogenes®,
potentially by shutting down myeloperoxidase (MPO)
production'” Nociceptors also suppressed the expression
of both TNF and CXCL1, two key cytokines that mediate
neutrophil activation and chemoattraction'®. CGRP has
also been shown to decrease neutrophil recruitment by
inhibiting chemokine production by endothelial cells'®.
Other work has also suggested that CGRP acts to pro-
mote neutrophil adherence to endothelium'” and mod-
ulate neutrophil degranulation'"’, suggesting complex
actions of CGRP on various aspects of neutrophil func-
tion. Of note, CGRP is also expressed by non-nociceptor
sources including neuroepithelial bodies in the respiratory
tract and enteric neurons in the gastrointestinal tract'''"2.

Mast cells

A tight interplay between nociceptors and mast cells has
long been postulated owing to their anatomic colocali-
zation (FIG. 4d). Mast cells are found in close apposition
to nerve fibres in barrier tissues, particularly CGRP- and
substance P* neurons'"*"'"*>. Whether neurons form syn-
apses with mast cells is unknown in vivo, but cultured
CADM1-expressing mast cells have been demonstrated
to form direct attachments to DRG sensory neurites''°.
Increases in the number of nerve-mast cell contacts have
been reported in models of inflammatory and allergic
diseases'”, as well as in parasitic infection of the colon'"“.
Substance P alone is sufficient to cause mast cell activa-
tion, degranulation and release of inflammatory media-
tors including histamine, leukotrienes, tryptases, PGD,
and TNF'*. Substance P-mediated activation of mast
cells is mediated by the newly identified MAS-related
G protein-coupled receptor member B2 (MRGPRB2),
which is highly enriched in mast cells'**'*’. This con-
trasts to other cell types, in which substance P is thought
to be predominantly detected by NK1R (also known as
TACR1). Rodent mast cells also express receptors for
CGRP, and CGRP can potentiate mast cell activation and
degranulation'’"'?>. CGRP-mediated vasodilation
and mast cell degranulation are pathophysiological
mechanisms in mouse models of migraine'*, although
the physiological contribution of mast cell activation
in human migraine remains less well understood'**.
Although mast cell-neuron communication has been
best studied in allergic diseases, similar mast cell-based
responses are implicated in innate immune responses to
various pathogens, particularly parasites, and the contri-
bution of nociceptors and mast cell interactions in host
defence is a promising area of investigation.

Dendritic cells

Like mast cells, DCs have been found to be in close
contact with nociceptors in peripheral tissues® (FIC. 4f).
Nociceptor regulation of DCs has an important role in
modulating cutaneous immunity. In an imiquimod-
induced psoriasis model, ablation of nociceptors sup-
pressed production of IL-23 by DCs, production of
IL-17 by y8 T cells and recruitment of other inflamma-
tory cells’. An analogous role in infectious response was
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demonstrated in a mouse model of cutaneous C. albicans
infection where nociceptive neurons were required for
IL-23 production by CD301b* dermal DCs; absence of
TRPV1* nociceptors resulted in decreased downstream
activation of y§ T cells and IL-17A production, leading
to worsened fungal infection’.

Nociceptor modulation of DCs is likely to be varied
based on context. In vitro and in vivo studies in con-
tact hypersensitivity models show that CGRP acts via a
cAMP-PKA pathway to inhibit DC production of IL-12
and expression of CC-chemokine receptor 2 (CCR2) and
to decrease DC activation and migration, leading to sup-
pressed T helper 1 (T};1) cell responses'*. By contrast,
CGRP exposure enhances Langerhans cell polarization
towards a T};2 cell phenotype by stimulating production
of IL-4 and the T2 cell-type chemokines CCL17 and
CCL22 (REF."). Like CGRP, the neuropeptides PACAP
and VIP can also enhance DC antigen presentation for
T2 cell responses as well as T;;17 cell responses'®’~'*.
Work with experimental colitis and airway inflammation
models shows that similar interactions occur in the gut
and airways'**"",

Innate-like lymphocytes

Innate-like lymphocytes, including innate lymphoid cells
(ILCs) and y8 T cells, play key roles in bridging innate
and adaptive immune responses (FIC. 4¢). These cells have
a tropism for densely innervated mucosal and epithelial
barrier tissues, and neuronal interactions with innate-
like lymphocytes are an emerging aspect of their biology.
In cutaneous C. albicans infection, absence of TRPV1*
neurons led to decreased numbers of skin-resident yd
T cells and a corresponding increase in fungal burden’.
By contrast, nociceptor-deficient mice demonstrated
higher absolute numbers of lung-resident y§ T cells at
homeostasis'®. In S. aureus pneumonia, loss of nocic-
eptors led to improved outcomes of infection, but this
protection was abrogated in y8 T cell-deficient mice,
suggesting a mechanism of neuronal suppression of host
defence via y§ T cells. Given the diversity of y6 T cell
subsets in different barrier sites, it would be interesting
to tease apart the distinct neural-y8 T cell interactions
in different tissues.

ILCs, particularly type 2 ILCs (ILC2s), have also
been shown to interact with sensory neurons and their
neuropeptides to coordinate immune response. ILC2s
specifically express the receptor for the neuropeptide
neuromedin U (NMU)"*?, which is secreted by mucosal
neurons in the enteric nervous system and respiratory
tract. NMU was shown to drive protective ILC2 responses
in mice infected with the helminth Nippostrongylus brasil-
iensis, with loss of the NMU receptor impairing control of
parasitic infection'”’. NMU also amplifies IL-5 production
by pulmonary ILC2s in house dust mite (HDM)-induced
allergic airway hypersensitivity'”>. CGRP has been shown
to stimulate ILC2 production of IL-5 in vitro, and mice
with Calcrl deletion in ILC2 showed dampened immune
cell recruitment in a murine model of asthma''?. VIP is
another important neuropeptide that modulates ILCs.
Lung and intestinal ILC2s also express the VIP receptor
VPAC?2 (also known as VIPR2); VIP induces expression of
IL-5 by ILC2s in a VPAC2-dependent manner'**.
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B cells and T cells
Given that nociceptors can modulate the functions of
antigen-presenting cells and innate-like lymphocytes, it
follows that neurons may also significantly affect the adap-
tive immune response (FIC. 4 f). Distinct neuropeptides are
able to drive differential polarization of T cell responses,
whether through regulation of antigen-presenting cells as
described above or via direct modulation of lymphocytes.
In models of contact dermatitis, CGRP inhibited T},1 cell-
type contact hypersensitivity but promoted T;;2 cell-type
contact hypersensitivity; notably, this study demonstrated
that IL-4 production by T lymphocytes was diminished
in RAMP1~~ mice independent of dendritic cell migra-
tion in a model of T ;2 cell-type contact hypersensitivity,
suggesting possible direct activity of CGRP on T lympho-
cytes'*. In in vitro studies, CGRP treatment of endothe-
lial cells and dermal DCs led to enhanced generation of
T,;17 cells and increased IL-17A production'*. This effect
is not unique to cutaneous nociceptors, as in a model of
ovalbumin-induced and HDM-induced airway inflam-
mation, nociceptors stimulated T, 2 cell-type effector
cytokine production from resident ILC2s, and this drove
downstream CD4* T cell recruitment and activation'”’.
This effect was thought to be at least partially mediated
by VIP. This study and others demonstrate that VIP
promotes T ;2 cell-type responses and inhibits T;1 cell-
type responses, with beneficial effects on T, 1 cell-type
immunopathology'**. Work in experimental colitis
suggests a pro-inflammatory effect of substance P from
nociceptors mediated by signalling to mucosal T}1
cells'*"*, Substance P also drives polarization of T;17 cells
in assays in vitro in a monocyte-dependent fashion and
in vivo in a murine model of inflammatory arthritis™'*.
Nociceptive signalling can also modulate B cell
responses and humoral immunity. In a model of
Salmonella infection and vaccination, mice deficient
in the substance P receptor NK1R had increased IgA
responses owing to increased cytokine production
from T2 cells, with corresponding protection from
infection'*'. In a mouse fracture model of regional pain,
disruption of substance P or CGRP signalling blocked
development of IgM autoantibody responses'*”. The
extent to which these effects are mediated directly
through modulation of lymphocytes versus indirectly
via antigen-presenting cells remains to be determined.
T cells and B cells do express neuropeptide receptors,
and in vitro experiments suggest that neuropeptides
may directly modulate their functions'*~*°. Nonetheless,
in vivo experiments using conditional ablation of neuro-
transmitters and neuropeptide receptors in lymphocytes
will be necessary to properly understand these pathways.

Clinical implications and future directions

Pain is a major hallmark of many disparate diseases.
Increasing evidence points to a role for neuroimmune
interactions in the initiation, propagation and chronicity
of pain associated with inflammatory and infectious dis-
eases in diverse tissues. Modulation of these interactions
may offer new ways to target both pain and the underly-
ing disease. For example, inhibition of pro-inflammatory
cytokines that drive chronic pain sensitization or stim-
ulation of antinociceptive cytokine signalling could

be exploited to block pain. Despite the association of a
number of immune mediators with nociceptor sensitiza-
tion and pain responses in preclinical studies, little of this
knowledge has been translated into pain-relieving thera-
pies. This might be due to the failure of several promising
clinical trials in humans owing to adverse side effects.
For example, NGF antagonism showed promise in alle-
viating pain in animal models but was associated with
joint destruction and neuropathies in human subjects™.
Clinical trials using TRPV1 antagonists were also limited
by off-target effects, including hyperthermia'"’. Given the
role of some major cytokine candidates (such as TNF and
GM-CSF) in protective immune responses against patho-
gens, it is also important that pain-targeting therapies con-
sider the adverse effects of immunosuppression, especially
in chronic settings. In the future, more specific targeting
of immune mediators and their signalling pathways in
nociceptors may offer alternative pain treatments.

An alternative approach is suggested by the emerging
studies that highlight direct activation of nociceptors by
microbial ligands and microorganisms. This could include
contributions from both pathogens as well as commen-
sal microorganisms in the skin and the gut microbiota.
One challenge is to identify the key factors released by micro-
organisms that contribute to different painful syndromes,
as targeting these factors could be used to treat pain. An
example of the power of this approach can be seen from
our work on PFTs from S. aureus, which mediate noci-
ceptor depolarization and acute pain during skin infec-
tion; we showed that QX-314, a membrane-impermeable
sodium channel blocker, alleviates pain more potently
than ibuprofen after S. aureus infection®. The putative
mechanism is that pores formed by PFTs allow for spe-
cific delivery of QX-314 into nociceptors, where it acts to
inhibit sodium channel activity and neuronal firing. Thus,
QX-314 can potentially be used for targeting not only
pain in S. aureus infection but also pain caused by other
pathogens that produce PFTs. A greater understanding of
the molecular basis of pain associated with the microbiota
and pathogens could enable new approaches to treat pain
in infectious illnesses, as well as to treat painful conditions
where the gut microbiota modulates pain signalling.

Our emerging understanding of how nociceptors signal
to the immune system could also lead to new therapeutic
strategies for infectious diseases and inflammatory condi-
tions. We now appreciate that neuroimmune signalling can
be a double-edged sword in the context of host defence.
Pathogens may silence pain to facilitate their spread from
host to host or activate pain to suppress the immune sys-
tem, and disrupting these pathways can thus be utilized
for therapeutic effect. In S. pyogenes-induced necrotizing
fasciitis in mice, blocking nociceptor-immune signalling
by administration of botulinum toxin to block local neuro-
peptide release resulted in improved control of infection'”.
By contrast, induction of nociceptor-mediated anti-
inflammatory responses could be used in infections where
morbidity results more from pathological inflammation or
to treat autoimmune disorders. Therefore, a better under-
standing of the underlying processes could help to develop
therapeutic approaches for a diverse spectrum of illnesses.
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