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Abstract
Purpose  To provide a brief and focused review on peripheral neuroimmune interactions and their implications for some 
clinical disorders.
Methods  Narrative review of the literature including of English-language articles published between 1985 and 2021 using 
PubMed and MEDLINE.
Results  Many studies on experimental models and in vitro indicate that there are close interactions between the neural and 
immune systems. Processes from sensory afferents and autonomic efferents co-localize with immune cells and interact at 
discrete anatomical sites forming neuroimmune units. These neuroimmune interactions are bidirectional and mediated by a 
wide range of soluble factors including neuropeptides, classical neurotransmitters, cytokines, and other molecules that medi-
ate complex cross-talk among nerves and immune cells. Small-diameter sensory afferents express a wide range of receptors 
that respond directly to tissue damage or pathogen signals and to chemokines, cytokines, or other molecules released from 
immune cells. Reciprocally, immune cells respond to neurotransmitters released from nociceptive and autonomic fibers. 
Neuroimmune interactions operate both at peripheral tissues and at the level of the central nervous system. Both centrally 
and peripherally, glial cells have a major active role in this bidirectional communication.
Conclusions  Peripheral neuroimmune interactions are complex and importantly contribute to the pathophysiology of several 
disorders, including skin, respiratory, and intestinal inflammatory disorders typically associated with pain and altered bar-
rier function. These interactions may be relevant for persistence of symptoms in disorders associated with intense immune 
activation.
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Introduction

Since the pioneering studies of Felten and Felten [1] almost 
40 years ago, there has been an increasing awareness of 
and interest in the interactions between the nervous and the 
immune systems. At the time of writing this review at the end 
of January 2021, the term “neuroimmune” yielded more than 
3249 entries in PubMed. This emphasizes the fundamental 
importance of these neuroimmune interactions not only in the 
maintenance of tissue homeostasis and coordination of host 
defense against environmental threats, but also in disorders 
ranging from multiple sclerosis and depression to hyperten-
sion and irritable bowel syndrome. The integration between 
the immune and the nervous systems occur at multiple levels, 
including peripheral barriers such as the skin and mucosal 
surfaces, lymphoid organs, and central nervous system 
(CNS). These interactions are mediated by many chemical 
signals and involve sensory afferents and autonomic efferents 
that not only coordinate responses suited to preserve tissue 
integrity but also may initiate or maintain abnormal func-
tion (Fig. 1). The COVID-19 epidemic provides yet another 
reason to focus attention on these neuroimmune interactions. 
SARS-CoV-2 infections trigger marked immune activation, 
which via interactions with visceral afferents, central nerv-
ous system, and autonomic efferents provide a mechanistic 
basis for long-standing symptoms such as fatigue, shortness of 
breath, chronic cough, nausea, gastrointestinal dysmotility, and 
postural and exercise intolerance (with or without excessive 
tachycardia) that affect COVID-19 “long-haulers” [2]. There 
are several comprehensive reviews on neuroimmune interac-
tion in both normal and pathological conditions [1, 3, 8–10], 
including the relevance of these interactions at the level of the 
CNS in the setting of COVID-19 [11]. The purpose of this 
review is not to provide yet another comprehensive account of 
the mechanisms of interactions among immune cells, visceral 
afferents, and autonomic efferents, but rather to emphasize 
some signaling mechanisms involved in peripheral neuroim-
mune interactions that may be of potential clinical relevance 
to clinicians for pathophysiological interpretation and eventual 
rational management of patients with a wide range of medi-
cal disorders. Only some representative examples will be pro-
vided here. From the point of view of the authors, an insight 
into the complexity of peripheral neuroimmune interactions is 
necessary to avoid oversimplification in management of these 
patients, particularly in the setting of development of chronic 
disease.

Innervation of the skin and mucosal surfaces

Barrier tissues such as the skin, cornea, and mucosa of 
the respiratory and gastrointestinal tract interface with 
the environment are highly innervated by sensory affer-
ents and autonomic efferents that participate in com-
plex neuroimmune interactions that allow these tissues 
to respond adequately to a wide range of environmental 
stimuli to maintain tissue homeostasis. Most afferents 
are small-diameter afferents, including small myelinated 
(Aδ) and unmyelinated (C) fibers from nociceptors and 
visceral receptors that express multiple receptors, includ-
ing cytokine and danger molecular pattern receptors that 
respond to chemical signals from immune cells or patho-
gens [6, 7]. However, some large Aβ afferents may also 
respond to such signals and initiate pain [12]. In the skin, 
these afferents innervate both the dermal and epidermal 
layers. Small-diameter afferents extend free nerve endings 
ensheathed by specialized Schwann cells and terminate 
in close proximity to keratinocytes, fibroblasts, endothe-
lial cells, and resident tissue immune cells [6]. The auto-
nomic innervation of the skin is largely sympathetic and 
restricted to the dermal layer, targeting blood vessels, 
lymphatics, apocrine and eccrine glands, and arrector pili 
muscles [13]. The respiratory and gastrointestinal mucosa 
maintain an epithelial barrier for commensals, pathogens, 
and foreign antigens. They harbor a large set of lymphoid 
tissues and immune cells that interact with neural elements 
forming neuroimmune cell units [8]. Sensory afferents in 
these tissues detect local mechanical and chemical stimuli 
including irritants and signals from the microbiota. The 
gastrointestinal tract also harbors local neurons in small 
ganglia forming the enteric nervous system (ENS) and 
local glial cells. Sympathetic and parasympathetic ter-
minals indirectly control motility and secretion via ENS 
enteric neurons and affect local immune responses.

Sensory afferents

Sensory afferents involved in neuroimmune interactions 
have their cell bodies in the dorsal root ganglia (DRG) 
and trigeminal ganglion, which innervate the skin, joints, 
muscle, and viscera, and in the nodose ganglion of the 
vagus nerve, which provides afferents to visceral organs. 
DRG afferents project to the dorsal horn; vagal afferents 
project to the nucleus of the solitary tract in the medulla. 
The main excitatory neurotransmitter of sensory afferents 
is l-glutamate. A substantial proportion of nociceptive and 
visceral afferents also utilize neuropeptides such as sub-
stance P, calcitonin gene-related peptide (CGRP) and vas-
oactive intestinal polypeptide (VIP), as well as adenosine 
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triphosphate (ATP), and other neurotransmitters. These 
afferents express a unique repertoire of receptors and 
ion channels that eventually lead to their depolarization 
via voltage-gated sodium channels, primarily Nav1.7, 
Nav1.8, and Nav1.9. A major feature of these afferents 
is the expression of calcium-permeable transient recep-
tor potential (TRP) channels including vanilloid type 1 

(TRPV1) activated by noxious heat and acid, and ankyrin 
type 1 (TRPA1) channels activated by reactive oxygen spe-
cies (ROS). They also express G-protein-coupled recep-
tors including histamine, bradykinin, prostaglandin E2 
(PGE2), sphingosine-1 phosphate, prokineticin, purinergic 
P2Y, chemokine, and the Mas-related family of G-protein-
coupled receptors (Mrgpr), as well as purinergic P2X and 
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Fig. 1   Reciprocal neuroimmune interactions and some of the major 
signals involved. Several signals from immune cells, including inter-
leukin (IL)-1, tumor necrosis factor (TNF)-α, prostaglandin E2 
(PGE2), C-X-C chemokine ligand 1 (CXCL1), and nerve growth fac-
tor (NGF) among many others, activate peptidergic small fiber sen-
sory afferents. These afferents release substance P, calcitonin gene 
related peptide (CGRP), glutamate, adenosine triphosphate (ATP), 
chemokine (C–C motif) ligand 2 (CCL2) and colony stimulating 
factor 1 (CSF-1) that activate macrophages and other immune cells. 
Both primary afferents and immune cells respond to pathogen associ-
ated and damage associated molecular patterns. In response to inputs 
from sensory afferents and circulating cytokines, the nervous system 

activates autonomic outputs that modulate immune cells, including 
sympathetic outputs utilizing norepinephrine (NE) and neuropeptide 
Y or parasympathetic outputs mediated by acetylcholine (ACh), vaso-
active intestinal polypeptide (VIP) and other signals. The brain also 
regulates immune responses via the hypothalamus-pituitary adreno-
cortical axis involving corticotrophin releasing hormone (CRH) and 
corticotrophin (ACTH) leading to release of cortisol. Local glial cells 
participate in neuroimmune interactions. For example, enteric glia 
release glial-derived neurotrophic factor (GDNF) that activates both 
neurons and glial cells. In addition to pathogen associated signals, 
the microbiota may release other signals that may reach the brain and 
modulate neuroinflammatory responses



480	 Clinical Autonomic Research (2021) 31:477–489

1 3

serotonergic 5-HT3 receptors and acid-sensing cation 
channels, hyperpolarization-activated cyclic nucleotide-
gated channels, and anoctamin 1 channels [14, 15]. Rel-
evant for neuroimmune interactions, small fiber afferents 
express receptors for chemokine (C–C motif) ligand 2 
(CCL2) and C-X-C chemokine ligand 1 (CXCL1); for pro-
inflammatory cytokines such as interleukin-1β (IL-1β) and 
tumor necrosis factor-α (TNF-α); for damage/pathogen-
associated molecular patterns including Toll-like receptors 
(TLRs) and nucleotide-binding oligomerization domain 
(NOD)-like receptors; and for nerve growth factor (NGF) 
[16, 17]. These signals elicit nociceptor sensitization both 
by increasing transcription of Nav and TRP channels and 
via post-transcriptional mechanisms that directly promote 
gating of these channels. Vagal afferents innervating the 
liver and other visceral organs have a major role in neuro-
immune interactions [18]. Upon depolarization, peptider-
gic DRG and vagal sensory afferents release glutamate, 
substance P, CGRP, VIP and other signals at both their 
central and peripheral terminals. Central projections acti-
vate neurons in the dorsal horn or nucleus of the solitary 
tract (NTS) that initiate autonomic reflexes that affect 
peripheral immune responses. For example, hepatic vagal 
sensory afferent nerves indirectly sense the gut microen-
vironment and relay these inputs to the NTS, which via 
the dorsal vagal parasympathetic output and enteric neu-
rons control immune responses in the gut [19]. Sensory 
afferents, via the dorsal horn and NTS also relay immune 
signals to the upper brainstem, hypothalamus, amygdala 
and thalamic relay nuclei projecting to the insular cortex. 
Circulating cytokines may have direct access to the hypo-
thalamus and medulla via circumventricular organs that 
lack a blood brain barrier or through paracrine signaling 
from brain endothelial cells, for example via PGE2 [20]. 
Neurons in the hypothalamus and medulla initiate homeo-
static and survival responses, including immunomodula-
tion, via descending autonomic (primarily sympathetic) 
output and endocrine signals, primarily the hypothalamic-
pituitary-adrenocortical axis [7, 21].

Sympathetic efferents

The sympathetic output originates from preganglionic neu-
rons located in the intermediolateral cell column of the 
thoracolumbar spinal cord. These neurons receive inputs 
from segmental efferents and descending projections from 
the brainstem and hypothalamus and provide cholinergic 
excitatory input to the sympathetic ganglia and adrenal 
medulla via ganglion-type nicotinic acetylcholine receptors 
(nAChRs) [22]. There is abundant sympathetic innerva-
tion of lymphoid organs [4, 9, 23, 24]. Paravertebral gan-
glia innervate the blood vessels and sweat glands of the 
face, trunk and limbs, and the bone marrow and thymus. 

Prevertebral ganglia innervate abdominal and pelvic viscera 
as well as the spleen and the gut lymphoid system. The pri-
mary neurotransmitter in sympathetic efferents is norepi-
nephrine, which acts via several types of α- and β-adrenergic 
receptors (adrenoceptors, ARs). Some sympathetic noradr-
energic efferents also release neuropeptide Y (NPY) and 
other signals that may also affect immune cells [1].

Parasympathetic efferents

The parasympathetic innervation of the viscera originates 
from local and intramural ganglia that receive excitatory 
cholinergic input from preganglionic neurons located in 
the brainstem and sacral spinal cord. Preganglionic input to 
thoracic and abdominal ganglia originates from the dorsal 
motor nucleus of the vagus, whereas that to pelvic ganglia 
originates in the sacral parasympathetic nucleus. Local gan-
glia, including those located in the heart, respiratory tract 
and ENS contain complex circuits that integrate local, para-
sympathetic preganglionic, and sympathetic influences. The 
primary neurotransmitter of most parasympathetic ganglia 
and ENS is ACh, which mediates excitatory responses such 
as smooth muscle contraction and glandular secretion via 
M3 muscarinic receptors. In contrast, vagal inputs to the 
heart reduce automatism and conduction via inhibitory M2 
receptors. Smooth muscle relaxation and vasodilation trig-
gered by the parasympathetic system are mediated by non-
cholinergic neurons that utilize nitric oxide (NO), VIP, and 
other signals. Cholinergic signals control immune responses 
via muscarinic receptors. For example, activation of mus-
carinic acetylcholine receptors directly induced aldehyde 
dehydrogenase gene expression in both human and mouse 
colonic antigen-presenting cells promoting peripheral T 
regulatory cell (Treg) proliferation [19].

Immune cells as triggers and targets 
of neuroimmune interactions

Immune cells both release signals that activate nerve affer-
ents and are a target of signals from sensory afferents and 
autonomic efferents. A comprehensive discussion on the 
different types and function of immune cells is beyond the 
scope of this review, and only a few salient aspects will be 
emphasized here. Immune cells originate from hematopoi-
etic stem cells (HSCs) that give rise to all blood cell lineages 
[25]. Hematopoiesis in adults mostly takes place in the bone 
marrow, whereas T-lymphocyte development occurs in the 
thymus [26]. Innate lymphoid cells (ILCs) are in both tissues 
and peripheral blood and encompass several populations, 
including cytotoxic ILCs (NK cells), helper ILCs and regula-
tory ILCs [27]. Helper ILCs, including ILC2 cells that reside 
in close proximity to neurons and glial cells at mucosal 
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barriers, drive immunological responses via production of 
interferon (IFN)-γ, tumor necrosis factor (TNF)-α, interleu-
kin (IL)-13 and IL-17A [28]. For example, ILC2 expansion 
and production of IL-13 and IL-5 in the context of allergic 
disease explain tissue eosinophilia, increased mucus pro-
duction and airway hyper-reactivity; ILC3s exert antimicro-
bial effects and promote tissue repair and remodeling in the 
gut [27]. Dendritic cells are innate immune cells that pro-
vide an essential interface between the innate and adaptive 
immunity. They are found in blood, tissues and lymphoid 
organs, recognize and respond to pathogen-associated and 
danger-associated signals, and shape the acute inflammatory 
response [29]. They process extracellular and intracellular 
proteins and present antigens in the context of major his-
tocompatibility complex (MHC) molecules to prime naive 
T cells. There are several different types of dendritic cells, 
each specialized to respond to particular pathogens and to 
interact with specific subsets of T cells and, depending on 
the context, can either promote T-cell activation or induce 
tolerance [29, 30]. Tissue-resident macrophages constitute a 
highly heterogeneous population found in most body tissues 
[31, 32]. Macrophages exhibit different functional states and 
have been classically subdivided into two major phenotypes. 
M1-like macrophages are polarized by signals such as bacte-
rial lipopolysaccharides or T helper (Th)1 cytokines such as 
IFN-γ and secrete pro-inflammatory cytokines such as IL-1β, 
IL-6, IL-12, IL-23, and TNF-α; M2-like macrophages are 
polarized by Th2 cytokines such as IL-4 and IL-13, secrete 
anti-inflammatory cytokines such as IL-10 and transforming 
growth factor (TGF)-β, and contribute to tissue repair [33]. 
However, there are many intermediate phenotypes that vary 
according to the environmental stimuli.

T-lymphocyte activation is a complex process [10]. The 
canonical mechanism depends on the T-cell receptor (TCR)-
MHC interaction that triggers a downstream cascades that 
eventually result in activation of nuclear factor kappa-light-
chain enhancer of activated B cells (NF-κB), which pro-
motes transcription of genes crucial to activation and pro-
liferation. In addition, changes in intracellular Ca2+ results 
in activation and nuclear translocation of nuclear factor of 
activated T cells, which controls transcription of IL-2, the 
principal T-cell growth factor. T lymphocytes are primarily 
categorized by their expression of cluster of differentiation 
(CD) markers; the segregation between CD4+ and CD8+ T 
lymphocytes occurs during their selection in the thymus. 
CD4+ T lymphocytes communicate with MHC II in antigen 
presenting cells and respond to cytokine signals further dif-
ferentiating into effector cell subtypes including T helper 
type 1 (Th1), T helper type 2 (Th2) cells, or T helper type 
17 (Th17) cells. Secretion of IL-12 by dendritic cells results 
in polarization to Th1 cells, which secrete IL-2, IFN-γ, and 
TNF-α secretion favoring classical cell-mediated immunity. 
The absence of IL-12 and presence of IL-4 favors the Th2 

subtype, which activates B-lymphocytes and result in iso-
type switching to immunoglobulin E and eosinophil activa-
tion. Secretion of IL-23, TGF-β, and IL-6 by dendritic cells 
results in polarization to Th17 subtype, which secretes IL-17 
and has a major role in autoimmune diseases. In addition to 
polarization to effector subtypes, CD4+ T lymphocytes can 
also differentiate to regulatory T lymphocytes (Tregs), which 
secrete IL-10, resulting in the suppression of antigen-spe-
cific effector T lymphocytes. CD8+ T lymphocytes interact 
with MHC I presented by all nucleated cells and release both 
cytotoxic granules that can damage membranes and activate 
apoptosis and proinflammatory cytokines such as IFN-γ.

B cells are also a crucial component of the adaptive 
immune system; some ultimately differentiate to antibody 
secreting plasma cells. In autoimmune disorders, B lympho-
cytes may also function as antigen-presenting cells, produc-
ing proinflammatory cytokines that induce Th1 and Th17 
responses [34].

Of note, many types of immune cells produce neuro-
transmitters that can act in a paracrine function modulating 
immune responses. For example, many immune cells pro-
duce neuromodulatory neuropeptides, including substance P, 
CGRP, and vasoactive intestinal polypeptide, among many 
others [35]. T lymphocytes can synthesize both catechola-
mines and acetylcholine and regulate their production; these 
signals are important where there does not appear to be a 
clear anatomical neuroimmune connection, such as the para-
sympathetic nervous system communicating with splenic T 
-lymphocytes [10].

In addition to myeloid cells mediating innate immunity 
and lymphocytes mediating adaptive immunity, endothelial 
cells, epithelial cells, and fibroblasts express genes involved 
in immune responses and may potentially participate in neu-
roimmune interactions critical for organ-specific homeosta-
sis [36].

Signals from immune cells to nociceptors

Immune cells produce several mediators that activate sen-
sory neurons. For example, macrophages express different 
TLRs (e.g. TLR4) that trigger expression of proinflamma-
tory cytokines and chemokines that have major role in trig-
gering neuropathic pain [16, 17, 37]. Upon activation after 
tissue injury macrophages release CXCL1, IL-1β, IL-6, 
TNF-α, PGE2, ROS, NGF and other signals that activate 
nociceptors and promote nociceptor sensitization [16]. In 
addition, at the site of peripheral nerve injury, endothelial 
activation may result in recruitment of CX3C chemokine 
receptor 1 (CX3CR1)-expressing macrophages, which 
release ROS that sensitize nociceptive afferents via TRPA1 
channels [37]. Complement C5a may activate C5aR1 in 
skin macrophages, promoting macrophage-dependent sign-
aling that involves mobilization of NGF and sensitization 
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of TRPV1 expressing nociceptors [38]. In contrast, mac-
rophages with M2-like phenotype may have an active role in 
the resolution of pain by releasing anti-inflammatory media-
tors such as IL-10 and transforming growth factor-β (TGF-β) 
and pro-resolving mediators such as neuroprotectin D1 [16].

Detection of danger signals by nociceptors

Like immune cells, nociceptive neurons respond to dam-
age/pathogen -associated molecular patterns through pattern 
recognition receptors, including TLRs and NOD-like recep-
tors that lead to the formation of the NLRP3 inflammasome 
with cleavage and activation of pro-IL-1α and pro-IL-18 
[17]. Thus, pathogen- or danger-associated molecular pat-
terns can activate nociceptive neurons both via an indirect 
pathway mediated by signals from immune cells and via 
direct activation of TLRs expressed by nociceptors. In addi-
tion to slow-acting canonical TLR signaling in nociceptors, 
TLRs also couple to ion channels in sensory neurons, ena-
bling rapid modulation of neuronal activity. For example, 
TLR4 (and TLR3) may directly activate TRPV1 and TRPA1 
channels in nociceptors. Activation of sphingosine-1 recep-
tors may also sensitize nociceptors both via TRPV1 and 
TRPA1 channels and through direct action of ion potassium 
and chloride channels. Nociceptors also rapidly respond to 
microbial signals [39]. For example, bacteria may induce 
calcium flux and depolarization in nociceptor neurons, in 
part via bacterial N-formyl peptides and the pore-forming 
toxin alpha-hemolysin [40]. Bacterial lipopolysaccharides 
directly activate TLR4 in nociceptors leading to sensitiza-
tion via TRPV1 [41] or TRPA1 [42] channels. Endothelial 
signals may also trigger nociceptor sensitization. For exam-
ple, activation of the mechanically-gated ion channel Piezo2 
in endothelial cells leads to release of the pro-nociceptive 
vasodilator endothelin-1 (ET-1), which elicits nociceptor 
sensitization [43]; ET-1 may also promote endothelial cell 
release of ATP in response to mechanical stimulation lead-
ing to activation of P2X2/3 receptors in nociceptors [44].

Activating signals from nociceptors to immune cells

In response to large variety of stimuli in peripheral tissues, 
peptidergic sensory afferents function as “sensorimotor 
nerves” that release substance P, CGRP, ATP, brain-derived 
neurotrophic factor, and other signals antidromically at the 
site of injury. Substance P and CGRP act via receptors 
on blood vessels and immune cells, eliciting “neurogenic 
inflammation” [45–47].

This response manifests with nociceptor sensitization, 
endothelium-dependent vasodilation, mast cell degranula-
tion, edema, local activation of dendritic cells, macrophages, 
and T cells, and immune cell extravasation. The sensory 
ganglia, including the DRG, trigeminal ganglion, and nodose 

ganglion host many different types of immune cells, which 
allows for local neuroimmune interactions relevant for neu-
ropathic pain [48, 49]. Satellite glia in the DRG participate 
in cross-talk with macrophages promoting nociceptor sensi-
tization [50, 51]. Nerve injury triggers upregulation of mem-
brane TLR7 in peptidergic nociceptive neurons leading to 
release of CCL2, IL-1β, TNF-α and extracellular vesicles 
containing microRNAs (mRNAs) that trigger macrophage 
activation [48]. For example, paclitaxel activates TLR4 sign-
aling in nociceptors leading to increased expression of CCL2 
by DRG neurons and local macrophage infiltration, promot-
ing neuropathic pain [52]. Nociceptor-derived microRNA 
(miR)-21 containing vesicles are engulfed to macrophages 
and polarizes these cells towards a pro-inflammatory/pro-
nociceptive phenotype [37, 53]. After nerve injury CCL2, 
and colony stimulating factor 1 (CSF-1) are induced in 
DRG neurons and transported to axonal terminals in the 
dorsal horn, where they promote microglial activation [54]. 
Microglia-astrocyte interactions in the dorsal horn has an 
important role in pain central sensitization [55]. In response 
to injury or inflammation, prokineticin 2 signaling is upregu-
lated in DRG neurons, leading both to tonic activation of 
TRPV1 and TRPA1 contributing to peripheral sensitization 
and dorsal horn signaling promoting astrocytic activation 
and central sensitization [56].

Modulatory signals from primary afferents 
to immune cells

Neuropeptides released from primary participate in immune 
modulation by several mechanisms. For example, sub-
stance P acting via neurokinin 1 receptors has a positive 
stimulatory effect on HSC activity and hematopoiesis [57], 
sustains the survival of activated T cells [58], stimulates 
macrophage production of proinflammatory mediators, 
and primes neutrophils to chemotaxis and migration [39]. 
In, contrast, CGRP acts as a negative regulator of innate 
immune responses and contributes to limiting tissue dam-
age in inflammatory disorders. CGRP directly inhibits 
the ability of macrophages and dendritic cells to produce 
inflammatory cytokines and to present antigens to T cells 
[59]. Effector mechanisms include upregulation of IL-10 
and inhibition of NF-κB activity and are triggered by cyclic 
AMP-protein kinase, a pathway downstream of its the CGRP 
receptor activation. CGRP also reduces monocyte recruit-
ment and macrophage killing ability and inhibits ILC2 
responses [60]. In a murine model of acute lung injury 
induced by lipopolysaccharide, CGRP attenuated inflamma-
tion by regulating macrophage polarization [61]. This effect 
involved reduced NLRP3 and pro-IL-1β mRNA expression 
and enhanced the IL-4 induced expression of markers of 
M2 macrophages (such as IL-10). These effects of CGRP 
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involved a transduction pathway that included calmodulin, 
protein kinase C and protein kinase A [61].

Effects of autonomic outputs 
on neuroimmune interactions

The sympathetic and parasympathetic outputs have a major 
role in regulating immune responses [4, 9, 23]. Whereas the 
sympathetic output typically leads to general and patterned 
modulation of immune responses, parasympathetic outputs 
typically act in individual organs in response to local signals.

Sympathetic output and modulation of immune 
responses

The sympathetic nervous system impacts function, survival, 
proliferation, circulation, and trafficking of immune cells. 
Sympathetic fibers provide a robust input to the bone marrow 
[62, 63] as well as lymph nodes, spleen and gut-associated 
lymphoid tissue, terminating in the vicinity of immune cell 
clones and stromal cells [4, 23, 24, 64]. In the bone marrow, 
sympathetic efferents form complexes with stromal cells in 
hematopoietic niches; catecholamines promote the egress of 
hematopoietic cells from the bone marrow [65]. This effect 
is important for the circadian mobilization of HSCs to the 
bloodstream; circadian oscillations of norepinephrine levels 
induce rhythmic expression of CXCL12 by mesenchymal 
stem and progenitor cells leading to the rhythmic release of 
HSCs from the bone marrow [65]. The sympathetic innerva-
tion of the bone marrow declines with age; this may contrib-
ute to the decline in regenerative capacity and differentiation 
potential of HSCs with aging [66]. Sympathetic nerve fib-
ers also terminate in close proximity to thymocytes, thymic 
epithelial cells, mast cells, and macrophages in the thymus 
[67], where norepinephrine may inhibit thymopoiesis [68]. 
Norepinephrine is essential for antigen processing and traf-
ficking of activated lymphocytes into circulation [69, 70]. 
Several lymphocyte subtypes express cell-intrinsic circadian 
clocks [71], which may contribute to rhythmicity to lympho-
cyte migration [72].

Dendritic cells, macrophages and lymphocytes express 
αARs and βARs in different proportion and distributions 
[10, 73, 74]. Adrenoceptor expression varies among the 
immune cell types and according to the degree of cell activa-
tion. Several environmental factors present during inflamma-
tion can regulate AR expression on immune cells, including 
TLR ligands, hormones, and cytokines. Dendritic cells, mac-
rophages and natural killer (NK) cells express both αARs 
and βARs. Expression of β2AR in T cells differs across the 
different subsets; among CD4+ cells, β2ARs are expressed 
in Th1 and regulatory Treg but is absent in Th2 cells due 
to IL-4-mediated epigenetic modifications. Several in vitro 

studies indicate that the sympathetic output potently modu-
lates dendritic cells, T and B lymphocytes via β2AR sign-
aling [30]. Activation of β2ARs in dendritic cells inhibits 
antigen cross-presentation to CD8+ T cells and dendritic 
cell release of TNF-α, IL-12, and IL-6, while increasing 
IL-10 and IL-33 levels. Activation of β2ARs also suppresses 
Th1 immune responses; promotes Th2 and Treg responses; 
inhibits ICL2 responses; and suppresses circulating NK 
cell numbers and activity [75, 76]. In contrast, activation of 
α1ARs is essential for migration of dendritic cells to lymph 
nodes and skin where α2ARs promote antigen uptake by 
dendritic cells; α1ARs may also promote cytotoxicity of 
spleen NK cells. In general, chronic inflammation changes 
the profile of AR expression on immune cells, inhibiting 
βAR and enhancing αAR expression, which might be related 
to the pro-inflammatory process in some immune-mediated 
diseases.

The sympathetic output to the spleen originates in the 
superior mesenteric and celiac ganglia; postganglionic fib-
ers enter via the splenic nerve and form a dense network in 
the white pulp in the vicinity of T cells, macrophages, and 
B cells [24]. Sympathetic influences on the spleen have a 
major role in regulation of immune responses and mediate 
the efferent component of the so-called cholinergic or vagal 
anti-inflammatory pathway triggered by vagal nerve stimu-
lation several experimental models [77]. The mechanisms 
of this anti-inflammatory response are still poorly under-
stood [78]. Evidence indicates that the sympathetic and not 
the vagal outputs are the essential component of the reflex. 
Vagus nerve stimulation triggers sympathetic output to the 
spleen, where β2AR signaling induces release of acetylcho-
line from local CD4 T lymphocytes; this leads to activation 
of α7 nicotinic acetylcholine receptors (nAChRs) in splenic 
macrophages, suppressing their production of TNF-α and 
other proinflammatory cytokines. In the spleen, few cholin-
ergic T or B cells are located close to adrenergic terminals; 
these lymphocytes express the chemokine CXCR5 recep-
tor and respond to CXCL13 produced by stromal cells that 
express abundant β2Ars [79]. This suggests that sympa-
thetic modulation of immune function in the spleen involves 
chemokine signaling from stromal cells. In this pathway, 
vagal afferent inputs reach the nucleus of the solitary tract, 
which via projections to the paraventricular nucleus of the 
hypothalamus and premotor sympathoexcitatory C1 neu-
rons of the rostral ventrolateral medulla, triggers potent 
anti-inflammatory responses via activation of preganglionic 
neurons of the spinal cord [80]. Neuropeptide Y released 
from sympathetic adrenergic terminals may also contrib-
ute to immune modulation via different receptor subtypes 
expressed in dendritic cells, macrophages, lymphocytes, and 
NK cells [81].

Sympathetic nerve neuroplasticity following injury may 
contribute to dysregulation of secondary lymphoid organs 
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[82]. Studies in experimental models show that, whereas 
immune activation elicits a rapid and selective increase 
in splenic sympathetic activity in the early phase of the 
immune response, sympathetic activity in the spleen and 
lymph nodes decreases thereafter during prolonged acute 
and chronic immune responses. A postmortem study showed 
loss of sympathetic nerves in the spleen of patients who died 
of sepsis compared to those who died from non-inflamma-
tory conditions [83]. This adaptive sympathetic nerve plas-
ticity may reflect axonal retraction and/or segmental axonal 
degeneration of sympathetic fibers terminals triggered by 
cytokines, neurotrophins, or semaphorins released from 
immune or stromal cells [84].

In addition to the systemic immunomodulatory actions, 
sympathetic output also participates in local neuroimmune 
interactions that may have disease implications. Sympathetic 
nerve terminals densely innervate the ENS neurons inhibit-
ing intestinal motility, and also terminate in close proximity 
to dendritic cells, plasma cells, and T-cell zones in Peyer 
patches [85]. Sympathetic-ILC2 units mediate a regulatory 
sympathetic circuit that via β2ARs dampens ILC2-mediated 
type 2 inflammation at mucosal surfaces [85]. Sympathetic 
activation enhances the tissue-protective M2-phenotype of 
muscularis macrophages suppressing TNF-α secretion and 
phagocytosis. Sympathetic inputs acting via β2ARs also 
inhibit the release of histamine and other inflammatory 
mediators from mast cells in the intestine. Genetic deletion 
of the Adrb2 gene encoding the β2ARs produces increased 
intestinal inflammation, susceptibility to Listeria monocy-
togenes infection, and endotoxemia [85].

Parasympathetic interactions with local neurons, 
immune cells, and glia at mucosal surfaces

The effects of the parasympathetic outputs on immune 
responses are complex. Human T lymphocytes express sev-
eral subtypes of nicotinic and muscarinic receptors. Excita-
tory muscarinic receptors, particularly M3 receptors, may 
have an important role in their activation and differentiation. 
The effects of nicotinic receptors is complex, as they can 
activate both proinflammatory Th1 and anti-inflammatory 
Treg cells [10]. T and B cells, macrophages, and dendritic 
cells express the components necessary for a functional 
cholinergic transmission as well as several subtypes of 
muscarinic and nicotinic receptors [86]. Immune activa-
tion upregulates the intrinsic cholinergic activity of these 
cells. Acetylcholine release from cholinergic T cells in the 
spleen, and not that released from nerve terminals, is respon-
sible for activation of α7 nAChRs in splenic macrophages 
leading to attenuation of inflammation triggered by vagus 
nerve stimulation [87]. Vagal efferents interact with multi-
ple cells types at effector organs, influencing local neurons, 
glial cells, and immune cells, and have thus a major role in 

controlling barrier permeability. For example, in addition to 
the “cholinergic anti-inflammatory pathway” centered in the 
spleen, there is a similar pathway centered in the lung [88]. 
Vagal cholinergic inputs to the lung activates ILC3 cells 
producing IL-22, which is a protective mediator of mucosa 
immunity [88].

The maintenance of gut homeostasis depends on the coor-
dinated development and responses of the ENS and intes-
tinal immune systems. Enteric neurons, glial, and immune 
cells form neuroimmune units that occupy distinct anatomi-
cal niches within the gut and respond to signals from the 
lumen, including those from the gut microbiota [89]. Vagal 
activation enhances barrier function and reduces inflamma-
tion through nAChR activation of enteric glia and muscula-
ris macrophages [90]. Enteric neurons maintain muscularis 
macrophages through secretion of CSF-1, whereas mac-
rophages activate ENS neurons by secreting bone morpho-
genetic protein 2 [91]. This bidirectional cross-talk regu-
lates the peristaltic activity of the colon and is promoted and 
activated by commensal microbe-derived signals. Enteric 
glial cells sense pathogens and produce neurotrophic fac-
tors that stimulate protective immune responses that help 
maintain the epithelial barrier integrity. For example, enteric 
glia sense microbial and host alarmin cues and release glial-
derived neurotrophic factor (GDNF) family neurotrophic 
factors that induce IL-22 production by ILC3s, promoting 
tissue repair [92]. Members of the GDNF family also acti-
vate both ENS development and Peyer patch organogenesis 
[92].

Clinical correlations

Evidence from experimental models indicate that neuro-
immune interactions contribute to the pathophysiology of 
skin, respiratory, gastrointestinal, and cardiovascular disor-
ders such as hypertension. These topic has been extensively 
reviewed [6, 7, 10, 84], and only a few points on some exam-
ples will be emphasized here.

Skin disorders

The interactions between nociceptors on immune cells in 
the skin are relevant for several inflammatory skin condi-
tions [6, 45–47]. Stress, inflammation, and nerve injury elicit 
release of substance P, which triggers mast cell degranula-
tion by activation of MrgprX2 receptors [93]. Interactions 
between small sensory afferents and keratinocytes also 
contribute to inflammatory skin conditions such as atopic 
dermatitis [94]. This disorder is characterized by chronic 
pruritus, thickened scaly skin, impaired epidermal barrier 
function, type 2 T helper cell-skewed allergic response, and 
skin hyperinnervation with penetration of sensory afferents 
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into the epidermis. In this disorder, keratinocytes trigger itch 
through their release of histamine, ET-1, and other mediators 
that activate surrounding pruriceptive small fiber afferents 
lading to release of substance P and CGRP [95]. These neu-
ropeptides trigger keratinocyte proliferation and release of 
NGF resulting in increased innervation and leakiness of the 
skin barrier [96]. Psoriasis is associated with dysregulation 
in the IL-23/IL-17 axis that may result from interactions 
among nociceptors, keratinocytes, and local dendritic cells 
[97]. CGRP released from primary afferents triggers IL-23 
production from nearby dermal dendritic cells, which drives 
IL-17 expression by γδ T cells promoting psoriatic inflam-
mation [97]. This pathway also recruits circulating neutro-
phils and monocytes promoting innate protection against 
pathogens [98].

Complex regional pain syndrome

Complex regional pain syndrome (CRPS) is a prototypical 
example of interactions among nociceptive and sympathetic 
fibers, immune cells, and glial cells. CRPS is characterized 
by skin nociceptor sensitization leading to pain and allo-
dynia, time-dependent changes in vasomotor and sudomotor 
output, inflammation, and CNS plasticity of sensory repre-
sentation [99–101]. For example, in experimental models 
of CRPS-1, oxidative stress, activation of macrophage and 
Schwann cells, and activation of TRPA1 channels in noci-
ceptors contribute to allodynia [102]. Sympathetic output 
may contribute to pain in injured or inflamed tissue norepi-
nephrine by several mechanisms, including injury-induced 
expression of novel α1ARs and changes in ion channel 
properties on nociceptors leading to sympathetic-nociceptor 
cross-talk. Norepinephrine acting via β2ARs in keratino-
cytes stimulates the production of IL-6 and leads to nocicep-
tive sensitization [103].

Respiratory allergic and inflammatory disorders

Epithelial damage during allergic inflammation exposes 
vagal parasympathetic nerve endings and promotes ace-
tylcholine release. Cholinergic signals acting via M3 mus-
carinic receptors elicit bronchoconstriction, mucus secretion, 
and activation of ICL2; activation of this receptor also acti-
vates epithelial cells and macrophages, inducing leukotriene 
B4 release and inflammatory cell chemotaxis. The coordi-
nated activity of vagus nerve endings, airway epithelial 
cells, pulmonary neuroepithelial cells, and ILC2 cells has 
a major role in regulating lung infection and immunity, as 
recently reviewed [6, 90]. At the mucosal surface, ILC2s 
are a major effector of neuroimmune interactions triggered 
by vagal afferents and affecting cytokine production dur-
ing allergen challenge. Vagal C-afferents both sense and 
respond to the lung infection and inflammatory cytokines 

and trigger airway inflammation and resistance by releas-
ing substance P, vasoactive intestinal polypeptide, and other 
mediators. ILC2 cells adjacent to airway epithelial cells 
express both α7 nAChRs and neuropeptide receptors and 
can thus be regulated by neuropeptides and ACh released 
from vagal nerve endings. Epithelial-derived cytokines can 
synergize with neuropeptides and ACh to boost production 
of effector cytokines in ILC2 populations and increase air-
way hypersensitivity under lung viral infection and allergy 
challenge. Pulmonary neuroendocrine cells are innervated 
by vagal nerve endings, are in close contact with ILC2 
cells, and release CGRP and GABA [90]. These mediators 
can synergize with epithelium-derived cytokines to facili-
tate proliferation of ILC2 and production of proinflamma-
tory Th2 cytokines (IL-4, 5 and 13) that potentiate allergic 
inflammation, as shown in some experimental models of 
asthma [104]. However, whereas CGRP supports IL-5 pro-
duction, it constrains ILC2 proliferation [105]. Activation 
of α7nAChRs by acetylcholine released from vagal affer-
ents also downregulates ICL2-triggered inflammation [106]. 
Mucosal neurons were found adjacent to ILC2 and directly 
sense worm products and alarmins to control innate type 2 
cytokines [107]. Neuromedin U produced in local mucosal 
neurons acts via receptors on ILC2 cells promoting pro-
duction of innate inflammatory and tissue repair cytokines 
resulting in immediate protective type 2 responses [107]. 
These complex interactions provide multiple potential 
pharmacological targets for managements of inflammatory 
(including allergic) reactions affecting the respiratory tract.

Inflammatory and functional gastrointestinal 
disorders

Several gastrointestinal disorders may reflect bidirectional 
communication between the nervous and immune systems 
[108, 109]. Abnormal neuroimmune interactions affect 
barrier function and motility, and in many cases produce 
abdominal pain. Many of these interactions involve mast 
cells, which are fundamental elements of the intestinal 
barrier, as they regulate epithelial function and integrity 
and modulate both innate and adaptive mucosal immunity. 
Mast cells contact vagal afferent terminals and express 
both nAChRs that attenuate mast cell responses and mus-
carinic receptors that increase mast cell degranulation and 
histamine release [110]. Histamine can activate myenteric 
neurons in the small intestine and promote substance P and 
CGRP release from sensory afferents, leading to visceral 
hypersensitivity and inflammation. In turn, substance P, 
CGRP and VIP promote release of histamine from intesti-
nal mast cells. Disruption of the intestinal barrier is asso-
ciated with increased passage of luminal antigens into the 
mucosa, which further facilitates mucosal mast cell activa-
tion and inflammatory responses [109]. The importance of 



486	 Clinical Autonomic Research (2021) 31:477–489

1 3

sympathetic-immune interactions for fine-tuning of peri-
stalsis and immune homeostasis is also shown in experi-
mental models of postoperative ileus, colitis, and intestinal 
infection [111, 112]. Activation sympathetic output in the 
setting of stress or in response to inflammatory molecules 
may lead to impaired gastrointestinal motility as occurs in 
experimental models of functional dyspepsia [113]. Glial-
mediated activation of macrophages may also modulate 
the development of visceral hypersensitivity [114].

Conclusions

Many studies on experimental models and in vitro indi-
cate that there are close interactions between the neural 
and immune systems involving multiple signaling mecha-
nisms. Despite the fact that most of these interactions have 
been shown in vitro and in experimental models, they have 
relevance to understanding the pathophysiology of clini-
cal disease. However, in humans, the evidence is, so far, 
largely indirect, as tools utilized to dissect these interac-
tions in experimental studies (e.g., knockout, miRNAs, 
receptor blocking drugs) are not yet available for clinical 
use. For example, in patients, drugs such as beta-blockers 
may affect widespread subpopulations of immune cells 
with different effects in different tissue and clinical set-
tings. The benefit of vagal nerve stimulation in inflam-
matory disorders is largely interpreted on the basis of 
studies in rodent models, but the mechanism is yet to 
be defined. Whereas this review focused on the interac-
tions at the peripheral level, the CNS has a critical role 
in mechanisms of neuroimmune communication [3, 5, 7, 
9]. These peripheral and central interactions are yet to be 
fully characterized in vivo and may be influenced by the 
basal level of neural activity and stage of immune cell 
differentiation. Nevertheless, this evidence strongly indi-
cates that neuroimmune interactions may be at the core 
of many, if not most, medical disorders. Disturbance of 
these interactions both at the periphery and at the level of 
the CNS not only lead to end-organ dysfunction but may 
also result in global impairment of neuromodulation and 
symptoms involving multiple systems. Immune-activated 
peripheral afferents, circulating cytokines, and microbial 
products activate neurons and glial cells in the hypothala-
mus and medulla and trigger sympathetic and humoral 
responses, such as cortisol release that may contribute 
to altered homeostasis and persistence of symptoms in 
disorders such as COVID-19 [11]. The elucidation of the 
signaling mechanisms involved will likely provide further 
opportunity for development of rational therapy.

Funding  None.
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