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The sensory nervous and immune systems, historically considered autonomous, actually 
work in concert to promote host defense and tissue homeostasis. These systems interact 
with each other through a common language of cell surface G protein-coupled receptors 
and receptor tyrosine kinases as well as cytokines, growth factors, and neuropeptides. 
While this bidirectional communication is adaptive in many settings, helping protect from 
danger, it can also become maladaptive and contribute to disease pathophysiology. 
The fundamental logic of how, where, and when sensory neurons and immune cells 
contribute to either health or disease remains, however, unclear. Our lab and others’ 
have begun to explore how this neuro-immune reciprocal dialog contributes to phys-
iological and pathological immune responses and sensory disorders. The cumulative 
results collected so far indicate that there is an important role for nociceptors (noxious 
stimulus detecting sensory neurons) in driving immune responses, but that this is highly 
context dependent. To illustrate this concept, we present our findings in a model of 
airway inflammation, in which nociceptors seem to have major involvement in type 2 but 
not type 1 adaptive immunity.

Keywords: allergy and immunology, sensory neurons, asthma, inflammation, neuro-immunological signaling

iNFLAMMATiON iS A NeRvOUS THiNG

Inflammation was first characterized by Celsus as having four cardinal signs, dolor (pain), calor 
(heat), rubor (redness), and tumor (swelling) (1). Although we typically think of inflammation as 
an immune-mediated phenomenon, each of these characteristics is essentially due to neuronal 
activation. The local depolarization produced by the direct activation of membrane transducers in 
the peripheral terminals of nociceptors by noxious stimuli initiates action potentials which travel 
orthodromically from the periphery to the central nervous system to initiate reflexes (withdrawal, 
scratching, cough) and sensations (pain, itch) (2, 3). However, when the action potentials reach 
branch points of the sensory neurons they are also transmitted antidromically back to the peripheral 
terminals in a process known as the axon reflex (4, 5). The local depolarization and the action reflex 
are the means by which neurogenic inflammation is initiated. Calcium influx through voltage-gated 
calcium channels triggers the rapid and local release of neurotransmitters from activated peripheral 
terminals or those invaded by antidromic action potentials (4, 5). Neuropeptides, such as calcitonin 
gene-related peptide (CGRP) and substance P (SP), act on endothelial and smooth muscle cells to 
produce redness and heat (secondary to vasodilation) and neurogenic edema (secondary to plasma 
extravasation due to increased capillary permeability) (6, 7). This neurogenic component of the 
response to acute injury has long been recognized. However, the sensory neuronal involvement goes 
beyond contributing just to the vascular component of the inflammatory response to infection or 
injury. Complex reciprocal interactions between the sensory nervous and the immune systems have 
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recently been detected that drive both inflammatory pain hyper-
sensitivity and immune cell recruitment and activation (2, 8).

An early indication that nociceptors play a major role in 
autoimmunity was the observation that denervation of a limb fol-
lowing a nerve injury prevented the subsequent development of 
arthritis in that limb (9). This clinical finding can be recapitulated 
in rodents, where eliminating sensory fiber innervation decreases 
inflammation in models of rheumatoid arthritis (10). Although 
denervation can protect from arthritis, blocking nerve activity 
can worsen experimental inflammation, as observed in a serum-
transfer model of arthritis (11). These findings seem contrary, 
but may indicate that nociceptors play distinct roles during dif-
ferent phases of the immune response in arthritis; perhaps they 
are required for initiation of disease, but limit arthritic effector 
responses (mimicked in the serum-transfer model). During 
initiation of immune responses, the peptides produced by and 
released from the peripheral terminals of sensory neurons can 
direct the differentiation of lymphocytes (8, 12–18) and promote 
the recruitment of immune cells, and therefore may determine 
the localization, extent, duration, and type of inflammation taking 
place. In consequence, this neuro-immune interaction may result 
in a broad spectrum of different pathophysiological changes and 
disease states. Understanding the specifics of the interactions 
between sensory neurons and immune cells and defining the rules 
under which they operate will open new avenues for understand-
ing immunity and for developing novel therapeutic strategies (2). 
In this perspective, we highlight context-dependent aspects of 
neuro-immune interactions involving sensory neurons.

PHYSiOLOGiCAL BASiS FOR CONTeXT-
DePeNDeNT NeURO-iMMUNe 
COMMUNiCATiON

The primary goal of the immune system is to sense pathogens and 
respond accordingly for their effective removal, while limiting tis-
sue damage and deleterious autoimmunity (19). To mount these 
responses, the immune system relies on an arsenal of immune cell 
subtypes specifically programed to eradicate a myriad of distinct 
pathogens. For example, different subpopulations of effector 
cells arise during activation of mature naïve CD4+ T  cells by 
innate cells responding to distinct environmental cues, yielding 
highly adaptable responses to the type of pathogen. Although 
they lack somatically re-arranged antigen receptors, different 
innate lymphoid cell (ILC) lineages also contribute to differential 
pathogen responses (20). Historically, immune responses have 
been classified into three distinct groups classified by the type of 
T helper cell induced: type 1 responses, which provide protection 
against intracellular microbes through, in part, the activation of 
phagocytes (21); type 2 responses, which defend against parasites 
such as helminths (also triggered by allergens, venoms, and 
toxins) (22); and type 3 responses that protect against extracel-
lular pathogens (including yeasts/fungi) (23). Type 1 immunity 
is characterized by T-bet+ IFNγ-producing ILC1, CD8+ cytotoxic 
T  cells, and CD4+ Th1  cells which defend against intracellular 
virus and microbes through activation of CD8+ cytotoxic T cells. 
Type 2 immunity is defined by GATA-3+ ILC2, and Th2 cells that 

produce IL-4, IL-5, and IL-13, which induce mast cell, basophil, 
and eosinophil activation, as well as IgE antibody production 
(24). Type 3 immunity is mediated by ILC3s, and Th17 cells that 
produce IL-17, IL-22 (25), or both, which activate mononuclear 
phagocytes but also recruit neutrophils and induce epithelial 
antimicrobial responses.

For each of these different types of immunity, there are several 
stereotypical components. First, the insult must be “sensed.” In 
the immune system, pattern recognition receptors (PRRs) have 
evolved to respond to a diverse array of stimuli (26). PRRs include 
TLRs, C-type lectin-like receptors, and NOD-like receptors, 
which are expressed on the surface and in intracellular compart-
ments of a variety of cell types, including dendritic cells (DCs) 
and epithelial cells. Triggering PRRs activates DCs, which then 
stimulate antigen-specific T  cells and tune the type of Th cell 
response required (i.e., type 1, 2, or 3). Indirect activation of DCs 
can also occur, for example, via epithelial cell-derived factors, 
such as thymic stromal lymphopoietin (TSLP), which perhaps 
conditions DCs to induce Th2 cell responses (27). Triggering 
type 2 immunity may also involve DC PRRs, enzymatic activity 
of allergens with intrinsic protease activity, recognition of tissue 
damage, or distinct metabolic changes caused by allergens or 
helminths (22).

Next, information must travel to peripheral immune tissues, 
such as spleen and lymph nodes, where it is transmitted to mana-
gerial cells—mostly T helper cells, which are instructed by innate 
immune cells to differentiate into effector populations. Typically, 
primed DCs, in addition to presenting antigen in the context of 
costimulatory molecules to naïve T cells (Th0), will also instruct 
naive T cells to differentiate into an appropriate effector type (Th1, 
Th2, Th17, and Treg) by releasing type-specific cytokines (22). 
For example, in a type 1 bacterial infection, DC make IL-12, IL-6, 
and IL-1β which drive Th1 cell differentiation (21); (b) while in 
a type 17 infection, TGF-β, IL-6, and IL-23 enhance ROR-γt and 
STAT3 activity and drive Th17 differentiation (23); (c) in type 2 
inflammation, IL-4 from DCs, epithelial cells, basophils, CD4+ 
Th2 cells, or ILC2 cells stimulates GATA-3 and STAT5, STAT6 
to promote Th2 differentiation (22, 28, 29). Once polarized, the 
effector T cells travel back to the original location of the insult 
to direct appropriate host defense responses. They do so via 
the release of an “effector” sets of cytokines, such as IFN-γ by 
Th1 cells; IL-17, IL-21, and IL-22 by Th17 cells; and IL-4, IL-5, 
IL-9, and IL-13 by pro-inflammatory Th2 cells (24, 30). In disease 
states, these physiological responses are subverted to pathology. 
Each inflammatory disease is generally dominated by one par-
ticular type of immunity, which depends on the initial trigger 
and the individual’s micro- and macroenvironment and genetic 
susceptibilities. For example, types 1 and 3 immunities mediate 
autoimmune diseases (rheumatoid arthritis and ulcerative colitis), 
whereas type 2 responses cause allergies (asthma and eczema).

wHeRe DO NeURONS FiT iNTO THiS 
MODeL?

The somatosensory nervous system is positioned anatomically 
to be able to directly modulate immunity in secondary and 
primary lymphoid tissues, skin, and mucosa, by interacting with 
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immune cells in locations where they are stationed to monitor 
for disturbances in barrier function and homeostasis (31–34). 
There is also crosstalk between the sensory neurons and the epi-
thelial barrier (35), another important determinant of immune 
responses (36). In addition, sensory neurons express a wide array 
of ion channel receptors specialized for detecting danger signals. 
These danger signals can include excess heat or cold (TRPV1, 
TRPM8), chemical (TRPA1), and mechanical (Piezo2) insults  
(2, 5, 37). They can also sense protons (TRPV1) and the ATP 
released upon tissue damage and apoptosis (P2X3R). After neu-
rons sense environmental cues, the acute sensory input travels 
to the CNS, prompting withdrawal and defensive reflexes (fever, 
cough, scratch, and vomiting) (2, 38–41).

Neuronal activation by the immune system has been fairly 
well studied. Nociceptors are activated by cytokines: IL-1β (42) 
or CCL3 (43) in the context of pain, IL-5 during allergic airway 
inflammation (8), IL-31 during lymphoma-associated itch (44), 
TSLP and IL-4 during atopic dermatitis (35), IL-33 after contact 
with poison ivy (45), and IL-23 during psoriasis (46). While 
TNF-α leads to the activation of nuclear factor κB (NF-κB) (47), 
MAP, and tyrosine kinases are typically downstream of IL-1R in 
sensory neurons (42). These kinases, including p38 (48), JAK1 
(49, 50), and the transcription factor STAT3 (51), are just some 
of the downstream signaling molecules that lead to ion channel 
sensitization, a state of heightened activity. Much of nociceptor 
sensitization is related to a decrease in the activation threshold of 
TRPV1 or TRPA1 (52, 53), and of the sodium channels Nav1.7, 
Nav1.8, and Nav1.9 (54, 55), lowering nociceptor activation 
threshold results in pain hypersensitivity and increased itch, but 
also greater local release of neuropeptides that in turn activate 
immune cells to release more cytokines (2). Overall, inflamma-
tion leads to the simultaneous release of many pain sensitizing 
mediators. As a consequence, pharmacologically targeting 
only one of these agents may have limited effects. In addition, 
there is a negative feedback loop: IL-1β and IL-4 may, via the 
JAK–STAT axis, trigger increased expression of opioid receptors 
in neurons and, therefore, sub-acutely have anti-nociceptive and 
anti-inflammatory effects (56, 57).

PATHOGeN DeFeNSe

We increasingly recognize that nociceptors play a much broader 
role in sensing their environment than originally thought; they 
can also directly detect bacteria and fungi, as well as may prod-
ucts of the immune response, including cytokines, chemokines, 
and immunoglobulins (2, 5, 37). Nociceptors express a variety 
of PRRs that directly recognize bacteria (58) and fungi (59, 60). 
Staphylococcus aureus is able to activate nociceptors through a 
twofold mechanism: (a) secreted pore forming toxins, for exam-
ple, α-hemolysin, which permeabilizes the nociceptors’ cell mem-
brane allowing influx of extracellular cations and (b) N-formylated 
peptides that are membrane-bound peptides that activate their 
cognate receptors (formyl peptide receptors) on the surface of 
nociceptors (58). Following experimental ablation of these neu-
rons, the pain associated with bacterial infection is, as expected, 
decreased, but surprisingly local immune infiltration is increased. 
These data suggest that bacteria may have evolved the capacity to 

activate and co-opt nociceptor function to dampen innate immune 
responses and facilitate their survival (58). However, the neuronal 
response may be distinct for different types of pathogens. In the 
context of Escherichia coli peritonitis infection, transection of the 
vagus nerve decreased ILC3 cell numbers, reduced pro-resolving 
mediator levels, and altered peritoneal macrophage numbers. 
Exogenous acetylcholine or pro-resolving mediators restored tis-
sue resolution tone and host responses to E. coli infections (61). 
In intestinal organ cultures, capsaicin-sensitive enteric nervous 
system neurons seem to distinguish among different bacterial 
infections (62). For example, despite belonging to the same 
Clostridium bacterial subset, only a few nociceptors respond to  
P. magnus, while up to 60% of the capsaicin responsive nociceptors 
showed calcium flux when exposed to C. Ramosum. Interestingly, 
P. magnus downregulates genes encoding for SP, Secretogranin 
III, and galanin while it upregulates neurotensin and angiotensin. 
Intriguingly, C. Ramosum had the opposite effect (62). This seems 
to indicate that nociceptors may be able to change their activation 
depending on the type of immune response elicited by commen-
sal vs pathogen and contribute in this way to either regulatory or 
type1/17 immunity.

Beyond their sensory role, neurons also promote host defense 
and do this in part by direct interaction with immune cells. The 
activation of sensory neurons results in the secretion of neuro-
peptides from their peripheral terminals that cause the recruit-
ment, activation, and influx of immune cells (37, 63–66). CGRP 
and VIP can bias DCs to produce type Th1, Th2, or Th17-skewing 
cytokines and enhance DCs migration to the lymph nodes  
(67, 68). The same neuropeptide can have multiple different 
effects, in some cases biasing to Th1, Th2, or serving a regulatory 
role (13, 67). Along with SP, these neuropeptides can also act on 
Langerhans (63), Th2 (68, 69), and ILC2 cells (8, 16) to change 
their activation states in the skin during models of contact hyper-
sensitivity or psoriasis, and in allergic airway disease models (8). 
For example, in Th2-immunity, SP released by itch transducing 
neurons is sensed by mast cells which degranulate and release 
secondary mediators such as histamine, causing swelling and 
further enhancing the neurogenic response (3, 18, 70). Skin is 
innervated both by sympathetic efferent and nociceptor affer-
ent neurons, but the denervation produced by the ablation of 
nociceptors alone is sufficient to reduce contact sensitivity 
inflammatory responses (71). Brian Kim’s group has studied the 
contribution of sensory neurons in AD-like skin inflammation 
induced by the topical irritant MC903 (calcipotriol) (50). They 
found that while the type 2 cytokines IL-4 and IL-13 directly 
activate (calcium flux) both mouse and human sensory neurons, 
they did not elicit acute itch. IL-4 sensitized subsets of neurons 
to respond to previously sub-threshold pruritogen levels (such 
as histamine), significantly increasing scratching. They hypoth-
esized that, rather than acute itch, neuronal type 2 cytokine 
signaling promotes pathologic chronic itch and that interrupting 
these signals may represent an effective strategy to target itch. To 
test this, they generated the first sensory neuron specific cytokine 
receptor knockout mice (NaV1.8-Cre:IL-4Rfl/fl) and showed that 
IL-4−/− nociceptors mice are protected from AD-induced skin 
inflammation, displaying a distinct skin transcriptional profile 
characterized by reduced infiltration of Th2 and basophils 
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numbers. In a distinct skin inflammatory model, toxin-induced 
ablation of Nav1.8+ nociceptors reverse imiquimod (via TLR7)-
mediated psoriasis-like inflammation (46) while cutaneous 
denervation in psoriatic mice reduces the number of immune 
cells in lesions (72).

iNFLAMMATORY ReFLeX

While the sensory neuron axon reflex contributes to local tissue 
immune cell recruitment and activation, immune homeostasis 
is also under autonomic control, in the form of an “anti-inflam-
matory reflex.” This systemic circuit starts when innate immune 
stimuli activate peripheral vagal afferents and terminates with 
efferent parasympathetic neurons inhibiting cytokine produc-
tion by splenic macrophages, attenuating inflammation (32, 73). 
In the efferent arc, action potentials travel down the vagus in 
preganglionic motor fibers to the celiac ganglion to activate post-
ganglionic adrenergic neurons that innervate the spleen. These 
neurons release norepinephrine, activating a special population 
of T cells that make acetylcholine (74). Acetylcholine binds to 
the α7nACHR expressed by splenic macrophages and inhibits 
their production of TNF-α (75). Harnessing the inflammatory 
reflex using bioelectronic devices (76), such as non-invasive 
vagal nerve stimulation, can help decrease the chronic inflam-
mation found in rheumatoid arthritis patients (77) and mice 
with experimental inflammatory bowel disease (78). Similarly, 
non-invasive vagal nerve stimulation showed improved lung 
function in a small patient cohort by reducing exacerbations of 
bronchoconstriction (79).

AiRwAY iMMUNiTY: A MODeL SYSTeM 
FOR DeLiNeATiNG NeURO-iMMUNe 
iNTeRACTiONS

While systemic inflammation detected by the vagus perhaps leads 
to an anti-inflammatory reflex, the local picture in the tissue is 
different. The vagus nerve innervates virtually all visceral organs, 
and nearly 20% of afferents neurons terminate within the airways 
(80). Although some lumbar neurons innervate the lung epithe-
lium (81, 82), it is estimated that up to 95% of the innervation is 
of vagal origin (83). The vagal sensory neurons innervating the 
respiratory tract are situated in two distinct ganglia, the nodose 
and jugular ganglion which have distinct phenotypes, embryonic 
origins (neural crest vs placode), anatomical projections to the 
respiratory tract, and brain stem, and are likely to serve distinct 
functions. Most of the nodose ganglion afferent fiber express 
markers of nociceptors, including TRP channels (TRPA1, 
TRPV1, and TRPM8) (84), voltage-gated sodium channels 
(NaV1.7, NaV1.8, and NaV1.9), voltage-gated calcium channels 
(CaV2.2) and mechanosensitive channels (Piezo2) (85). While 
these nociceptors mostly serve a defensive role by detecting 
chemical, mechanical, or thermal threats and initiate essential, 
protective airway reflexes such as cough and bronchoconstric-
tion (86), they may also directly respond to decreases in lung 
compliance leading to subconscious sighs or deep inspirations 
(87). Physiologically, airway nociceptors can evoke both cough 

and neurogenic inflammation, the latter being a consequence of 
the axon reflex discussed above (8, 88, 89).

There are several indications that nerves and immune cells 
talk to each other in the lung, and this communication may 
have special relevance in asthma. Asthma is a chronic inflamma-
tory disease of the airway which is caused by a combination of 
environmental (90) and genetic factors (91). Asthmatic patients 
have a denser network of sensory fibers around airways (92, 93) 
and a reduced threshold for neuronal activation in response to 
airborne irritants (94) as well as increased neuropeptide levels 
in these neurons (95). Collectively these features indicate exces-
sive activity of peptidergic sensory fibers during asthma (96). 
T  cells clustering with nerve-contacting DCs proliferate only 
in the airways of mice with allergic inflammation but not in the 
airways of negative controls (97). Eosinophils also appear to 
cluster around airway nerves in patients with fatal asthma and in 
antigen-challenged animals (98), while eosinophil-derived basic 
proteins enhance activation of rat pulmonary sensory neurons 
(99). C-fiber denervation in rats decreases the numbers of DCs 
in the lung and pulmonary lymphatic immune cell influx (100) 
while lung nociceptor stimulation with capsaicin increases both 
neuropeptide release and immune cell infiltration (8, 100–104). 
Similarly, stimulation of sensory neurons with capsaicin in 
subjects with active allergic rhinitis produces a reproducible and 
dose-dependent leukocyte influx (105), while capsaicin desen-
sitization reduces rhinitis allergen-challenge symptoms (106). 
SP, CGRP, VIP, and secretin all promote eosinophil chemotaxis 
in vitro (107). SP and neurokinin A are expressed by lung nocic-
eptor afferents and released following a broad range of different 
stimuli, including allergens, ozone, or inflammatory mediators. 
Neurokinin 1 receptor blockade decreases mononuclear cells and 
neutrophils (108) and eosinophils in alveoli (109) while SP (110) 
or capsaicin (111) drive eosinophil influx, which suggests that 
sensory neuron-release of the neuropeptides may drive eosino-
philia in both allergic asthma and hypersensitivity pneumonitis 
(112). Using single-cell RNA-seq, it was recently found that the 
Neuromedin U receptor 1 (NMUR1) was preferentially expressed 
by ILC2s after alarmin (IL-25) stimulation. Neuromedin U 
(NMU), the ligand of NMUR1, activated ILC2s in  vitro, and 
in vivo co-administration of NMU with IL-25 strongly amplified 
allergic inflammation. Despite the limited lung innervation, 
NMU was found only expressed in lung afferent DRG neurons, 
not nodose vagal neurons, and the loss of NMU–NMUR1 signal-
ing reduced ILC2 function, altered transcriptional programs fol-
lowing allergen-challenge in vivo and prevented the development 
of allergic airway inflammation (113).

Neurons also play a regulatory role in allergic airway inflam-
mation; CD11c+ airway mucosal DCs are in close contact with 
CGRP+ nociceptors in both rodents and human subjects (63, 114). 
CGRP has also been shown to have a Th2-skewing preference (68, 
115) CGRP-exposed DCs seemed to enhance Th2 type immunity 
(115, 116), increasing IL-4 production while decreasing Th1-
associated cytokines IFN-γ and IL-2 (117–119). However, despite 
these reports, the majority of publications on the role of CGRP on 
DC in the lung suggest a predominant anti-inflammatory rather 
than pro-inflammatory effect. Pretreating DCs reduces the activa-
tion and proliferation of antigen-specific T cells and increases the 
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numbers of T regulatory cells (120). CGRP specifically inhibits 
the maturation of DCs in vitro while adoptive transfer of CGRP-
pretreated DCs diminishes allergic airway inflammation in vivo, 
with reduced eosinophils and increased IL-10 in bronchoalveolar 
lavage fluid (BALF) (65).

As reviewed by Mazzone and Undem (80), the plastic nature 
of vagal sensory neurons in the lung typically leads to highly 
context-dependent responses to inflammatory cues. For example, 
(1) allergen-sensitization produces a vigorous increase in the 
number and amplitude of IL-5-medicated calcium responses 
in vagal nociceptors (8); (2) allergen-challenge triggers action 
potential firing in nodose ganglion nociceptors of allergen-
sensitized guinea pig (80) and mice (121), but not in naïve 
animals; (3) allergen-challenge increased the excitability of A 
delta fibers to mechanical activation (122); (4) 24  h following 
an allergen-challenge, up to 25% of large neurofilament-positive 
nodose ganglion neurons innervating the respiratory tract start 
expressing SP and CGRP (93); (5) 24 h following BDNF exposure, 
nodose ganglion neurons innervating the trachea start express 
functional TRPV1 (123); and (6) allergen-challenge lowers the 
action potential firing threshold and increases the spiking rate of 
nucleus of the solitary tract (NTS) neurons, which is the brain-
stem structure innervated by the vagus nerve that mediates many 
of its sensory functions (80). The context-dependent plasticity of 
nociceptors may be acute, as in the case of enhanced coughing 
following capsaicin or bradykinin delivery to the airways (124), 
or may be long-lasting due to changes in the CNS similar to the 
central sensitization following peripheral injury (125).

SeNSORY NeURON ROLe iN Th1 vs Th2 
iMMUNiTY iN THe LUNG

Given the data indicating substantial plasticity and a diverse set of 
roles for sensory neurons in different inflammatory disorders in 
the lung, we decided to investigate the specific role of nociceptors 
in regulating immune cells in ovalbumin (OVA) and house dust 
mite models of allergic airway inflammation (8). In this study, 
we demonstrated an involvement of vagal sensory neurons in the 
murine Th2-skewed OVA model of allergic inflammation using 
aluminum hydroxide (AlOH) as adjuvant. This operated through 
a VIP–VPAC2 axis: nociceptors by releasing VIP drive VPAC2 
expressing CD4+ and ILC2 cells to release IL-5 which, in turn, 
activates sensory neurons in the lung to release more VIP (8). 
Similar results were obtained for the house dust mite model. This 
indicates that nociceptors amplify adaptive immune responses in 
the lung in response to allergen exposure in sensitized animals, at 
least in the setting of Th2 immune responses. We then found that 
temporary local pharmacological silencing of the nociceptors is 
sufficient to interrupt this pro-inflammatory signaling loop, a 
non-immune therapeutic strategy that has immunosuppresive 
action. This strategy aims to temporarily silence afferents in the 
adult lung using large pore ion channels as a drug entry port for 
charged sodium channel blockers to produce targeted action 
potential blockade only in activated nociceptors (126, 127). 
These charged molecules have no action extracellularly but block 
sodium channels when they get into the cell. Because of their 

cationic charge, they cannot permeate through the membrane but 
are small enough to enter cells through inflammation-activated 
TRPV1 and TRPA1 ion channels (126, 128).

Specifically, a single treatment with QX-314 (100 µM or 0.003%, 
nebulized for 20 min at 20 psi, day 18), a quaternary derivative of 
lidocaine, to OVA sensitized (day 0 and 7) and challenged (days 
14, 15, 16, and 17) mice substantially reduces lung immune cell 
infiltration (day 21), with decreases in BALF numbers of leuko-
cytes, eosinophils, macrophages, and lymphocytes (8). Building 
on these findings, we used this strategy to assess the influence 
of nociceptor ablation or silencing on the activity of primary 
immune drivers (ILC2 and DCs) of type 2 inflammation. Here, 
we generate new data showing that QX-314 abolishes the rise in 
lung ILC2 cells, ILC2-derived IL-5, as well as BALF inflammatory 
DC cells (Figures 1A–C). Thus, pharmacologic silencing of noci-
ceptors results in decreased activation of ILC2s and Th2 effector 
cytokine production. The above protocol, sensitizing 8-week-
old male BALB/c mice with OVA and aluminum hydroxide as 
adjuvant, produces a Th2-skewed inflammation (129). When 
mice are sensitized with a complete Freund adjuvant (CFA) and 
OVA, this produces non-eosinophilic Th1-skewed asthma (129). 
Remarkably in these mice, QX-314 treatment (100 µM or 0.003%, 
nebulized for 20 min at 20 psi, day 18) fails to impact the levels of 
CD3+ cells (Figure 1D), macrophages (Figure 1E), and neutro-
phils (Figure 1F). These data show that the contribution of vagal 
nociceptors on allergic inflammation is context-dependent with 
respect to the type of initial immune priming, with substantial 
neuronal involvement in type 2 models of allergic airway inflam-
mation but not in a type 1 model.

wHY wOULD NOCiCePTORS 
PARTiCiPATe iN Th2 BUT NOT  
Th1 iMMUNiTY?

Type 2 immune responses evolved to eliminate parasites and 
other organisms that cannot be taken care of by cell-mediated 
immunity. The best early defense against parasites are direct 
behavioral reactions elicited acutely by the parasite as a sensory-
motor reflex arc; for example, the sensation of itch as a parasite 
invades the skin leads to a reflex action of scratching. Worms 
in the gut initiate peristalsis and, in the lung, parasites lead to 
cough and enhanced mucus production. We postulate that the 
neuronal response became associated with the type 2 immune 
response elicited by parasites in order to enable a coordinated 
defense response: release of histamine and IL-4 (which sensitize 
nociceptors), production of mucus (also due to joint neuro-
immune effort), and of IgE antibodies. Thus, the linkage between 
sensation (airway irritancy) and behavior (cough) expanded to 
become a link between sensory neuron activation and immunity. 
Supporting this idea, allergens and other type 2 stimuli directly 
activate sensory neurons in tissues where parasites might be 
particularly active (lung mucosa, for example). An example: as 
discussed above, acetylcholine-producing neurons of the enteric 
nervous system are found in close proximity to ILC2 cells. In 
addition to their role in allergic inflammation, it was also recently 
reported that these neurons can directly sense worm products 
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FiGURe 1 | Nociceptor activation promotes Th2 but not Th1 airway inflammation. In the aluminum hydroxide (AlOH)/ovalbumin (OVA) sensitized mice (A–C),  
a standard model of airway Th2-driven inflammation, OVA-challenge do not significantly increase the numbers of ILC2 cells (A) in the lung but did enhance their 
production of IL-5 (B) as well as the numbers of inflammatory dendritic cells (DCs) in bronchoalveolar lavage fluid (BALF) (C). Silencing lung sensory neurons with 
aerosolized QX-314 (0.003%, 20 min nebulization, 20 psi) decreased these Th2 immune cell responses. By contrast, silencing nociceptors in a Th1-driven lung 
inflammation model [complete Freund’s adjuvant (CFA)]/OVA sensitized mice; (D–F), had no impact on the OVA-challenge induced increases in BALF CD3+ (D), 
eosinophils (e), and macrophages (F). Mean ± SEM; Two-tailed unpaired Welsh’s t-test (n = 5–12 animals/group; 1–2 cohorts).
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(N. brasiliensis excretory/secretory products) and alarmins (IL-
33), and, in turn, release neuromedin U to activate ILC2 cells. 
Thus, ILC2-autonomous ablation of Nmur1, the NMU receptor, 
impaired type 2 responses and control of worm infection. These 
data support a role for mucosal neurons to provide immediate 
tissue protection against worm products and alarmins and mount 
type 2 inflammatory responses (130). Future experiments will 
determine the extent of this linkage, and whether it holds true 
for other organs.

CONCLUDiNG ReMARKS

As summarized in Figure  2, the influence of nociceptors on 
inflammation depends on the context (allergen sensitized or not) 
(80), the subtype of neuron activated, the subtype of immune 
cell that will respond to neuropeptide release, the location of the 
interaction (mucosal, epithelial, and endothelial), the timing of 

the interaction (acute vs chronic), and as our data suggests, the 
type of immune response (type 1 vs type 2). How, specifically, 
might nociceptors play different roles in different locations and in 
different types of immunity? One answer might lie in differences 
in expression of peptides and receptors. Nociceptors express 
receptors for 20 cytokines, 8 chemokines, and 6 immunoglobulins. 
They also express pattern recognition receptors, including two 
formyl peptide receptors, 11 toll-like receptors and 13 nucleotide-
binding oligomerization domain-like receptors (131). Another 
example of the diverse functions of nociceptors is their expres-
sion of the immune checkpoint receptor PD-1 and their response 
to its cognate ligand (PD-L1) (132). PD-1 activation induces 
phosphorylation of the tyrosine phosphatase SHP-1, which 
inhibits sodium channels and decreases nociceptor sensitivity 
(132). Nociceptors also express in excess of 80 neuropeptides, 
each specific for receptors present at variable levels on various 
immune cells, creating the capacity to produce multiple different 
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FiGURe 2 | Context-dependent neuro-immune interactions; nociceptors participate in Th2 but not Th1 type inflammation depending on the tissue type. Left panel. 
In type 2 inflammation, allergens or parasites are sensed by epithelial and dendritic cells (DCs). Epithelial cells may secrete mediators such as thymic stromal 
lymphopoietin (TSLP) which sensitize nociceptors. Nociceptors release neuropeptides including VIP which act on DCs and Th2 cells and contribute to their 
activation. Th2 cells secrete cytokines (IL-4 and IL-5) that both drive type 2 inflammation and act on nociceptors forming an inflammatory loop. While such 
inflammation perhaps aids in parasite clearance by promoting coughing and mucus secretion, if amplified and prolonged, this bidirectional communication 
contributes to the pathology of allergic inflammation. Right panel. The case is different in our model of Th1 type inflammation where the neuropeptides secreted by 
nociceptors do not activate immune cells and may even actively inhibit type 1 immunity. In this situation, nociceptors may sense pathogen-associated molecules 
and produce neuropeptides that limit DCs activation and downstream Th1 responses.
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outcomes. The basal expression levels of both the neuropeptides 
and their cognate receptors vary in different inflammatory 
contexts and anatomical origins (lumbar vs vagal afferent) (131). 
Vagal nociceptors, for example, express higher level of Chrna5 
(6.4-fold), TRPA1 (1.6-fold), VIP (16.2-fold), and IL-22R (9.2-
fold) than somatic dorsal root ganglion neurons, while the latter 
express higher levels of KV7.5 (24.3-fold), TRPM8 (4.0-fold), 
CGRP (3.2-fold), and IL-31R (10.3-fold) (131).

Keeping in mind that immune cells themselves can release 
neurotransmitters such as dopamine by germinal center TFH cells 
(133), we now need to examine in detail the broad repertoire by 
means of which sensory neurons and immune cells communicate 
with each other locally in damaged or infected tissue and explore 
where and how this contributes to disease. The development of 
new tools to monitor the in  vivo activity of specific neuronal 
populations (by GCaMP6 and two-photon microscopy) and to 
stimulate (through optogenetics, DREADD), or block/ablate 

these neurons genetically (tetanus toxin, diphtheria toxin) or 
pharmacologically (QX-314), will help further dissect out the 
local sensory neuron–immune axis, especially when paired with 
single immune cell and neuron transcript profiling. Exploring 
the immune and nervous system contributions to inflammatory 
diseases will, we are confident, reveal novel therapeutic targets.

eXPeRiMeNTAL PROCeDUReS

All procedures were approved by the Institutional Animal Care 
and Use Committees of Boston Children’s Hospital. Mice were 
housed in standard environmental conditions (12  h light/dark 
cycle; 23°C; food and water ad libitum) at facilities accredited by 
the Association for Assessment and Accreditation of Laboratory 
Animal Care. Allergic airway inflammation was studied in 
8-week-old male BALB/c (stock number: 000651) mice using 
the classic OVA model (134) of asthma. On day 0 and 7, mice 
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were sensitized by a 200 µl i.p. injections of a solution containing 
1 mg/ml OVA (Sigma-Aldrich) and 5 mg/ml aluminum hydrox-
ide (AlOH; Sigma-Aldrich, Boston, MA, USA). On days 14–17 
(10:00 a.m.) mice were exposed to 6% OVA aerosol for 20 min. 
We also investigated impact of sensory neuron silencing in a 
TH1-skewed model of allergic airway inflammation (129) follow-
ing s.c. sensitization with OVA (1 mg/ml) in a 200 µl emulsion 
of sterile PBS and 50% CFA on day 0 and with 50% incomplete 
Freund adjuvant (IFA) on day 7.

Drugs
QX-314 (126) (Tocris) was diluted in sterile PBS to a 0.003% 
concentration (100 µmol) and mice were nebulized for 20 min at 
20 psi on day 18 (8).

Bronchoalveolar Lavage Fluid
On day 21, a 20 G sterile catheter was inserted longitudinally into 
the trachea of deeply urethane-anesthetized mice (1.5 g/kg i.p.). 
Two milliliters of ice-cold PBS containing protease inhibitors 
were injected into the lung, harvested, stored on ice, centrifuged, 
cells isolated, and resuspended in sterile PBS (2, 58).

FACS
Single cells are isolated in FACS buffer (PBS, 2% FCS, EDTA), 
blocked (αCD16/CD32, 0.5  mg/ml, 10  min), and stained with 
specific monoclonal antibodies. Using a tiered gating strategy, 
cells are identified using light scatter parameters (FSC by SSC) 
and doublets are excluded. Cell populations are defined as fol-
lows: alveolar macrophages (sygF+CD11b-CD11c+CD64+), DCs 
(CD11c+CD103+CD24+FcεR1+), neutrophils (CD11b+Ly6g+), 
leukocytes (CD45+CD3+), and ILC2 (Lin-Thy1+ST2+CD25Hi)  
(2, 58, 135, 136).

Cell Count
Total BAL cell counts were performed using a standard hemocy-
tometer, with absolute cell numbers calculated as total BAL cell 
number multiplied by the percentage of cell subpopulation as 

determined by FACS (134). Data are presented as fold change in 
comparison to control mice.

intracellular Cytokine Staining
Cells were stimulated with PMA/Ionomycin in the presence of 
GolgiPlug (BD Biosciences) for 4 h and then fixed and stained 
using the BD Cytofix/Cytoperm kit following manufacturer’s 
instructions (BD Biosciences) (8).

STATiSTiCS

Data expressed as mean ± SEM from 5 to 12 mice. Statistical sig-
nificance determined by two-tail unpaired Welsh’s t-test. p-values 
less than 0.05 were considered significant. Numbers of animals 
are indicated on the figure.

AUTHOR CONTRiBUTiONS

ST and SF designed, analyzed, and performed experiment. ST, CS, 
SF, and CW wrote the manuscript.

ACKNOwLeDGMeNTS

We would like to thank Maud Pascal, Benjamin Doyle, Catherine 
Ward, and Elaria Meshreky for technical assistance. The authors 
have declared that no conflicts of interest exist.

FUNDiNG

This work was supported by the Hood foundation (CW) and the 
National Institute of Health (NIH) grants R37NS039518 (CW). 
NIH-P30-HD18655 supported the cores used. ST, CS, and SF, 
respectively, hold fellowship from the Canadian Institute of 
Health and Research (ST), T32 (CS), and NIH 2K12HD051959-
11 Building Interdisciplinary Research Careers in Women’s 
Health (BIRCWH) fellowship (SF), Burroughs Wellcome Fund 
postdoctoral enrichment award (SF).

ReFeReNCeS

1. Larsen GL, Henson PM. Mediators of inflammation. Annu Rev Immunol 
(1983) 1:335–59. doi:10.1146/annurev.iy.01.040183.002003 

2. Talbot S, Foster SL, Woolf CJ. Neuroimmunity: physiology and pathology. Annu 
Rev Immunol (2016) 34:421–47. doi:10.1146/annurev-immunol-041015-055340 

3. Azimi E, Reddy VB, Pereira PJ, Talbot S, Woolf CJ, Lerner EA. Substance P 
activates Mas-related G protein-coupled receptors to induce itch. J Allergy 
Clin Immunol (2017) 140(2):447–53.e3. doi:10.1016/j.jaci.2016.12.980 

4. Richardson JD, Vasko MR. Cellular mechanisms of neurogenic inflamma-
tion. J Pharmacol Exp Ther (2002) 302:839–45. doi:10.1124/jpet.102.032797 

5. Chiu IM, Von Hehn CA, Woolf CJ. Neurogenic inflammation and the 
peripheral nervous system in host defense and immunopathology. Nat 
Neurosci (2012) 15:1063–7. doi:10.1038/nn.3144 

6. Foreman JC. Peptides and neurogenic inflammation. Br Med Bull (1987) 
43:386–400. doi:10.1093/oxfordjournals.bmb.a072189 

7. Weidner C, Klede M, Rukwied R, Lischetzki G, Neisius U, Skov PS, et al. Acute 
effects of substance P and calcitonin gene-related peptide in human skin – a 
microdialysis study. J Invest Dermatol (2000) 115:1015–20. doi:10.1046/ 
j.1523-1747.2000.00142.x 

8. Talbot S, Abdulnour RE, Burkett PR, Lee S, Cronin SJ, Pascal MA, et  al. 
Silencing nociceptor neurons reduces allergic airway inflammation. Neuron 
(2015) 87:341–54. doi:10.1016/j.neuron.2015.06.007 

9. Courtright LJ, Kuzell WC. Sparing effect of neurological deficit and trauma 
on the course of adjuvant arthritis in the rat. Ann Rheum Dis (1965) 24:360–8. 
doi:10.1136/ard.24.4.360 

10. Levine JD, Clark R, Devor M, Helms C, Moskowitz MA, Basbaum AI. 
Intraneuronal substance P contributes to the severity of experimental arthri-
tis. Science (1984) 226:547–9. doi:10.1126/science.6208609 

11. Borbely E, Botz B, Bolcskei K, Kenyer T, Kereskai L, Kiss T, et al. Capsaicin-
sensitive sensory nerves exert complex regulatory functions in the 
serum-transfer mouse model of autoimmune arthritis. Brain Behav Immun 
(2015) 45:50–9. doi:10.1016/j.bbi.2014.12.012 

12. Goetzl EJ, Voice JK, Shen S, Dorsam G, Kong Y, West KM, et al. Enhanced 
delayed-type hypersensitivity and diminished immediate-type hyper-
sensitivity in mice lacking the inducible VPAC(2) receptor for vasoactive 
intestinal peptide. Proc Natl Acad Sci U S A (2001) 98:13854–9. doi:10.1073/
pnas.241503798 

13. Delgado M. VIP: a very important peptide in T helper differentiation. Trends 
Immunol (2003) 24:221–4. doi:10.1016/S1471-4906(03)00069-3 

14. Yadav M, Rosenbaum J, Goetzl EJ. Cutting edge: vasoactive intestinal peptide 
(VIP) induces differentiation of Th17 cells with a distinctive cytokine profile. 
J Immunol (2008) 180:2772–6. doi:10.4049/jimmunol.180.5.2772 

15. Cunin P, Caillon A, Corvaisier M, Garo E, Scotet M, Blanchard S, et  al. 
The tachykinins substance P and hemokinin-1 favor the generation of 
human memory Th17 cells by inducing IL-1beta, IL-23, and TNF-like 1A 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1146/annurev.iy.01.040183.002003
https://doi.org/10.1146/annurev-immunol-041015-055340
https://doi.org/10.1016/j.jaci.2016.12.980
https://doi.org/10.1124/jpet.102.032797
https://doi.org/10.1038/nn.3144
https://doi.org/10.1093/oxfordjournals.bmb.a072189
https://doi.org/10.1046/
j.1523-1747.2000.00142.x
https://doi.org/10.1046/
j.1523-1747.2000.00142.x
https://doi.org/10.1016/j.neuron.2015.06.007
https://doi.org/10.1136/ard.24.4.360
https://doi.org/10.1126/science.6208609
https://doi.org/10.1016/j.bbi.2014.12.012
https://doi.org/10.1073/pnas.241503798
https://doi.org/10.1073/pnas.241503798
https://doi.org/10.1016/S1471-4906(03)00069-3
https://doi.org/10.4049/jimmunol.180.5.2772


9

Foster et al. Neuro-Immunology of Inflammation

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1463

expression by monocytes. J Immunol (2011) 186:4175–82. doi:10.4049/
jimmunol.1002535 

16. Nussbaum JC, Van Dyken SJ, Von Moltke J, Cheng LE, Mohapatra A, 
Molofsky AB, et al. Type 2 innate lymphoid cells control eosinophil homeo-
stasis. Nature (2013) 502:245–8. doi:10.1038/nature12526 

17. Foster SL, Talbot S, Woolf CJ. CNS injury: IL-33 sounds the alarm. Immunity 
(2015) 42:403–5. doi:10.1016/j.immuni.2015.02.019 

18. Azimi E, Reddy VB, Shade KC, Anthony RM, Talbot S, Pereira PJ, et al. Dual 
action of neurokinin-1 antagonists on Mas-related GPCRs. JCI Insight (2016) 
1:e89362. doi:10.1172/jci.insight.89362 

19. Kotas ME, Medzhitov R. Homeostasis, inflammation, and disease suscepti-
bility. Cell (2015) 160:816–27. doi:10.1016/j.cell.2015.02.010 

20. Annunziato F, Romagnani C, Romagnani S. The 3 major types of innate and 
adaptive cell-mediated effector immunity. J Allergy Clin Immunol (2015) 
135:626–35. doi:10.1016/j.jaci.2014.11.001 

21. Szabo SJ, Sullivan BM, Peng SL, Glimcher LH. Molecular mechanisms 
regulating Th1 immune responses. Annu Rev Immunol (2003) 21:713–58. 
doi:10.1146/annurev.immunol.21.120601.140942 

22. Pulendran B, Artis D. New paradigms in type 2 immunity. Science (2012) 
337:431–5. doi:10.1126/science.1221064 

23. Ouyang W, Kolls JK, Zheng Y. The biological functions of T helper 17 
cell effector cytokines in inflammation. Immunity (2008) 28:454–67. 
doi:10.1016/j.immuni.2008.03.004 

24. Kubo M. Innate and adaptive type 2 immunity in lung allergic inflammation. 
Immunol Rev (2017) 278:162–72. doi:10.1111/imr.12557 

25. Gaffen SL, Jain R, Garg AV, Cua DJ. The IL-23-IL-17 immune axis: from 
mechanisms to therapeutic testing. Nat Rev Immunol (2014) 14:585–600. 
doi:10.1038/nri3707 

26. Mogensen TH. Pathogen recognition and inflammatory signaling in innate 
immune defenses. Clin Microbiol Rev (2009) 22:240–273, Table of Contents. 
doi:10.1128/CMR.00046-08 

27. Oliphant CJ, Barlow JL, Mckenzie AN. Insights into the initiation of 
type 2 immune responses. Immunology (2011) 134:378–85. doi:10.1111/ 
j.1365-2567.2011.03499.x 

28. Fischer F, Filippis C, Osiewacz HD. RCF1-dependent respiratory supercom-
plexes are integral for lifespan-maintenance in a fungal ageing model. Sci Rep 
(2015) 5:12697. doi:10.1038/srep12697 

29. Salvatorelli E, Menna P, Cantalupo E, Chello M, Covino E, Wolf FI, et al. The 
concomitant management of cancer therapy and cardiac therapy. Biochim 
Biophys Acta (2015) 1848:2727–37. doi:10.1016/j.bbamem.2015.01.003 

30. Zhang JM, An J. Cytokines, inflammation, and pain. Int Anesthesiol Clin 
(2007) 45:27–37. doi:10.1097/AIA.0b013e318034194e 

31. Shepherd AJ, Downing JE, Miyan JA. Without nerves, immunology 
remains incomplete—in  vivo veritas. Immunology (2005) 116:145–63. 
doi:10.1111/j.1365-2567.2005.02223.x 

32. Andersson U, Tracey KJ. Reflex principles of immunological homeostasis. 
Annu Rev Immunol (2012) 30:313–35. doi:10.1146/annurev-immunol- 
020711-075015 

33. Ji RR, Xu ZZ, Gao YJ. Emerging targets in neuroinflammation-driven 
chronic pain. Nat Rev Drug Discov (2014) 13:533–48. doi:10.1038/nrd4334 

34. McMahon SB, La Russa F, Bennett DL. Crosstalk between the nociceptive 
and immune systems in host defence and disease. Nat Rev Neurosci (2015) 
16:389–402. doi:10.1038/nrn3946 

35. Wilson SR, The L, Batia LM, Beattie K, Katibah GE, Mcclain SP, et al. The 
epithelial cell-derived atopic dermatitis cytokine TSLP activates neurons to 
induce itch. Cell (2013) 155:285–95. doi:10.1016/j.cell.2013.08.057 

36. Hammad H, Lambrecht BN. Barrier epithelial cells and the control of type 
2 immunity. Immunity (2015) 43:29–40. doi:10.1016/j.immuni.2015.07.007 

37. Goswami SC, Mishra SK, Maric D, Kaszas K, Gonnella GL, Clokie SJ, 
et  al. Molecular signatures of mouse TRPV1-lineage neurons revealed by 
RNA-Seq transcriptome analysis. J Pain (2014) 15:1338–59. doi:10.1016/j.
jpain.2014.09.010 

38. Barnes PJ. What is the role of nerves in chronic asthma and symptoms? Am 
J Respir Crit Care Med (1996) 153:S5–8. doi:10.1164/ajrccm/153.6_Pt_2.S5 

39. Spiller RC. Role of nerves in enteric infection. Gut (2002) 51:759–62. 
doi:10.1136/gut.51.6.759 

40. Talbot S, De Brito Gariepy H, Saint-Denis J, Couture R. Activation of kinin 
B1 receptor evokes hyperthermia through a vagal sensory mechanism in the 
rat. J Neuroinflammation (2012) 9:214. doi:10.1186/1742-2094-9-214 

41. LaMotte RH, Dong X, Ringkamp M. Sensory neurons and circuits mediating 
itch. Nat Rev Neurosci (2014) 15:19–31. doi:10.1038/nrn3641 

42. Binshtok AM, Wang H, Zimmermann K, Amaya F, Vardeh D, Shi L, et al. 
Nociceptors are interleukin-1beta sensors. J Neurosci (2008) 28:14062–73. 
doi:10.1523/JNEUROSCI.3795-08.2008 

43. Zhang N, Inan S, Cowan A, Sun R, Wang JM, Rogers TJ, et  al. A proin-
flammatory chemokine, CCL3, sensitizes the heat- and capsaicin-gated ion 
channel TRPV1. Proc Natl Acad Sci U S A (2005) 102:4536–41. doi:10.1073/
pnas.0406030102 

44. Cevikbas F, Wang X, Akiyama T, Kempkes C, Savinko T, Antal A, et  al.  
A sensory neuron-expressed IL-31 receptor mediates T helper cell-depen-
dent itch: involvement of TRPV1 and TRPA1. J Allergy Clin Immunol (2014) 
133:448–60. doi:10.1016/j.jaci.2013.10.048 

45. Liu B, Tai Y, Achanta S, Kaelberer MM, Caceres AI, Shao X, et  al. IL-33/
ST2 signaling excites sensory neurons and mediates itch response in a 
mouse model of poison ivy contact allergy. Proc Natl Acad Sci U S A (2016) 
113:E7572–9. doi:10.1073/pnas.1606608113 

46. Riol-Blanco L, Ordovas-Montanes J, Perro M, Naval E, Thiriot A, Alvarez D,  
et  al. Nociceptive sensory neurons drive interleukin-23-mediated pso-
riasiform skin inflammation. Nature (2014) 510:157–61. doi:10.1038/
nature13199 

47. Kiu H, Nicholson SE. Biology and significance of the JAK/STAT signalling 
pathways. Growth Factors (2012) 30:88–106. doi:10.3109/08977194.2012. 
660936 

48. Ji RR, Samad TA, Jin SX, Schmoll R, Woolf CJ. p38 MAPK activation by 
NGF in primary sensory neurons after inflammation increases TRPV1 
levels and maintains heat hyperalgesia. Neuron (2002) 36:57–68. doi:10.1016/
S0896-6273(02)00908-X 

49. Ludbrook VJ, Hicks KJ, Hanrott KE, Patel JS, Binks MH, Wyres MR, et al. 
Investigation of selective JAK1 inhibitor GSK2586184 for the treatment of 
psoriasis in a randomized placebo-controlled phase IIa study. Br J Dermatol 
(2016) 174:985–95. doi:10.1111/bjd.14399 

50. Oetjen LK, Mack MR, Feng J, Whelan TM, Niu H, Guo CJ, et al. Sensory 
neurons co-opt classical immune signaling pathways to mediate chronic itch. 
Cell (2017) 171(1):217–28.e13. doi:10.1016/j.cell.2017.08.006 

51. Mori T, Miyamoto T, Yoshida H, Asakawa M, Kawasumi M, Kobayashi T, 
et  al. IL-1beta and TNFalpha-initiated IL-6-STAT3 pathway is critical in 
mediating inflammatory cytokines and RANKL expression in inflammatory 
arthritis. Int Immunol (2011) 23:701–12. doi:10.1093/intimm/dxr077 

52. Davis JB, Gray J, Gunthorpe MJ, Hatcher JP, Davey PT, Overend P, et  al. 
Vanilloid receptor-1 is essential for inflammatory thermal hyperalgesia. 
Nature (2000) 405:183–7. doi:10.1038/35012076 

53. Bautista DM, Jordt SE, Nikai T, Tsuruda PR, Read AJ, Poblete J, et al. TRPA1 
mediates the inflammatory actions of environmental irritants and proalgesic 
agents. Cell (2006) 124:1269–82. doi:10.1016/j.cell.2006.02.023 

54. Kerr BJ, Souslova V, Mcmahon SB, Wood JN. A role for the TTX-resistant 
sodium channel Nav 1.8 in NGF-induced hyperalgesia, but not neuropathic 
pain. Neuroreport (2001) 12:3077–80. doi:10.1097/00001756-200110080- 
00019 

55. Nassar MA, Stirling LC, Forlani G, Baker MD, Matthews EA, Dickenson AH,  
et  al. Nociceptor-specific gene deletion reveals a major role for Nav1.7 
(PN1) in acute and inflammatory pain. Proc Natl Acad Sci U S A (2004) 
101:12706–11. doi:10.1073/pnas.0404915101 

56. Stein C, Zollner C. Opioids and sensory nerves. Handb Exp Pharmacol (2009) 
194:495–518. doi:10.1007/978-3-540-79090-7_14 

57. Busch-Dienstfertig M, Gonzalez-Rodriguez S. IL-4, JAK-STAT signaling, 
and pain. JAKSTAT (2013) 2:e27638. doi:10.4161/jkst.27638 

58. Chiu IM, Heesters BA, Ghasemlou N, Von Hehn CA, Zhao F, Tran J, et al. 
Bacteria activate sensory neurons that modulate pain and inflammation. 
Nature (2013) 501:52–7. doi:10.1038/nature12479 

59. Kashem SW, Riedl MS, Yao C, Honda CN, Vulchanova L, Kaplan DH. 
Nociceptive sensory fibers drive interleukin-23 production from CD301b+ 
dermal dendritic cells and drive protective cutaneous immunity. Immunity 
(2015) 43:515–26. doi:10.1016/j.immuni.2015.08.016 

60. Kashem SW, Kaplan DH. Skin immunity to Candida albicans. Trends 
Immunol (2016) 37:440–50. doi:10.1016/j.it.2016.04.007 

61. Dalli J, Colas RA, Arnardottir H, Serhan CN. Vagal regulation of group 3 
innate lymphoid cells and the immunoresolvent PCTR1 controls infection 
resolution. Immunity (2017) 46:92–105. doi:10.1016/j.immuni.2016.12.009 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.1002535
https://doi.org/10.4049/jimmunol.1002535
https://doi.org/10.1038/nature12526
https://doi.org/10.1016/j.immuni.2015.02.019
https://doi.org/10.1172/jci.insight.89362
https://doi.org/10.1016/j.cell.2015.02.010
https://doi.org/10.1016/j.jaci.2014.11.001
https://doi.org/10.1146/annurev.immunol.21.120601.140942
https://doi.org/10.1126/science.1221064
https://doi.org/10.1016/j.immuni.2008.03.004
https://doi.org/10.1111/imr.12557
https://doi.org/10.1038/nri3707
https://doi.org/10.1128/CMR.00046-08
https://doi.org/10.1111/
j.1365-2567.2011.03499.x
https://doi.org/10.1111/
j.1365-2567.2011.03499.x
https://doi.org/10.1038/srep12697
https://doi.org/10.1016/j.bbamem.2015.01.003
https://doi.org/10.1097/AIA.0b013e318034194e
https://doi.org/10.1111/j.1365-2567.2005.02223.x
https://doi.org/10.1146/annurev-immunol-
020711-075015
https://doi.org/10.1146/annurev-immunol-
020711-075015
https://doi.org/10.1038/nrd4334
https://doi.org/10.1038/nrn3946
https://doi.org/10.1016/j.cell.2013.08.057
https://doi.org/10.1016/j.immuni.2015.07.007
https://doi.org/10.1016/j.jpain.2014.09.010
https://doi.org/10.1016/j.jpain.2014.09.010
https://doi.org/10.1164/ajrccm/153.6_Pt_2.S5
https://doi.org/10.1136/gut.51.6.759
https://doi.org/10.1186/1742-2094-9-214
https://doi.org/10.1038/nrn3641
https://doi.org/10.1523/JNEUROSCI.3795-08.2008
https://doi.org/10.1073/pnas.0406030102
https://doi.org/10.1073/pnas.0406030102
https://doi.org/10.1016/j.jaci.2013.10.048
https://doi.org/10.1073/pnas.1606608113
https://doi.org/10.1038/nature13199
https://doi.org/10.1038/nature13199
https://doi.org/10.3109/08977194.2012.660936
https://doi.org/10.3109/08977194.2012.660936
https://doi.org/10.1016/S0896-6273(02)00908-X
https://doi.org/10.1016/S0896-6273(02)00908-X
https://doi.org/10.1111/bjd.14399
https://doi.org/10.1016/j.cell.2017.08.006
https://doi.org/10.1093/intimm/dxr077
https://doi.org/10.1038/35012076
https://doi.org/10.1016/j.cell.2006.02.023
https://doi.org/10.1097/00001756-200110080-00019
https://doi.org/10.1097/00001756-200110080-00019
https://doi.org/10.1073/pnas.0404915101
https://doi.org/10.1007/978-3-540-79090-7_14
https://doi.org/10.4161/jkst.27638
https://doi.org/10.1038/nature12479
https://doi.org/10.1016/j.immuni.2015.08.016
https://doi.org/10.1016/j.it.2016.04.007
https://doi.org/10.1016/j.immuni.
2016.12.009


10

Foster et al. Neuro-Immunology of Inflammation

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1463

62. Yissachar N, Zhou Y, Ung L, Lai NY, Mohan JF, Ehrlicher A, et  al. An 
intestinal organ culture system uncovers a role for the nervous system in 
microbe-immune crosstalk. Cell (2017) 168:1135–48.e12. doi:10.1016/j.
cell.2017.02.009 

63. Hosoi J, Murphy GF, Egan CL, Lerner EA, Grabbe S, Asahina A, et  al. 
Regulation of Langerhans cell function by nerves containing calcitonin 
gene-related peptide. Nature (1993) 363:159–63. doi:10.1038/363159a0 

64. Franco R, Pacheco R, Lluis C, Ahern GP, O’connell PJ. The emergence of 
neurotransmitters as immune modulators. Trends Immunol (2007) 28:400–7. 
doi:10.1016/j.it.2007.07.005 

65. Rochlitzer S, Veres TZ, Kuhne K, Prenzler F, Pilzner C, Knothe S, et  al. 
The neuropeptide calcitonin gene-related peptide affects allergic airway 
inflammation by modulating dendritic cell function. Clin Exp Allergy (2011) 
41:1609–21. doi:10.1111/j.1365-2222.2011.03822.x 

66. Souza-Moreira L, Campos-Salinas J, Caro M, Gonzalez-Rey E. Neuropeptides 
as pleiotropic modulators of the immune response. Neuroendocrinology 
(2011) 94:89–100. doi:10.1159/000328636 

67. Delgado M, Pozo D, Ganea D. The significance of vasoactive intestinal pep-
tide in immunomodulation. Pharmacol Rev (2004) 56:249–90. doi:10.1124/
pr.56.2.7 

68. Ding W, Stohl LL, Wagner JA, Granstein RD. Calcitonin gene-related pep-
tide biases Langerhans cells toward Th2-type immunity. J Immunol (2008) 
181:6020–6. doi:10.4049/jimmunol.181.9.6020 

69. Delgado M, Ganea D. Vasoactive intestinal peptide: a neuropeptide with 
pleiotropic immune functions. Amino Acids (2013) 45:25–39. doi:10.1007/
s00726-011-1184-8 

70. Foreman JC. Substance P and calcitonin gene-related peptide: effects on mast 
cells and in human skin. Int Arch Allergy Appl Immunol (1987) 82:366–71. 
doi:10.1159/000234229 

71. Beresford L, Orange O, Bell EB, Miyan JA. Nerve fibres are required to evoke 
a contact sensitivity response in mice. Immunology (2004) 111:118–25. 
doi:10.1111/j.1365-2567.2004.01786.x 

72. Ostrowski SM, Belkadi A, Loyd CM, Diaconu D, Ward NL. Cutaneous dener-
vation of psoriasiform mouse skin improves acanthosis and inflammation 
in a sensory neuropeptide-dependent manner. J Invest Dermatol (2011) 
131:1530–8. doi:10.1038/jid.2011.60 

73. Tracey KJ. The inflammatory reflex. Nature (2002) 420:853–9. doi:10.1038/
nature01321 

74. Rosas-Ballina M, Olofsson PS, Ochani M, Valdes-Ferrer SI, Levine YA, 
Reardon C, et al. Acetylcholine-synthesizing T cells relay neural signals in a 
vagus nerve circuit. Science (2011) 334:98–101. doi:10.1126/science.1209985 

75. Wang H, Yu M, Ochani M, Amella CA, Tanovic M, Susarla S, et al. Nicotinic 
acetylcholine receptor alpha7 subunit is an essential regulator of inflamma-
tion. Nature (2003) 421:384–8. doi:10.1038/nature01339 

76. Chavan SS, Pavlov VA, Tracey KJ. Mechanisms and therapeutic relevance of 
neuro-immune communication. Immunity (2017) 46:927–42. doi:10.1016/j.
immuni.2017.06.008 

77. Koopman FA, Chavan SS, Miljko S, Grazio S, Sokolovic S, Schuurman PR, 
et al. Vagus nerve stimulation inhibits cytokine production and attenuates 
disease severity in rheumatoid arthritis. Proc Natl Acad Sci U S A (2016) 
113:8284–9. doi:10.1073/pnas.1605635113 

78. Ji H, Rabbi MF, Labis B, Pavlov VA, Tracey KJ, Ghia JE. Central cholinergic 
activation of a vagus nerve-to-spleen circuit alleviates experimental colitis. 
Mucosal Immunol (2014) 7:335–47. doi:10.1038/mi.2013.52 

79. Steyn E, Mohamed Z, Husselman C. Non-invasive vagus nerve stimulation 
for the treatment of acute asthma exacerbations-results from an initial case 
series. Int J Emerg Med (2013) 6:7. doi:10.1186/1865-1380-6-7 

80. Mazzone SB, Undem BJ. Vagal afferent innervation of the airways in 
health and disease. Physiol Rev (2016) 96:975–1024. doi:10.1152/physrev. 
00039.2015 

81. Kummer W, Fischer A, Kurkowski R, Heym C. The sensory and sympathetic 
innervation of guinea-pig lung and trachea as studied by retrograde neuronal 
tracing and double-labelling immunohistochemistry. Neuroscience (1992) 
49:715–37. doi:10.1016/0306-4522(92)90239-X 

82. McGovern AE, Davis-Poynter N, Farrell MJ, Mazzone SB. Transneuronal 
tracing of airways-related sensory circuitry using herpes simplex virus 1, 
strain H129. Neuroscience (2012) 207:148–66. doi:10.1016/j.neuroscience. 
2012.01.029 

83. Hunter DD, Undem BJ. Identification and substance P content of vagal 
afferent neurons innervating the epithelium of the guinea pig trachea. Am 
J Respir Crit Care Med (1999) 159:1943–8. doi:10.1164/ajrccm.159.6.9808078 

84. Ni D, Gu Q, Hu HZ, Gao N, Zhu MX, Lee LY. Thermal sensitivity of isolated 
vagal pulmonary sensory neurons: role of transient receptor potential vanil-
loid receptors. Am J Physiol Regul Integr Comp Physiol (2006) 291:R541–50. 
doi:10.1152/ajpregu.00016.2006 

85. Nonomura K, Woo SH, Chang RB, Gillich A, Qiu Z, Francisco AG, et  al. 
Piezo2 senses airway stretch and mediates lung inflation-induced apnoea. 
Nature (2017) 541:176–81. doi:10.1038/nature20793 

86. Canning BJ, Mori N, Mazzone SB. Vagal afferent nerves regulating the 
cough reflex. Respir Physiol Neurobiol (2006) 152:223–42. doi:10.1016/j.
resp.2006.03.001 

87. Ma A, Bravo M, Kappagoda CT. Responses of bronchial C-fiber afferents of 
the rabbit to changes in lung compliance. Respir Physiol Neurobiol (2003) 
138:155–63. doi:10.1016/S1569-9048(03)00189-7 

88. Caceres AI, Brackmann M, Elia MD, Bessac BF, Del Camino D, D’amours M, 
et al. A sensory neuronal ion channel essential for airway inflammation and 
hyperreactivity in asthma. Proc Natl Acad Sci U S A (2009) 106:9099–104. 
doi:10.1073/pnas.0900591106 

89. Hox V, Vanoirbeek JA, Alpizar YA, Voedisch S, Callebaut I, Bobic S, et al. 
Crucial role of transient receptor potential ankyrin 1 and mast cells in induc-
tion of nonallergic airway hyperreactivity in mice. Am J Respir Crit Care Med 
(2013) 187:486–93. doi:10.1164/rccm.201208-1358OC 

90. Fanta CH. Asthma. N Engl J Med (2009) 360:1002–14. doi:10.1056/
NEJMra0804579 

91. Martinez FD. Genes, environments, development and asthma: a reappraisal. 
Eur Respir J (2007) 29:179–84. doi:10.1183/09031936.00087906 

92. Barnes PJ. Neuroeffector mechanisms: the interface between inflammation 
and neuronal responses. J Allergy Clin Immunol (1996) 98:S73–81; discussion 
S81–73. doi:10.1016/S0091-6749(96)70020-9 

93. Myers AC, Kajekar R, Undem BJ. Allergic inflammation-induced neuropep-
tide production in rapidly adapting afferent nerves in guinea pig airways. 
Am J Physiol Lung Cell Mol Physiol (2002) 282:L775–81. doi:10.1152/
ajplung.00353.2001 

94. Canning BJ, Spina D. Sensory nerves and airway irritability. Handb Exp 
Pharmacol (2009) 194:139–83. doi:10.1007/978-3-540-79090-7_5 

95. Lilly CM, Bai TR, Shore SA, Hall AE, Drazen JM. Neuropeptide content of 
lungs from asthmatic and nonasthmatic patients. Am J Respir Crit Care Med 
(1995) 151:548–53. doi:10.1164/ajrccm.151.2.7531100 

96. Patterson RN, Johnston BT, Ardill JE, Heaney LG, Mcgarvey LP. Increased 
tachykinin levels in induced sputum from asthmatic and cough patients with 
acid reflux. Thorax (2007) 62:491–5. doi:10.1136/thx.2006.063982 

97. Veres TZ, Shevchenko M, Krasteva G, Spies E, Prenzler F, Rochlitzer S, 
et  al. Dendritic cell-nerve clusters are sites of T  cell proliferation in aller-
gic airway inflammation. Am J Pathol (2009) 174:808–17. doi:10.2353/
ajpath.2009.080800 

98. Jacoby DB, Costello RM, Fryer AD. Eosinophil recruitment to the 
airway nerves. J Allergy Clin Immunol (2001) 107:211–8. doi:10.1067/
mai.2001.112940 

99. Gu Q, Lim ME, Gleich GJ, Lee LY. Mechanisms of eosinophil major basic 
protein-induced hyperexcitability of vagal pulmonary chemosensitive neu-
rons. Am J Physiol Lung Cell Mol Physiol (2009) 296:L453–61. doi:10.1152/
ajplung.90467.2008 

100. Kradin R, Maclean J, Duckett S, Schneeberger EE, Waeber C, Pinto C. 
Pulmonary response to inhaled antigen: neuroimmune interactions pro-
mote the recruitment of dendritic cells to the lung and the cellular immune 
response to inhaled antigen. Am J Pathol (1997) 150:1735–43. 

101. Roche N, Lurie A, Authier S, Dusser DJ. Nasal response to capsaicin in 
patients with allergic rhinitis and in healthy volunteers: effect of colchicine. 
Am J Respir Crit Care Med (1995) 151:1151–8. doi:10.1164/ajrccm/151.4.1151 

102. Philip G, Sanico AM, Togias A. Inflammatory cellular influx follows capsaicin 
nasal challenge. Am J Respir Crit Care Med (1996) 153:1222–9. doi:10.1164/
ajrccm.153.4.8616545 

103. Kowalski ML, Dietrich-Milobedzki A, Majkowska-Wojciechowska B, 
Jarzebska M. Nasal reactivity to capsaicin in patients with seasonal allergic 
rhinitis during and after the pollen season. Allergy (1999) 54:804–10. 
doi:10.1034/j.1398-9995.1999.00897.x 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.cell.2017.02.009
https://doi.org/10.1016/j.cell.2017.02.009
https://doi.org/10.1038/363159a0
https://doi.org/10.1016/j.it.2007.07.005
https://doi.org/10.1111/j.1365-2222.2011.03822.x
https://doi.org/10.1159/000328636
https://doi.org/10.1124/pr.56.2.7
https://doi.org/10.1124/pr.56.2.7
https://doi.org/10.4049/jimmunol.181.9.6020
https://doi.org/10.1007/s00726-011-1184-8
https://doi.org/10.1007/s00726-011-1184-8
https://doi.org/10.1159/000234229
https://doi.org/10.1111/j.1365-2567.2004.01786.x
https://doi.org/10.1038/jid.2011.60
https://doi.org/10.1038/nature01321
https://doi.org/10.1038/nature01321
https://doi.org/10.1126/science.1209985
https://doi.org/10.1038/nature01339
https://doi.org/10.1016/j.immuni.2017.06.008
https://doi.org/10.1016/j.immuni.2017.06.008
https://doi.org/10.1073/pnas.1605635113
https://doi.org/10.1038/mi.2013.52
https://doi.org/10.1186/1865-1380-6-7
https://doi.org/10.1152/physrev.
00039.2015
https://doi.org/10.1152/physrev.
00039.2015
https://doi.org/10.1016/0306-4522(92)90239-X
https://doi.org/10.1016/j.neuroscience.2012.01.029
https://doi.org/10.1016/j.neuroscience.2012.01.029
https://doi.org/10.1164/ajrccm.159.6.9808078
https://doi.org/10.1152/ajpregu.00016.2006
https://doi.org/10.1038/nature20793
https://doi.org/10.1016/j.resp.2006.03.001
https://doi.org/10.1016/j.resp.2006.03.001
https://doi.org/10.1016/S1569-9048(03)00189-7
https://doi.org/10.1073/pnas.0900591106
https://doi.org/10.1164/rccm.201208-1358OC
https://doi.org/10.1056/NEJMra0804579
https://doi.org/10.1056/NEJMra0804579
https://doi.org/10.1183/09031936.00087906
https://doi.org/10.1016/S0091-6749(96)70020-9
https://doi.org/10.1152/ajplung.00353.2001
https://doi.org/10.1152/ajplung.00353.2001
https://doi.org/10.1007/978-3-540-79090-7_5
https://doi.org/10.1164/ajrccm.151.2.7531100
https://doi.org/10.1136/thx.2006.063982
https://doi.org/10.2353/ajpath.2009.080800
https://doi.org/10.2353/ajpath.2009.080800
https://doi.org/10.1067/mai.2001.112940
https://doi.org/10.1067/mai.2001.112940
https://doi.org/10.1152/ajplung.90467.2008
https://doi.org/10.1152/ajplung.90467.2008
https://doi.org/10.1164/ajrccm/151.4.1151
https://doi.org/10.1164/ajrccm.153.4.8616545
https://doi.org/10.1164/ajrccm.153.4.8616545
https://doi.org/10.1034/j.1398-9995.1999.00897.x


11

Foster et al. Neuro-Immunology of Inflammation

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1463

104. Nam YH, Jin HJ, Hwang EK, Shin YS, Ye YM, Park HS. Occupational 
rhinitis induced by capsaicin. Allergy Asthma Immunol Res (2012) 4:104–6. 
doi:10.4168/aair.2012.4.2.104 

105. Sanico AM, Atsuta S, Proud D, Togias A. Dose-dependent effects of 
capsaicin nasal challenge: in  vivo evidence of human airway neurogenic 
inflammation. J Allergy Clin Immunol (1997) 100:632–41. doi:10.1016/
S0091-6749(97)70167-2 

106. Stjarne P, Rinder J, Heden-Blomquist E, Cardell LO, Lundberg J, Zetterstrom O,  
et al. Capsaicin desensitization of the nasal mucosa reduces symptoms upon 
allergen challenge in patients with allergic rhinitis. Acta Otolaryngol (1998) 
118:235–9. doi:10.1080/00016489850154955 

107. Dunzendorfer S, Meierhofer C, Wiedermann CJ. Signaling in neuro-
peptide-induced migration of human eosinophils. J Leukoc Biol (1998) 
64:828–34. 

108. Frode-Saleh TS, Calixto JB, Medeiros YS. Analysis of the inflammatory 
response induced by substance P in the mouse pleural cavity. Peptides (1999) 
20:259–65. doi:10.1016/S0196-9781(98)00170-3 

109. Alessandri AL, Pinho V, Souza DG, Castro MS, Klein A, Teixeira MM. 
Mechanisms underlying the inhibitory effects of tachykinin receptor antag-
onists on eosinophil recruitment in an allergic pleurisy model in mice. Br 
J Pharmacol (2003) 140:847–54. doi:10.1038/sj.bjp.0705515 

110. Matsuda H, Kawakita K, Kiso Y, Nakano T, Kitamura Y. Substance P induces 
granulocyte infiltration through degranulation of mast cells. J Immunol 
(1989) 142:927–31. 

111. Sagara H, Yukawa T, Arima M, Makino S. [Effect of capsaicin on the migration 
of eosinophils into the bronchi of guinea pigs]. Arerugi (1993) 42:236–42. 

112. Tiberio IF, Leick-Maldonado EA, Miyahara L, Kasahara DI, Spilborghs 
GM, Martins MA, et  al. Effects of neurokinins on airway and alveolar 
eosinophil recruitment. Exp Lung Res (2003) 29:165–77. doi:10.1080/ 
01902140 303772 

113. Wallrapp A, Riesenfeld SJ, Burkett PR, Abdulnour RE, Nyman J, Dionne D, 
et al. The neuropeptide NMU amplifies ILC2-driven allergic lung inflamma-
tion. Nature (2017) 549(7672):351–6. doi:10.1038/nature24029 

114. Assas BM, Pennock JI, Miyan JA. Calcitonin gene-related peptide is a key 
neurotransmitter in the neuro-immune axis. Front Neurosci (2014) 8:23. 
doi:10.3389/fnins.2014.00023 

115. Levite M. Nerve-driven immunity. The direct effects of neurotransmitters 
on T-cell function. Ann N Y Acad Sci (2000) 917:307–21. doi:10.1111/ 
j.1749-6632.2000.tb05397.x 

116. Levite M. Neuropeptides, by direct interaction with T cells, induce cytokine 
secretion and break the commitment to a distinct T helper phenotype. Proc 
Natl Acad Sci U S A (1998) 95:12544–9. doi:10.1073/pnas.95.21.12544 

117. Wang F, Millet I, Bottomly K, Vignery A. Calcitonin gene-related peptide 
inhibits interleukin 2 production by murine T  lymphocytes. J Biol Chem 
(1992) 267:21052–7. 

118. Tokoyoda K, Tsujikawa K, Matsushita H, Ono Y, Hayashi T, Harada Y, et al. 
Up-regulation of IL-4 production by the activated cAMP/cAMP-dependent 
protein kinase (protein kinase A) pathway in CD3/CD28-stimulated naive 
T cells. Int Immunol (2004) 16:643–53. doi:10.1093/intimm/dxh072 

119. Mikami N, Matsushita H, Kato T, Kawasaki R, Sawazaki T, Kishimoto T, 
et al. Calcitonin gene-related peptide is an important regulator of cutaneous 
immunity: effect on dendritic cell and T  cell functions. J Immunol (2011) 
186:6886–93. doi:10.4049/jimmunol.1100028 

120. Umeda Y, Takamiya M, Yoshizaki H, Arisawa M. Inhibition of mitogen-stim-
ulated T lymphocyte proliferation by calcitonin gene-related peptide. Biochem 
Biophys Res Commun (1988) 154:227–35. doi:10.1016/0006-291X(88)90674-2 

121. Potenzieri C, Meeker S, Undem BJ. Activation of mouse bronchopulmonary 
C-fibres by serotonin and allergen-ovalbumin challenge. J Physiol (2012) 
590:5449–59. doi:10.1113/jphysiol.2012.237115 

122. Riccio MM, Myers AC, Undem BJ. Immunomodulation of afferent neurons in 
guinea-pig isolated airway. J Physiol (1996) 491(Pt 2):499–509. doi:10.1113/
jphysiol.1996.sp021234 

123. Lieu TM, Myers AC, Meeker S, Undem BJ. TRPV1 induction in airway 
vagal low-threshold mechanosensory neurons by allergen challenge and 
neurotrophic factors. Am J Physiol Lung Cell Mol Physiol (2012) 302:L941–8. 
doi:10.1152/ajplung.00366.2011 

124. Mazzone SB, Mori N, Canning BJ. Synergistic interactions between airway 
afferent nerve subtypes regulating the cough reflex in guinea-pigs. J Physiol 
(2005) 569:559–73. doi:10.1113/jphysiol.2005.093153 

125. Woolf CJ. Evidence for a central component of post-injury pain hypersensi-
tivity. Nature (1983) 306:686–8. doi:10.1038/306686a0 

126. Binshtok AM, Bean BP, Woolf CJ. Inhibition of nociceptors by TRPV1-
mediated entry of impermeant sodium channel blockers. Nature (2007) 
449:607–10. doi:10.1038/nature06191 

127. Brenneis C, Kistner K, Puopolo M, Segal D, Roberson D, Sisignano M, 
et  al. Phenotyping the function of TRPV1-expressing sensory neurons 
by targeted axonal silencing. J Neurosci (2013) 33:315–26. doi:10.1523/
JNEUROSCI.2804-12.2013 

128. Brenneis C, Kistner K, Puopolo M, Jo S, Roberson D, Sisignano M, et  al. 
Bupivacaine-induced cellular entry of QX-314 and its contribution to 
differential nerve block. Br J Pharmacol (2014) 171:438–51. doi:10.1111/
bph.12466 

129. Bogaert P, Naessens T, De Koker S, Hennuy B, Hacha J, Smet M, et  al. 
Inflammatory signatures for eosinophilic vs. neutrophilic allergic pulmonary 
inflammation reveal critical regulatory checkpoints. Am J Physiol Lung Cell 
Mol Physiol (2011) 300:L679–90. doi:10.1152/ajplung.00202.2010 

130. Cardoso V, Chesne J, Ribeiro H, Garcia-Cassani B, Carvalho T, Bouchery T, 
et al. Neuronal regulation of type 2 innate lymphoid cells via neuromedin U. 
Nature (2017) 549:277–81. doi:10.1038/nature23469 

131. Peeters PJ, Aerssens J, De Hoogt R, Stanisz A, Gohlmann HW, Hillsley K, 
et al. Molecular profiling of murine sensory neurons in the nodose and dorsal 
root ganglia labeled from the peritoneal cavity. Physiol Genomics (2006) 
24:252–63. doi:10.1152/physiolgenomics.00169.2005 

132. Chen G, Kim YH, Li H, Luo H, Liu DL, Zhang ZJ, et al. PD-L1 inhibits acute 
and chronic pain by suppressing nociceptive neuron activity via PD-1. Nat 
Neurosci (2017) 20:917–26. doi:10.1038/nn.4571 

133. Papa I, Saliba D, Ponzoni M, Bustamante S, Canete PF, Gonzalez-Figueroa P,  
et  al. TFH-derived dopamine accelerates productive synapses in germinal 
centres. Nature (2017) 547:318–23. doi:10.1038/nature23013 

134. Haworth O, Cernadas M, Yang R, Serhan CN, Levy BD. Resolvin E1 regulates 
interleukin 23, interferon-gamma and lipoxin A4 to promote the resolution 
of allergic airway inflammation. Nat Immunol (2008) 9:873–9. doi:10.1038/
ni.1627 

135. Monticelli LA, Sonnenberg GF, Abt MC, Alenghat T, Ziegler CG, Doering 
TA, et  al. Innate lymphoid cells promote lung-tissue homeostasis after 
infection with influenza virus. Nat Immunol (2011) 12:1045–54. doi:10.1031/ 
ni.2131 

136. Misharin AV, Morales-Nebreda L, Mutlu GM, Budinger GR, Perlman H.  
Flow cytometric analysis of macrophages and dendritic cell subsets in 
the mouse lung. Am J Respir Cell Mol Biol (2013) 49:503–10. doi:10.1165/
rcmb.2013-0086MA 

Conflict of Interest Statement: The authors declare that the research was  
conducted in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The reviewer CM and handling Editor declared their shared affiliation.

Copyright © 2017 Foster, Seehus, Woolf and Talbot. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License  
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.4168/aair.2012.4.2.104
https://doi.org/10.1016/S0091-6749(97)70167-2
https://doi.org/10.1016/S0091-6749(97)70167-2
https://doi.org/10.1080/00016489850154955
https://doi.org/10.1016/S0196-9781(98)00170-3
https://doi.org/10.1038/sj.bjp.0705515
https://doi.org/10.1080/01902140303772
https://doi.org/10.1080/01902140303772
https://doi.org/10.1038/nature24029
https://doi.org/10.3389/fnins.2014.00023
https://doi.org/10.1111/
j.1749-6632.2000.tb05397.x
https://doi.org/10.1111/
j.1749-6632.2000.tb05397.x
https://doi.org/10.1073/pnas.95.21.12544
https://doi.org/10.1093/intimm/dxh072
https://doi.org/10.4049/jimmunol.1100028
https://doi.org/10.1016/0006-291X(88)90674-2
https://doi.org/10.1113/jphysiol.2012.237115
https://doi.org/10.1113/jphysiol.1996.sp021234
https://doi.org/10.1113/jphysiol.1996.sp021234
https://doi.org/10.1152/ajplung.00366.2011
https://doi.org/10.1113/jphysiol.2005.093153
https://doi.org/10.1038/306686a0
https://doi.org/10.1038/nature06191
https://doi.org/10.1523/JNEUROSCI.2804-12.2013
https://doi.org/10.1523/JNEUROSCI.2804-12.2013
https://doi.org/10.1111/bph.12466
https://doi.org/10.1111/bph.12466
https://doi.org/10.1152/ajplung.00202.2010
https://doi.org/10.1038/nature23469
https://doi.org/10.1152/physiolgenomics.00169.2005
https://doi.org/10.1038/nn.4571
https://doi.org/10.1038/nature23013
https://doi.org/10.1038/ni.1627
https://doi.org/10.1038/ni.1627
https://doi.org/10.1031/ni.2131
https://doi.org/10.1031/ni.2131
https://doi.org/10.1165/rcmb.2013-0086MA
https://doi.org/10.1165/rcmb.2013-0086MA
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Sense and Immunity: Context-Dependent Neuro-Immune Interplay
	Inflammation is a Nervous Thing
	Physiological Basis for Context-Dependent Neuro-Immune Communication
	Where Do Neurons Fit into This Model?
	Pathogen Defense
	Inflammatory Reflex
	Airway Immunity: A Model System for Delineating Neuro-Immune Interactions
	Sensory Neuron Role in Th1 vs Th2 Immunity in the Lung
	Why Would Nociceptors Participate in Th2 but Not Th1 Immunity?
	Concluding Remarks
	Experimental Procedures
	Drugs
	Bronchoalveolar Lavage Fluid
	FACS
	Cell Count
	Intracellular Cytokine Staining

	Statistics
	Author Contributions
	Acknowledgments
	Funding
	References


