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Abstract

Interactions between the nervous and immune systems were recognized long ago, but recent
studies show that this crosstalk occurs more frequently than was previously appreciated. Moreover,
technological advances have enabled the identification of the molecular mediators and receptors
that enable the interaction between these two complex systems and provide new insights on the
role of neuroimmune crosstalk in organismal physiology. Most neuroimmune interaction occurs
at discrete anatomical locations in which neurons and immune cells colocalize. Here, we describe
the interactions of the different branches of the peripheral nervous system with immune cells

in various organs, including the skin, intestine, lung, and adipose tissue. We highlight how
neuroimmune crosstalk orchestrates physiological processes such as host defense, tissue repair,
metabolism, and thermogenesis. Unraveling these intricate relationships is invaluable to explore
the therapeutic potential of neuroimmune interaction.
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BRIEF HISTORICAL OVERVIEW

The field of neuroimmunology is rapidly growing, garnering the attention of several
communities, including neuroscientists, immunologists, and microbiologists. Knowledge
about connections between the nervous and immune systems dates back to Aulus Cornelius
Celsus (25 BC-50 AD), who described the cardinal signs of inflammation: swelling (tumor),
redness (rubor), heat (calor), and pain (dolor). All four hallmarks can be caused by neurons
via neurogenic inflammation (Chiu et al. 2012), and pain, the unpleasant sensation, is often
connected with immune responses in the inflamed tissue. As work over the last decades has
uncovered, it is increasingly clear that branches of the peripheral nervous system (PNS),
including sensory, sympathetic, vagal, and enteric neurons, signal to immune cells to impact
their function. While central nervous system (CNS) and neuroendocrine (e.g., hypothalamic-
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pituitary-adrenal axis) control of immunity have been evaluated elsewhere (Bellavance &
Rivest 2014, Schiller et al. 2021, Webster et al. 2002), the goal of this review is to highlight
the bidirectional communication between the PNS and the immune system in establishing
homeostasis, inflammation, and disease.

The nervous and immune systems are evolutionarily ancient and likely coevolved to use
common molecular mediators and receptors for intersystem communication (Kraus et

al. 2021). Molecular crosstalk between neurons and immune cells impacts neurological
function, barrier homeostasis, and host defense (Chesné et al. 2019, Chu et al. 2020,

Huh & Veiga-Fernandes 2020) while also playing roles in diseases such as cancer and
neurodegeneration (Pavlov & Tracey 2017, Shurin et al. 2020). The PNS and immune
system are each enormously complex, both being represented by cell types whose gene
expression patterns are dependent upon cell state, tissue residence, and interactions

with neighboring cells. The white blood cells of the immune system are derived from
hematopoietic precursors circulating throughout the body via the vasculature and lymphatics
to survey tissues (Supplemental Appendix). At barrier sites, notably in the skin, gut, and
lungs, immune cells are often in close proximity to PNS nerve fibers and express receptors
for neuropeptides and neurotransmitters, thus rendering the immune cells amenable to
neuromodulation (Godinho-Silva et al. 2019, Tamari et al. 2021) (Figure 1). As is true

of immune cells, neuronal cells also harbor a high degree of diversity, with molecular
changes that occur after tissue injury and inflammation. Additionally, neurons express
immune-related receptors such as pattern recognition receptors and cytokine receptors. Thus,
these systems reciprocally respond to and influence each other’s behaviors through shared
receptors and mediators, prompting the emergent collaboration between immunologists and
neuroscientists.

Historically, much of neuroimmunology was relegated to the study of autoimmune attack

in multiple sclerosis or correlative work showing that psychological or neurological

changes impact immunity without clear mechanistic insights (Nutma et al. 2019). Presently,
neuroimmunology is undergoing a renaissance with the advent of tools such as optogenetics,
chemogenetics, viral tracing, and molecular profiling that have aided in deciphering the
ways in which nerves and immune cells communicate. Here, we discuss the interactions
between the nervous and immune systems that occur at distinct anatomical locations in
peripheral organs where nerve terminals and immune cells colocalize in neuroimmune cell
units.

SENSORY NEURON CROSSTALK WITH IMMUNE CELLS

Somatosensory neurons in the dorsal root ganglia (DRG) and trigeminal ganglia (TG)
innervate barrier sites, including the skin and gut, and mediate perceptions, including

touch, pain, and itch. Vagal sensory neurons in the nodose/jugular ganglia innervate visceral
organs. Sensory neurons respond to inflammation by detecting immune mediators and then
releasing neuropeptides, including calcitonin gene—related peptide (CGRP), substance P
(SP), and vasoactive intestinal peptide (VIP). These factors regulate immune cell function
and impact host defense in the skin, lungs, and gut.
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Sensory Neuron Detection of Immune Factors

The sensory nervous system is finely tuned by inflammation. DRG and TG neurons respond
to immune factors to drive the sensations of pain and itch. While pain is acutely protective
by driving avoidance behaviors and facilitating wound healing, pain becomes pathological
when it reaches a chronic state. During injury and infection, immune cells release a

cocktail of factors, including cytokines, histamine, lipids (e.g., prostaglandins, leukotrienes),
and growth factors (e.g., NGF). Nociceptive sensory neurons, the neuronal subset that
mediates pain, can detect nearly all these classes of immune molecules (Cook et al. 2018).
Many of these factors can cause neuronal sensitization and action potential generation to
produce pain, and a subsequent local axonal reflex causes the release of neuropeptides

from peripheral terminals that can induce neurogenic inflammation (Cook et al. 2018).
Some examples of pain-mediating cytokines include IL-1 and IL-17, which are produced in
chronic inflammatory diseases. IL-1f is sensed by nociceptive neurons through interleukin-1
receptor (IL-1R) signaling (Binshtok et al. 2008). IL-1 increases neuronal excitability by
changing the properties of voltage-gated sodium channels (Navs) that are phosphorylated by
p38 MAPK, lowering the threshold for action potential firing (Binshtok et al. 2008). IL-17, a
cytokine necessary for the elimination of extracellular pathogens and implicated in multiple
sclerosis, mediates pain in response to injury (Kim & Moalem-Taylor 2011). In a model

of chronic pain caused by sciatic nerve ligation, IL-17-deficient mice exhibited reduced
mechanical allodynia, decreased T cell and macrophage recruitment to the sciatic nerve and
DRG, and diminished microglial activation (Kim & Moalem-Taylor 2011). Beyond these
examples, sensory neurons express receptors for a range of other immune molecules that are
extensively discussed elsewhere (Cook et al. 2018, Pinho-Ribeiro et al. 2018).

Vagal sensory neurons relay sensory input from the gut, lungs, and other visceral organs

to the brainstem to drive sensory-autonomic reflexes. Like DRG neurons, vagal neurons
possess receptors for immune molecules. One key question is whether distinct immune-
derived molecules induce differing vagal sensory inputs to activate differential neuroimmune
reflexes. For example, vagal neurons express receptors for the inflammatory cytokines IL-18
and tumor necrosis factor alpha (TNFa) produced during infection and injury. Yet, although
both cytokines can induce vagal activation, whole-nerve recordings in mice exposed to
IL-1B or TNFa in vivo show cytokine-specific compound action potentials (Zanos et

al. 2018). Vagal sensory neurons in IL-1R knockout mice fail to respond to IL-1p but
maintain responses to TNFa, suggesting that each cytokine directs distinct neural outputs.
Therefore, the action of cytokines on sensory neurons can positively or negatively feedback
via neuroimmune circuits to affect immunity.

DRG Sensory Neurons in Skin Immunity

The skin is in constant contact with the environment, serving as a barrier against pathogens
and as a sensory interface that is innervated by DRG sensory neurons. These neurons signal
to immune cells to regulate the outcome of infection, allergic responses, and wound repair.

Skin host defense.—During infection, skin-innervating DRG sensory neurons crosstalk
with microbes and immune cells to direct local immune defenses (Figure 2). Microbes can
directly act on nociceptive neurons through pathogen receptors to induce pain. For example,
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nociceptive neurons express receptors to microbial molecules, including formylated-peptide
receptors and Toll-like receptors (TLRs). Lipopolysaccharide (LPS), a component of Gram-
negative bacterial cell walls, binds to its canonical receptors TLR4 and CD14 expressed

by transient receptor potential cation channel subfamily V member 1 (TRPV1)* sensory
neurons (Diogenes et al. 2011). TLR4 signaling may couple to TRPV1 ion channel
sensitization to induce pain. LPS also acts directly on transient receptor potential cation
channel subfamily A member 1 (TRPAZ1) channels on nociceptors to cause calcium flux,
CGRP release, and local skin edema (Meseguer et al. 2014). Myelinated sensory Ap fibers
from the DRG also express TLR5, the receptor for bacterial flagellin (Xu et al. 2015). In
subcutaneous Staphylococcus aureus infection, bacterial products, including a-hemolysin
and A-formylated peptides, induced calcium flux in DRG Nav1.8* nociceptors to produce
pain (Chiu et al. 2013). In addition, the S. aureus toxins phenol-soluble modulin a.3 and
leukocidin y-hemolysin AB induce DRG firing and pain, which is blocked by lidocaine
derivative QX-314 (Blake et al. 2018). In response to bacterial triggers, Nav1.8* nociceptors
release CGRP, which acts on macrophages to suppress TNFa production, decreasing
neutrophil and monocyte recruitment to the infection site (Chiu et al. 2013). Draining lymph
nodes of S. aureus-infected, Nav1.8*-deficient mice become larger, with increased numbers
of B cells, T cells, and monocytes (Chiu et al. 2013), suggesting a role for neurons in
negatively regulating adaptive immunity.

Sensory neurons also mediate antifungal immunity. TRPV1* fibers are activated by cell
wall components of the fungal pathogen Candida albicans and signal pain via the Dectin-1
B-glucan receptor (Maruyama et al. 2018). CGRP is released by sensory neurons and acts
on dermal CD301b™ dendritic cells (DCs) to drive I1L-23 production; IL-23 in turn promotes
the proliferation of dermal -y6 T cells, IL-17 secretion, and control of fungal burden of C.
albicans (Kashem et al. 2015).

Pain and sensory neuron activation can prime an anticipatory immune response through

an axonal reflex arc (Cohen et al. 2019). Optogenetic stimulation of channel rhodopsin—
expressing TRPV1* neurons in the dorsal ear induced cutaneous inflammation through a
type 17 inflammatory response characterized by y6 and CD4* T cell activation, infiltration
of neutrophils, and an increase of IL-6, IL-23, and TNFa. In turn, this inflammatory
environment results in a greater control of C. albicansand S. aureus at the stimulation

site and adjacent tissue. However, TRPV1* neurons can also be coopted by microbes to
mediate immune suppression and promote pathogen survival. The bacterium Streptococcus
pyogenes, a causative agent of necrotizing fasciitis (flesh-eating disease), produces the
toxin streptolysin S (SLS), which activates TRPV1* DRG neurons to induce pain and
suppress neutrophil recruitment (Pinho-Ribeiro et al. 2018). In response to SLS, CGRP
released by TRPV1* fibers suppressed the bactericidal activity of neutrophils by decreasing
myeloperoxidase (MPO) activity. Ablation of TRPV1* neurons, treatment with a CGRP
antagonist, or administering the botulinum neurotoxin A to inhibit neuronal vesicle release
significantly improved disease severity of S. pyogenes infection (Pinho-Ribeiro et al. 2018).

Skin allergic responses and psoriasis.—Sensory neuron—-mast cell interactions play

an important role in allergic inflammation (Figure 2). Mast cells form intimate clusters
with sensory neurons in the skin and contain dense vesicles full of molecules, including
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histamine and heparin, that promote inflammation, swelling, and edema (Serhan et al.
2019). TRPV1™ sensory neuron activation rapidly leads to mast cell degranulation via the
neuropeptide SP, which binds to mast cell receptor Mas-related G protein—coupled receptor
member X2 (MrgprX2) in humans and MrgprB2 in mice (McNeil et al. 2015). In a mouse
model of wound healing, neuron—mast cell signaling through SP-MrgprB2 drove local
tissue edema, cytokine production, and monocyte and neutrophil recruitment (Green et al.
2019). In a model relevant to atopic dermatitis, house dust mites (HDMSs) directly activate
peptidergic TRPV1* nociceptive neurons to induce MrgprB2* mast cell-dependent allergic
skin inflammation (Serhan et al. 2019). Mast cells are in close proximity to TRPV1* sensory
fibers, and SP release promotes MrgprB2* mast cell degranulation, release of inflammatory
cytokines, and skin pathology (Serhan et al. 2019). Many common allergens harbor
enzymatically active proteases, including bee venom and HDMs (Lamhamedi-Cherradi et
al. 2008, Palm et al. 2013, Porter et al. 2009, Sokol et al. 2008, Van Dyken & Locksley
2018). Upon injection with the model skin allergen papain, TRPV1* neurons trigger DC
migration to draining lymph nodes to prime a T-helper type 2 (Th2) immune response in

a SP-MrgprALl-dependent manner (Perner et al. 2020). Conversely, MrgprD™* skin sensory
neurons, which are distinct from TRPV1* neurons, promote tissue homeostasis by releasing
glutamate to suppress mast cell degranulation, inflammatory gene programs, and expression
of MrgprB2 (Zhang et al. 2021). Yet, although at baseline the skin is more inflamed,
MrgprD neuron—deficient mice display smaller lesions and control dermonecrotic S. aureus
infection more efficiently (Zhang et al. 2021).

In a mouse model of psoriasis caused by the chemical imiquimod, nociceptors promote

skin inflammation, neutrophil and inflammatory monocyte recruitment, and draining lymph
node enlargement (Riol-Blanco et al. 2014). Notably, Nav1.8* nociceptors induce closely
associated DCs to produce 1L-23, which in turn promotes IL-17 and IL-22 production by y&
T cells to drive this inflammation (Riol-Blanco et al. 2014).

Wound repair.—DRG sensory neurons also promote wound repair (Figure 2). Tissue-
resident macrophages can promote inflammation or tissue healing depending on
environmental cytokines and cues. C-fiber sensory neurons expressing Gaj-interacting
protein (GINIP) are protective in a mouse model of ultraviolet burn, as deletion of

GINIP* fibers caused worse fibrosis, increased numbers of inflammatory macrophages,
and decreased numbers of dermal anti-inflammatory IL-10-producing TIM4* macrophages
(Hoeffel et al. 2021). The neuropeptide TAFA4 produced by a subset of GINIP* neurons
regulated IL-10 production by dermal macrophages (Hoeffel et al. 2021). Thus, depending
upon stimuli, sensory neurons in concert with immune cells can promote protective or
pathological dermal responses.

Vagal Sensory Neurons in Lung Immunity

In the lungs, neuroimmune signaling maintains protective barrier functions while limiting
pathological inflammation (Figure 3). The vagus nerve supplies much of the sensory
innervation of the airways, mediating breathing, bronchoconstriction, and protective reflexes
such as cough (Canning et al. 2006, Carr & Undem 2003, Chang et al. 2015, Coleridge

& Coleridge 2011, Trankner et al. 2014, Widdicombe 2001). Both vagal sensory neurons
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and immune-derived mediators contribute to the airway constriction observed in asthmatic
disease. In ovalbumin and HDM models of induced airway inflammation, ablation of
Nav1.8" sensory neurons or silencing vagal neurons using QX314 leads to decreased airway
inflammation (Talbot et al. 2015). At steady state, the lungs contain populations of group

2 innate lymphoid cells (ILC2s). IL-5 released during the allergic airway challenge acts on
sensory neurons to release VIP, resulting in recruitment and activation of CD4* T cells and
ILC2s (Talbot et al. 2015). Another neuropeptide, neuromedin U (NMU), acts on ILC2s
expressing the receptor Nmur (Cardoso et al. 2017, Klose et al. 2017, Wallrapp et al. 2017).
When administered together with IL-25, NMU potentiates ILC2 numbers and functions,
leading to allergic inflammation (Wallrapp et al. 2017). In a mouse model of S. aureus
lethal pneumonia, TRPV1* nociceptive neurons limit antibacterial immunity in the lung via
CGRP (Baral et al. 2018). Deletion of vagal TRPV1* nociceptive neurons enhanced host
survival and bacterial clearance but also coincided with increased levels of inflammatory
molecules such as TNFa and CXCL-1 in the lungs. These inflammatory mediators also
correspond to the increased recruitment of neutrophils and -y8 T cells (Baral et al. 2018).

In DCs, CGRP suppresses TLR-signaled production of TNFa and CCL4 by cAMP/protein
kinase A (PKA) downstream of calcitonin receptor—like receptor (CALCRL) and receptor
activity—modifying protein 1 (RAMP1). CGRP signaling activates the inducible cAMP early
repressor (ICER) to transcriptionally regulate inflammatory cytokine promoters such as the
tumor necrosis factor (7n/) locus (Harzenetter et al. 2007). Thus, sensory fibers in the

lung can potentiate airway inflammation by activating ILC2s but suppress inflammation
and immune cell recruitment in bacterial infection. It remains to be determined whether
other types of lung inflammation (e.g., viral infection, fibrosis) are regulated via distinct
neuroimmune axes.

Sensory Neurons in Gastrointestinal Immunity

Primary sensory afferents emanating from vagal ganglia and lumbar-sacral DRG innervate
the gastrointestinal tract to detect harmful substances and mediate protective neural reflexes
such as nausea and visceral pain (Blackshaw & Gebhart 2002, Di Giovangiulio et al.

2015, Grundy et al. 2019) (Figure 4). Gut-innervating DRG neurons mediate protection

to Salmonella enterica serovar Typhimurium (STm) in a CGRP-dependent manner by
regulating the intestinal barrier and the microbiota (Lai et al. 2020). Microfold (M) cells,
specialized epithelial cells in Peyer’s patches, facilitate translocation of microbes and
antigens across the gut barrier from the lumen to lamina propria. STm coopts M cells

as entry points to establish infection in mice. DRG TRPV1" and Nav1.8" fibers release
CGRP to negatively regulate M cell numbers to decrease STm uptake and burden. M

cells also regulate the density of segmented filamentous bacteria, a beneficial microbe that
protects against STm infection (Lai et al. 2020). Potentially, SP may also modulate immune
responses to STm, as mice lacking its receptor, neurokinin-1 receptor (NK1R), exhibit
enhanced protection and immunoglobulin A (IgA) responses to STm infection (Walters et
al. 2005). In an STm oral challenge model, NK1R-deficient mice produce greater levels of
serum IgA, increased IgA-producing cells in the lamina propria, and CD4* T cells producing
IL-5 and IL-6 (Walters et al. 2005). However, the mechanisms as to how SP/NK1R mediates
these effects remain unknown.
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INTERACTIONS OF THE AUTONOMIC NERVOUS SYSTEM WITH IMMUNE

CELLS

Spleen: The

The three subdivisions of the autonomic nervous system—sympathetic, parasympathetic,
and enteric nervous system (ENS)—engage in bidirectional communication with the
immune system (Huh & Veiga-Fernandes 2020, Chesné et al. 2019). Sympathetic signals
originate from preganglionic neurons in the intermediolateral cell column of the spinal cord.
Segmental efferents projecting from the brainstem and hypothalamus provide cholinergic
excitatory input to the sympathetic ganglia and adrenal medulla. Norepinephrine is the major
neurotransmitter of the sympathetic nervous system and acts on several classes of a and

[ adrenergic receptors (ARs) that are also expressed by immune cells (Bellinger & Lorton
2014). In addition, some sympathetic fibers also influence immune cell function via the
secretion of neuropeptides such as neuropeptide Y (NPY) (Felten & Felten 1987).

Parasympathetic signals are delivered to peripheral organs from local and intramural ganglia,
which are controlled by cholinergic input from the brainstem and sacral spinal cord. In

the thorax and abdominal cavity, the preganglionic input is transmitted through the vagus
nerve, while pelvic ganglia are controlled by the sacral parasympathetic nucleus. The main
neurotransmitter of the parasympathetic system and ENS is acetylcholine (ACh), which can
be integrated by muscarinic and nicotinic receptors expressed by immune cells (Bellinger &
Lorton 2014).

Proper intestinal function relies on the ENS—a complex neuronal network that contains

as many neurons as the spinal cord (Furness et al. 2014). This so-called second brain
engages in bidirectional communication with the diverse pool of immune cells, microbiota,
epithelium, and muscle cells (Veiga-Fernandes & Pachnis 2017).

In the following sections, we consider how functional interactions of the autonomic nervous
system with immune cells regulate homeostasis in various peripheral organs. In addition, the
effects of individual neuronal cues on immune cells have also been reviewed (Bellinger &
Lorton 2014), but these are not considered here.

Inflammatory Reflex and the Cholinergic

Anti-Inflammatory Pathway—The innervation to the spleen has been extensively
studied: Postganglionic sympathetic fibers from the celiac and superior mesenteric ganglia
have nerve endings in close proximity to T and B lymphocytes, DCs, macrophages, and
natural Killer cells (Bellinger et al. 1989, Bellinger & Lorton 2014). These fibers mainly
release norepinephrine, which acts on the adrenoreceptor expressed in this organ and exerts
anti-inflammatory responses (Bratton et al. 2012, Oke & Tracey 2009), which was termed
the inflammatory reflex (Oke & Tracey 2009). In addition, the sympathetic tone in the
spleen is indirectly controlled by the vagus nerve via the cholinergic anti-inflammatory
pathway (Pavlov et al. 2003, Tracey 2002). However, it has been shown that there is

no direct parasympathetic innervation in the spleen, and therefore this model has been
challenged. Furthermore, in other experimental settings, vagotomy did not exacerbate
inflammation (Bratton et al. 2012, Martelli et al. 2014).
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Recently, a brain-spleen circuit was described that directly impacts on immune defenses by
regulating the formation of immunoglobulin-producing plasma cells (Zhang et al. 2020).
The stress-responsive central amygdala and paraventricular nucleus of the hypothalamus
stimulate splenic T cells via noradrenaline released by the splenic nerve. These T cells

in turn secrete ACh, which binds to splenic B cells, driving its differentiation into
immunoglobulin-producing plasma cells.

Bone Marrow: Neuroimmune Communication in Hematopoiesis

Hematopoiesis, the formation of new blood cells that continues throughout life and takes
place in the bone marrow, is tightly controlled by the autonomous nervous system (Warr et
al. 2011). The bone marrow mainly receives sympathetic input, and the relevance of this
innervation was established more than 20 years ago (Afan et al. 1997, Warr et al. 2011).
Neuronal cues were shown to interact with stromal cells in the bone marrow, controlling
circadian mobilization of hematopoietic stem cells into the bloodstream (Méndez-Ferrer et
al. 2008, 2010). Stromal cells release catecholamines that control the diurnal expression of
CXCL12, a chemokine that retains stem cells in bone marrow (Méndez-Ferrer et al. 2008,
2010). Sympathetic fibers also secrete NPY, which in mice induces stromal cytokine release
and promotes hematopoietic stem cell mobilization via activation of matrix metallopeptidase
9 (MMP-9) (Park et al. 2015).

In humans, aging leads to decreased numbers of sympathetic fibers in the bone marrow
and diminished B3-adrenergic signaling, which is associated with decreased HSC function,
reflected as decreased regenerative capacity and diminished multilineage differentiation
potential (Maryanovich et al. 2018). Myeloid leukemia in humans can also lead to
sympathetic neuropathy that disrupts mesenchymal homeostasis, leading to expansion of
malignant progenitors (Arranz et al. 2014, Hanoun et al. 2014).

Parasympathetic fibers in the bone marrow are largely outnumbered by sympathetic fibers
and nociceptor neurons. Consequently, the effects of parasympathetic cues in hematopoiesis
are not well understood. A recent study demonstrated that signaling via the muscarinic
receptor type 1 (Chrm1) in the brain promotes HSC mobilization (Pierce et al. 2017). This
cholinergic signaling in the hypothalamus primes the hypothalamic-pituitary-adrenal axis,
inducing glucocorticoid release, which in turn promotes egression of HSCs from the bone
marrow via the glucocorticoid receptor NR3C1. Though this study demonstrates a role for
central cholinergic signaling, the role of local parasympathetic fibers remains unknown.

Recently, sensory fibers were also shown to regulate HSC mobilization. CGRP secreted

by bone marrow nociceptive fibers acts on HSCs expressing RAMP1/CALCRL to promote
HSC egress via activation of the G protein Gag (Gao et al. 2021). Feeding mice with
capsaicin also induced increased BM CGRP levels and increased HSC mobilization into

the blood (Gao et al. 2021). Interestingly, DRG sensory nerve fibers were also found to
innervate the lymph node capsule (Huang et al. 2021). Transcriptionally these fibers express
innate immune receptors, including TLRs, and optogenetic activation leads to changes in
lymph node stromal cells and neutrophils (Huang et al. 2021). The observation that sensory
fibers exist in lymphoid tissues opens opportunities by which the sensory nervous system
could modulate host immunity.
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The glial cells that ensheath bone marrow nerves have also been shown to support the
hematopoietic stem cell niche. Transforming growth factor beta (TGF-B) is an important
factor for maintenance of HSC that is produced by various bone marrow cells (Yamazaki

et al. 2011). Nonmyelinating Schwann cells were shown to critically mediate the activation
of TGF-B production in these cells (Yamazaki et al. 2011). Glial cells are also the most
likely source of rearranged during transfection (RET) ligands. These neurotrophic factors are
required for survival, expansion, and robustness of HSC in a B cell lymphoma 2 (Bcl2)- and
BCL2-like 1 (Blc2l1)-dependent manner (Fonseca-Pereira et al. 2014).

The intestine is a vast mucosal surface that relies on the largest immune compartment of
the body and an extensive neuronal network to exert its functions. The diverse microbiota
is separated from the inner milieu by only a single layer of epithelium. Intestinal neurons
are classified as intrinsic with cell bodies in the gut, i.e., the ENS, and as extrinsic with cell
bodies located outside the intestine, i.e., the autonomous nervous system. We first describe
intrinsic and extrinsic innervation before discussing functional neuroimmune interactions in
the intestine.

Intrinsic innervation: the enteric nervous system.—The mammalian ENS is
composed of two layers of interconnected neurons and glia: the myenteric plexus, located
between the intestinal muscle layers, and the submucosal plexus, located above the circular
muscle layer. The myenteric plexus mainly coordinates smooth muscle contractions, while
the submucosal plexus is involved in gut secretions and absorption (Furness 2000, Matteoli
et al. 2014). The neuronal cell bodies of both plexuses are located in ganglia surrounded by
glia that outnumber neurons by three to five times (Kulkarni et al. 2018). There are neuronal
projections that interconnect the ganglia and project to nonneuronal targets, including
immune cells and epithelium (Furness 2000) (Figure 4).

Enteric glia are a heterogeneous population with diverse morphology, distribution, and
genetic profiles that include markers of Schwann cells or astrocytes (Veiga-Fernandes &
Pachnis 2017). Glial cells are present within the intrinsic ganglia but also form a dense
network that spreads from the crypts to the tips of intestinal villi. Intestinal glial cells
interact with neuroendocrine cells, immune cells, blood vessels, and nerve fibers.

The development of the ENS and enteric immune system is closely related and
interdependent. The neuroregulatory RET is a key player in the development of the ENS
and intestinal secondary lymphoid structures called Peyer’s patches. RET signals in cisvia
GDNF family receptor alpha 1 (GFRa1) and glial cell-derived neurotrophic factor (GDNF),
which are essential for ENS formation (Patel et al. 2012, \eiga-Fernandes et al. 2007), while
RET signaling in #ransthrough GFRa3 is required for lymphoid tissue initiator cell-induced
formation of Peyer’s patches (Veiga-Fernandes et al. 2007).

Extrinsic innervation: sympathetic and parasympathetic regulation.—The
extrinsic autonomic innervation of the intestine, part of the gut-brain axis, includes both
parasympathetic and sympathetic branches (MVeiga-Fernandes & Pachnis 2017). Sympathetic
nerve endings containing norepinephrine densely innervate various parts of the intestine,
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including the serosa, mucosa, muscularis, myenteric plexus, and Peyer’s patches (Capurso et
al. 1968, Fu et al. 2013, Phillips et al. 2006).

Inflammation

So-called type 2 immune responses have evolved to provide immunity against helminthic
infections. T helper 2 cells and ILC2s are key regulators of this type of inflammatory
response, which can also lead to chronic intestinal inflammatory disorders such as
inflammatory bowel disease (IBD) (Veiga-Fernandes & Artis 2018). ILC2s have also
emerged as critical integrators of neuronderived signals (Figure 4). ILC2s express various
receptors for neuropeptides and the B2AR. In the intestine, ILC2s are found to colocalize
with adrenergic neurons, and deletion of the B2AR enhanced type 2 responses by ILC2s
(Moriyama et al. 2018). Conversely, treatment with B, receptor agonists enhanced the
infection burden in a helminth infection model in mice (Moriyama et al. 2018).

Mast cells are myeloid cells that are present in connective tissue, including the intestine.
They are often implicated in allergic and inflammatory responses, as they are activated by
allergy-associated mediators such as IgE. Upon activation, mast cells release inflammatory
mediators such as histamine, proteases, and a wide variety of immune-regulating cytokines
that also impact on sensory neurons (Krystel-Whittemore et al. 2015, van Diest et al.
2012). Mast cells are often found close to autonomic nerves (Williams et al. 1997), and
adrenergic stimulation via B, receptors on mast cells inhibits the release of histamine and
other inflammatory mediators (Butchers et al. 1991). Mouse and human mast cells express
nicotinic acetylcholine receptors (nAChRs) (Kageyama-Yahara et al. 2008, Mishra et al.
2010) and ACh-promoted histamine release (Masini et al. 1985).

Neuroimmune interaction has also been linked to human disease. In Crohn’s disease, altered
sympathetic innervation is observed (Belai et al. 1997). Likewise, in animal models of

IBD, enteric inflammation impacts on sympathetic and sensory innervation, leading to
IBD-associated hypersensitivity (Bai et al. 2009, Xia et al. 2011).

Host Defense and Tissue Protection

ILC3s are another member of the innate lymphoid cell family and are recognized to engage
in neuronal crosstalk (Veiga-Fernandes & Artis 2018) (Figure 4). Intestinal ILC3s and glial
cells colocalize in specialized locations where their function is controlled by neurotrophic
factors (Ibiza et al. 2016). Glial cells respond to microbial and host alarmin cues by
production of neurotrophic factors that act on RET* ILC3s, inducing the production of
tissue-protective IL-22. In the context of various inflammatory and infectious insults, these
neuroimmune cell units are required to maintain tissue homeostasis by promoting tissue
repair (Ibiza et al. 2016). Further studies show that enteric neuronal circuits tune ILC
responses via neuroregulators. Enteric glia and neurons were demonstrated to respond to
environmental alterations such as microbial cues, worm products, and host alarmins by the
production of neuromediators (Cardoso et al. 2017, Ibiza et al. 2016).

In addition to neurotrophic factors, ILC3s were also found to integrate vagal-derived ACh
(Dalli et al. 2017). In a model of Escherichia coliinfection of the peritoneal cavity, unilateral
disruption of the vagus reduced ILC3 numbers and decreased the concentration of ILC3-
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derived tissue-protective protectin conjugates in tissue regeneration 1 (PCTR1), leading to
an increased infection burden (Dalli et al. 2017). Together, these studies demonstrate how
neuron-ILC units induce fast responses to external aggressions, required for maintaining
tissue homeostasis.

Close interactions between neurons and macrophages have also been recognized to play

an important role in protection of the integrity of the intestinal barrier (Gabanyi et al.

2016, Matteoli et al. 2014). In a mouse model of postoperative injury, stimulation of

the vagus nerve reduced inflammation and promoted bowel transit (Matteoli et al. 2014).
The most likely target of the protective cholinergic mediators were muscularis-resident
macrophages expressing a7nAChR. Intestinal macrophages show compartmentalization
and specialization: Proinflammatory macrophages are located in the lamina propria, with
tissue-protective anti-inflammatory subsets in the muscularis layer (Gabanyi et al. 2016).
The function of the latter, regulatory-like subtype of macrophages is stimulated via f2AR
to integrate sympathetic norepinephrine signaling (Gabanyi et al. 2016). In steady-state
conditions, enteric neurons also mediate the maintenance of muscularis macrophages via
the secretion of a growth factor required for macrophage development, macrophage colony-
stimulating factor (M-CSF) (Muller et al. 2014). In turn, muscularis macrophages regulate
neuronal function via secretion of bone morphogenetic protein 2 (BMP2), thereby activating
bone morphogenetic protein receptor (BMPR)-expressing enteric neurons (Muller et al.
2014). This bidirectional interaction is further regulated by commensal microbe-derived
signals that modulate CSF1 and BMP2 expression levels. Thus, this microbe-macrophage-
neuron triangle contributed to tissue homeostasis in steady state by regulating colonic
motility (Muller et al. 2014). Importantly, muscularis macrophages also have a role in
maintaining intrinsic enteric-associated neurons during infection (Matheis et al. 2020).
Sympathetic signaling via the p2 receptor in muscularis macrophages was shown to induce
a neuronal protection program through an arginase-1-polyamine axis using murine intestinal
infection models. Thus, functional crosstalk between neurons and macrophages in the
intestine could play an important role in the long-term postinfectious symptoms in irritable
bowel syndrome or IBD.

The lung receives sympathetic inputs from the superior cervical and stellate ganglia. While
sympathetic fibers can produce nonclassical neuromediators such as NPY, nitric oxide
synthase (NOS), and ATP, noradrenaline is the main sympathetic neurotransmitter and is
responsible for bronchodilation. The nucleus ambiguous sends parasympathetic fibers to the
lung that travel through the vagus nerve (Kummer et al. 1992, McGovern & Mazzone 2010).
ACh acts on the pulmonary nicotinergic and cholinergic receptors, inducing smooth muscle
contraction and bronchoconstriction (Yang et al. 2014). Some parasympathetic fibers also
secrete nitric oxide (NO) and VIP, inducing relaxation of smooth muscles (Fischer et al.
1998).

Functional neuroimmune cell units in the lung have been best described in the context
of type 2 immune responses (Figure 3). IL-4, IL-5, and IL-13 are the prototypic effector
cytokine responses of type 2 immune responses. Typically, these cytokines induce smooth
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muscle contraction, for example, of airways, increased mucus production, and recruitment
and activation of other immune cells. Depending on the context, these responses induce
allergic reactions such as airway hyperreactivity or are protective, for instance, in helminth
infections in the lung or intestine (Hammad & Lambrecht 2015).

ILC2s are prototypical cells mediating type 2 responses and have been found to engage

in bidirectional communication with neurons. Cholinergic neurons control ILC2-mediated
allergic and helminth responses via secretion of the neuropeptide NMU, which acts on the
neuromedin U receptor 1 (NMUR1) on ILC2s (Cardoso et al. 2017, Klose et al. 2017,
Wallrapp et al. 2017). NMU/NMURL1 signaling induces rapid production of the effector
cytokines IL-5 and IL-13 and tissue-protective amphiregulin. This neuroimmune cell unit
functions to provide immediate tissue protection against helminth infection. Conversely,
cholinergic neurons are also capable of dampening ILC2 function via the a7nAChR (Galle-
Treger et al. 2016).

ILC2s have also been reported to be capable of producing ACh itself (Chu et al. 2021,
Roberts et al. 2021). Release of ACh by ILC2s increases during helminth infection, allergic
airway inflammation, and stimulation with alarmins IL-25 and I1L-33. The ILC2-ACh
pathway is required for optimal helminth immunity, as the parasite burden increases upon
disruption of the pathway. ILC2s thus also constitute a nonneuronal source of ACh in the
lung and intestine.

The sympathetic nervous system also regulates ILC2 biology. Pulmonary and intestinal
ILC2s also express the 2AR (Moriyama et al. 2018). In the intestine, ILC2s colocalize with
adrenergic fibers. Deletion of B2AR resulted in enhanced type 2 inflammation in the lung
and intestine, while p2 agonists dampened ILC2 responses.

Thus, ILC2s can integrate a wide variety of neuronal cues, including parasympathetic

and sympathetic signals. It is now clear that they interact in complex regulatory networks
comprising local neurons that are important for tuning protective and pathological mucosal
responses.

Next to ILC2s, mast cells are important immune cells in type 2 responses. Mast cells are
found throughout the airways, mostly along the airway lumen and less frequently in the lung
parenchyma (Andersson & Grundstrém 1987, Barnes 1986, Carr & Undem 2003). Mast
cells are also localized in close proximity to airway nerves (Kowalski et al. 1997, Undem

et al. 1995). Antigen-induced contraction of mouse trachea requires both parasympathetic
nerve—derived ACh and mast cell-derived serotonin, although it is unclear whether mast
cell-produced serotonin acts directly on smooth muscle cells (Cyphert et al. 2009, Weigand
et al. 2009).

Adipose Tissue

Adipocyte function is known to be tightly controlled by neuronal cues (Bartness et al.
2010) (Figure 5). In addition, several studies have shown that fat metabolism is also
controlled by neuroimmune cell units involving tissue-resident macrophages. A recently
described population of white adipose tissue macrophages colocalizes with sympathetic
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fibers (Pirzgalska et al. 2017) (Figure 5a). These sympathetic neuroassociated macrophages
(SAMs) clear norepinephrine through SLC6A2, a transporter of norepinephrine, and

the degrading enzyme monoamine oxidase A (MAOA). Optogenetic activation of the
sympathetic nervous system stimulated SAM-mediated uptake of norepinephrine. Deletion
of Slc6a2in SAMs induced browning of white fat and increased thermogenesis,

leading to weight loss in obese mice (Pirzgalska et al. 2017). Similarly, a recent study
described an age-related reduction of lipolysis by adipose tissue adipocytes due to lower
noradrenaline bioavailability (Camell et al. 2017) (Figure 5b). Aging correlated with

higher gene expression levels of catecholamine-degrading enzymes, possibly explaining
reduced lipolysis at advanced age. Likewise, tissue-resident macrophages were also found
in brown adipose tissue that is also innervated by sympathetic fibers (Wolf et al. 2017).
Mutations in the transcription factor Mecp2 in macrophages correlated with metabolic
imbalance due to decreased sympathetic fat innervation. Brown adipose tissue macrophages
thus steer sympathetic innervation, thereby indirectly controlling the bioavailability of
catecholamines. Together, these studies demonstrate that tissue-resident macrophages
control tissue homeostasis by relaying neuronal cues.

Recently, interactions between the nervous system, mesenchymal stem cells, and ILC2s
were shown to cooperate to regulate metabolism and obesity (Cardoso et al. 2021)

(Figure 5c). In mice, sympathetic nerve terminals in visceral adipose tissue were shown

to act on local mesenchymal stem cells via B2ARs to control the release of glial-derived
neurotrophic factor (GDNF). This RET ligand in turn regulates adipose tissue ILC2 activity,
as manipulation of GDNF machinery altered ILC2 function, energy expenditure, insulin
resistance, and obesity. Retrograde tracing studies coupled with functional manipulation
revealed that these adipose tissue circuits are controlled by sympathetic fibers from the
aorticorenal ganglion and connect to higher-order brain areas, including the paraventricular
nucleus of the hypothalamus (Cardoso et al. 2021). This study thus demonstrates control
of metabolism and obesity by a neuro-mesenchymal unit via tissue-resident ILC2s by
integrating cues from the CNS.

CONCLUDING REMARKS

The study of peripheral neuroimmune interactions has revealed a complex network

that regulates health and disease, both at the local level and at long distance. Recent
technological advances have spurred the study of these intricate interactions between two
systems that engage in crosstalk much more frequently than previously appreciated. Many
studies have revealed neuroimmune interactions at the barrier surfaces where organisms
interact with the outside world such as the gut, skin, and lungs. Neuroimmune units have
emerged as hubs that integrate a wide variety of environmental cues to maintain or to
reestablish tissue homeostasis. As such, neuroimmune units are an interesting target for the
development of new therapeutic strategies (Klose & Veiga-Fernandes 2021). Indeed, the
vagus nerve has already been targeted using electrical stimulation (de Jonge et al. 2005, Ji et
al. 2014).

To further explore the therapeutic potentials of neuroimmune interactions, a better
understanding of the molecular makeup of the neuroimmune interface is required. In
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addition, we require a better understanding of the transcriptional and epigenetic changes
and the resulting effects of neuroimmune interactions: How do neuropeptides and
neurotransmitters affect immune cell function, and vice versa, what are the effects of
immune mediators on neurons? How do the neuronal receptors expressed by immune cells
behave, and do immune receptors expressed on axonal terminals signal similarly in neurons
as they do in immune cells?

Over the last several years, many efforts have been made to map the neuronal interactome in
the brain, but little is known about the PNS. A detailed atlas of peripheral neurons, including
information on the various neuronal subsets and the neurotransmitters involved, will be
instrumental for the further development of this field. Similarly, how discrete brain networks
regulate and/or are regulated by peripheral neuroimmune axes remains poorly understood.
These are open questions that are among the most promising and exciting endeavors in the
realm of brain-body axes.

These and others are some of the exciting frontiers to explore in uncovering the language
that these two ancient systems use to communicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Direct communication between peripheral neurons and immune cells. Immune cell function

can be modulated by factors produced from the PNS, as many immune cell types express
receptors for neuropeptides and neurotransmitters. Reciprocally, the PNS can be regulated
by the immune system since peripheral nerve terminals express canonical immune-related
receptors for molecules such as cytokines, chemokines, and lipids. Nociceptive neurons also
express receptors that detect microbes and/or their products, thereby allowing the nervous
system to sense potential infections. In response to environmental cues such as inflammatory
cytokines acting on receptors expressed by peripheral nerves, action potentials are generated
to produce a variety of neuronal outputs, including activating reflex circuits and sensations
such as pain and itch. One potential outcome is an antidromic axonal reflex that results in
synaptic vesicle fusion and release of neuronal factors, which can in turn affect immune cell
behavior and function. Signals from peripheral sensory nerves can also integrate with the
central nervous system to produce a sensory-autonomic reflex and synaptic vesicle release.
Abbreviation: PNS, peripheral nervous system.
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Figure2.
Peripheral neuroimmune interactions in the skin. Most of the skin is innervated by sensory

fibers originating from dorsal root ganglia, which have been shown to communicate with
skin-resident and infiltrating immune cells. In bacterial infections caused by Staphylococcus
aureus or Streptococcus pyogenes, pore-forming toxins activate Nav1.8" and TRPV1*
nociceptor neurons to release CGRP. CGRP can subsequently suppress macrophages from
producing inflammatory cytokines like TNFa and decrease neutrophil recruitment and
function. This inhibitory activity of CGRP leads to the loss of control of bacterial infection.
TRPV1™ fibers can also be activated by Candida albicans to release CGRP during infection.
CGRP acts on dermal CD301b* DCs to produce 1L-23, which promotes dermal y& T

cell proliferation and secretion of 1L-17 to control fungal infection. However, this DC/y6

T cell/IL-17 circuit can also promote inflammation and pathology in a mouse model

of psoriasis. Active proteases in allergens trigger TRPV1* neurons to release SP, which
acts on MRGPRAL on DCs to promote their migration to draining lymph nodes and

prime a Th2 immune response. SP release from TRPV1* sensory neurons also trigger

mast cell degranulation via binding MRGPRB2. The SP-MRGPRB2 mast cell axis drives
tissue edema and neutrophil recruitment. By contrast, nonpeptidergic MRGPRD™ sensory
neurons release glutamate to suppress mast cell degranulation. GINIP* sensory fibers
promote tissue healing by releasing the neuropeptide TAFA4 to promote release of the
anti-inflammatory cytokine IL-10 by TIM4* macrophages. Abbreviations: CGRP, calcitonin
gene-related peptide; DC, dendritic cell; GINIP, Gaj-interacting protein; MRGPR, Mas-
related G protein—coupled receptor; Nav, voltage-gated sodium channel; SP, substance P;
TAFA4, TAFA chemokine like family member 4; Th2, T-helper type 2; TIM4, T cell
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immunoglobulin and mucin domain containing 4; TNFa, tumor necrosis factor alpha;
TRPV1, transient receptor potential cation channel VV member 1.
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Figure 3.
Peripheral neuroimmune interactions in the lungs. The vagus nerve supplies most of the

sensory and cholinergic innervation of the airways. Allergic inflammation in the lungs
stimulates the production of the type 2 cytokine IL-5 that directly stimulates sensory
neurons to release VIP. VIP recruits and activates 1LC2s and CD4* T cells, which further
potentiate airway inflammation. TRPV1* pulmonary fibers restrict antibacterial immunity
through secretion of CGRP, which restricts recruitment of neutrophils and -y6 T cells.
CGREP, released by sensory fibers and neuroendocrine cells that are found interspersed in
the lung epithelium, also regulates IL-5 production by ILC2s. Cholinergic fibers release
the neuropeptide NMU, which is a potent activator of ILC2s via NMURL that responds

by producing the type 2 effector cytokines IL-5, IL-13, and Areg that are important for
helminth immunity. In turn, acetylcholine inhibits ILC2 function via NACHR7. Sympathetic
fibers release NE that acts on p2AR expressed by ILC2s, downmodulating the production
of IL-5 and IL-13. Abbreviations: p2AR, B, adrenergic receptor; Areg, amphiregulin;
CGREP, calcitonin gene-related peptide; ILC2, group 2 innate lymphoid cell; NACHR?7,
nicotinic acetylcholine receptor 7; NE, norepinephrine; NMU, neuromedin U; NMURL,
neuromedin U receptor 1; TRPV1, transient receptor potential cation channel VV member 1;
VIP, vasoactive intestinal peptide.
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Figure 4.
Peripheral neuroimmune interactions in the gut. The intestine is innervated by sensory

fibers and the autonomic nervous system, composed of enteric neurons and sympathetic

and parasympathetic fibers. Sensory afferents from vagal ganglia and lumbar-sacral DRG
innervate the gastrointestinal tract and mediate protection to STm. M cells in Peyer’s patches
and mucosa-associated lymphoid tissue facilitate STm transfer to establish an infection.
Sensing of STm by DRG TRPV1* and Nav1.8* fibers cause CGRP release. CGRP acts

on M cells to decrease their numbers and to limit STm uptake. M cells also negatively
regulate SFB density, which further antagonizes STm infection. SP may also negatively
regulate immune responses to STm, as NK1R-deficient mice exhibit enhanced levels of
serum IgA and increased numbers of IgA-producing cells in the lamina propria. Sensory
fibers also release VIP, which acts on ILC2s and ILC3s that release type 2 cytokines

and tissue-protective 1L-22, respectively. ILC3s are also stimulated by the RET ligand

GFL, released by enteric glial cells. Enteric nervous system fibers release G-CSF, which
promotes muscularis macrophage maintenance. In turn, macrophages produce BMP2, which
activates neurons via the BMPR2. Furthermore, acetylcholine acts as a negative regulator

of tissue-protective muscularis macrophages via the NACHR7. NE released by sympathetic
fibers promotes macrophage-induced protection of neurons during infection. The function
of intestinal ILC2 is also regulated by NMU, which acts as a strong stimulator of ILC2
function, and NE, which signals through the B2AR. Finally, intestinal mast cells can
integrate a wide variety of neuronal cues and respond by producing a range of inflammatory
mediators, which is covered in other excellent reviews and is beyond the scope of this

piece. Abbreviations: p2AR, B, adrenergic receptor; Areg, amphiregulin; BMP2, bone
morphogenetic protein 2; BMPR2, bone morphogenetic protein receptor type 2; CGRP,
calcitonin gene-related peptide; DRG, dorsal root ganglia; G-CSF, granulocyte colony
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stimulating factor; GFL, GDNF family of ligands; 1gA, immunoglobulin A; ILC2, group

2 innate lymphoid cell; ILC3, group 3 innate lymphoid cell; M, microfold; M¢, macrophage;
NACHRY7, nicotinic acetylcholine receptor 7; Nav, voltage-gated sodium channel; NE,
norepinephrine; NK1R, neurokinin-1 receptor; NMU, neuromedin U; NMURZ, neuromedin
U receptor; PC, Plasma cell; RET, rearranged during transfection; SFB, segmented
filamentous bacteria; SP, substance P; STm, Salmonella enterica serovar Typhimurium;
TRPV1, transient receptor potential cation channel subfamily V member 1; VIP, vasoactive
intestinal peptide.
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Figure5.
Peripheral neuroimmune interactions in the adipose tissue. (8) SAMs localized in adipose

tissue around sympathetic fibers express the NE transporter SLC6A2 and the degradation
enzyme MAOA. Thus, these macrophages act to remove NE from the interstitium,
thereby lowering the amount of NE available to adipocytes. Normally, NE stimulates
adipocyte lipolysis and fatty acid oxidation, giving rise to beige adipocytes in a process
called browning. (6) Aging stimulates the NLRP3 inflammasome, inducing GDF3 that
promotes MAOA expression in NE-degrading macrophages. Aging dampens NE release
and lipolysis in adipose tissue through increased removal of NE, contributing to increased
availability of fatty acids, which are required to survive starvation and to tolerate exercise.
(¢) A sympathetic aorticorenal-adipose circuit connects to the brain and regulates group

2 innate lymphoid cells (ILC2s) via mesenchymal stem cells. Gonadal adipose tissue
mesenchyme units translate NE cues to expression of the RET ligand GDNF. In turn, this
neurotrophic fact controls adipose tissue ILC2 function via the neuroregulatory receptor
RET. ILC2s control adipocyte metabolism via the effector cytokines IL-5, IL-13, and
Met-Enk. Abbreviations: B2AR, B, adrenergic receptor; ARG, aorticorenal ganglion; Enk,
enkephalin; GDF3, growth differentiation factor 3; GDNF, glial-derived neurotrophic factor;
ILC2, group 2 innate lymphoid cell; MAOA, monoamine oxidase A; MSC, mesenchymal
stem cell; NE, norepinephrine; NLRP3, NLR family pyrin domain containing 3; PVH,
paraventricular nucleus of hypothalamus; RET, rearranged during transfection; SAM,
sympathetic neuron—associated macrophage.
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