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ABSTRACT

Sensory neurons, also known as afferent neurons, perceive
noxious stimuli from internal as well as external environments
through nociceptive receptors and then transmit these signals
to the central nervous system. Similarly, the innate immune
system also recognizes external and internal danger signals
from invading microbes or tissue injuries. The immune system
and sensory neurons share mechanisms to respond to pathogen/
damage-associated molecular patterns (PAMPs/DAMPs) through
pattern recognition receptors. Recent studies have identified an
inseparable bidirectional connection between sensory neurons
and the immune system that is important for maintaining tissue
homeostasis and regulating inflammatory states, as well as
affecting the progression of inflammatory diseases. This review
summarizes the recent findings on the crosstalk between sensory
neurons and local immunity in peripheral tissues, including the
skin, respiratory system, gastrointestinal tract, cornea, and joints.
Understanding the mechanisms of this interaction can help in
the development of therapeutic strategies to treat peripheral
inflammatory diseases.

1 Introduction

simultaneously activate peripheral sensory neurons
and immune cells to establish a unified host

Traditionally, the peripheral nervous system and
the immune system have been considered two
independent entities; however, evidence suggests
the presence of a close complex relationship
between them. When tissue damage or
inflammatory infection occurs, danger signaling
molecules, such as danger-associated molecular
(DAMPs) or
molecular patterns (PAMPs), are released; these

patterns pathogen-associated
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defense system [1]. Under physiological or
pathological conditions, peripheral sensory
neurons and immune cells interact closely to
form an important immune regulatory hub.
Immune cells and nerve cells colocalize to different
anatomical sites and interact with one another,
acting as neuroimmune cell units (NICUs) [2].
They can also perceive environmental signals
and respond to them, thus playing a crucial role
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in hematopoiesis, organ formation, inflammation,
tissue repair, and thermogenesis [3].

Peripheral sensory neurons release various
neuropeptides, including calcitonin gene-related
peptide (CGRP), substance P (SP), and vasoactive
intestinal peptide (VIP), that act on the innate and
adaptive immune systems and vascular system
to regulate the immune response or inflammatory
processes. Conversely, immune cells can regulate
the signaling and activity of sensory neurons by
releasing cytokines and growth factors or by
synthesizing and releasing neurotransmitters and
neuromodulators, such as acetylcholine, dopamine,
and catecholamines, that act on the corresponding
receptors on sensory neurons. The interaction
between sensory neurons and the immune system
plays a significant role in the local immune
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response and inflammatory diseases of the skin,
respiratory tract, gastrointestinal tract, cornea, and
joints (Fig.1). Understanding the mechanisms
underlying the interaction between sensory
neurons and local immune systems can aid in the
identification of therapeutic targets for preventing
and treating inflammatory and autoimmune

diseases.

2 Crosstalk between sensory neurons and
immune responses of the skin

As the largest barrier and protective organ in the
body, skin comprises a dense neural network.
This network majorly includes sensory nerve
fibers from the dorsal root ganglion (DRG) and
trigeminal ganglion that innervate the dermis
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Figure1 Schematic diagram for the crosstalk between sensory neuron and immune cells in peripheral inflammatory diseases. After tissue

injury or microbial invasion, danger signal molecules, such as danger-associated molecular patterns (DAMPs) or pathogen-associated

molecular patterns (PAMPs), are released. These can simultaneously activate peripheral sensory neurons and immune cells. Sensory

neurons release neuropeptides or neurotransmitters from their axon terminals, which then bind and activate their corresponding receptors

expressed on local immune cells and lead to local immune modulation by the nervous system. Subsequently, immune cells release

cytokines or inflammatory mediators, which in turn, bind to their receptors on sensory neurons, sensitizing or inhibiting neuronal activity.

The imbalance or abnormal crosstalk between sensory neuron and local immune cells may contribute to inflammatory diseases in different

peripheral tissues, including the skin, respiratory system, gastrointestinal tract, cornea, and joints.
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and epidermis of the skin and help perceive
pain, touch, and itching sensations. The skin
also contains resident immune cells to cope with
damage to the stability of the internal environment.
Regulation of the neuroimmune interaction is
essential in some skin inflammatory diseases, such
as neurogenic dermatitis, allergic dermatitis,
psoriasis, and skin infections.

As the first line of defense against pathogen
invasion, the skin contains specialized immune
cells, known as dermal dendritic cells (DDCs),
and yOT cells that produce IL-17 (y6T17). DDCs
primarily produce IL-23, which then induces
vOT17 to secrete large amounts of IL-17 to
promote skin inflammatory syndromes, such
as psoriasis [4]. Sensory neurons that express
TRPV1 and Navl.8 are important for driving
IL-23-induced psoriasis-like skin inflammation.
These sensory neurons regulate the IL-23/IL-17
pathway and control skin immune response
by interacting with DDCs [5]. The activation
of TRPV1+ neurons is sufficient to elicit a local
type-17 cutaneous inflammatory response that
depends on the vesicle release of CGRP. This
local neuron activation results in type 17 responses
and augments host defense in the unstimulated
skin through a nerve reflex arc [6].

Proteinase-activated receptor-2 (PAR-2), which
is expressed on the primary afferent nerve fibers,
plays a key role in the development of itchy skin
disorders, such as atopic dermatitis. Studies have
shown that in patients with atopic dermatitis,
increased PAR-2 staining was observed in nerve
fibers closely associated with mast cells in the
affected skin [7]. When endogenous PAR-2 agonists
were intracutaneously administered, it induced
prolonged itching sensations. The itching sensation
caused by mast cell degranulation could not be
treated using local antihistamines in patients
with atopic dermatitis [7]. PAR-2 is expressed by
various inflammatory cells, including mast and

T cells; this indicates a connection between the
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inflammatory and sensory phenomena of atopic
dermatitis. Therefore, enhanced PAR-2 signaling
represents an important link between inflammation
and development of itching sensations in atopic
dermatitis [7].

3 Crosstalk between sensory neurons and
immune responses in the respiratory
system

The respiratory system is directly exposed to the
external environment, leaving it vulnerable to
invasion by harmful substances. The interaction
between dense network of nerves and large
number of immune cells in the lungs is crucial
for maintaining host defense.

Peripheral sensory afferent neurons that
innervate the respiratory tract include vagal and
spinal sensory neurons, the cell bodies of which
are located in the vagal ganglia (VG) and DRG,
respectively. These sensory neurons play a vital
role in recognizing airway irritation, inflammation,
and mechanical strain. The axon terminals of these
neurons contain ion channels, such as TRPV1
and TRPA1, as well as G protein-coupled receptors,
both of which form the foundation of immune
response neural regulation. Type 2 innate lymphoid
cells (ILC2s) maintain mucosal homeostasis and
promote pathological inflammation in allergic
asthma. Neurotransmitters such as SP, CGRP,
and VIP can potentially regulate ILC2s and
contribute to lung inflammation [8].

Neuropeptide U (NMU) is primarily released
by cholinergic sensory neurons in the DRG [9].
Dendritic cells, monocytes, and other antigen-
presenting cells also secrete NMU but to a
lesser extent [10]. Resident ILC2s in the lungs
preferentially express the NMU receptor (NMUR1)
in a steady state or after IL-25 stimulation. NMU
activates ILC2s in vitro and in vivo. Combining
NMU with IL-25 significantly promotes allergic
inflammation [11]. Additionally, under sepsis
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conditions, the expression of NMU in the lungs
as well as the selective expression of NMURI1 on
ILC2s increases. NMU also activates ILC2s by
binding to NMURI, promoting yd T cell expansion,
and IL-17 secretion [12]. Therefore, the NMU-
NMURI signaling pathway plays a significant
role in promoting ILC2-mediated inflammatory
response. This highlights the importance of the
crosstalk between sensory neurons and respiratory
immune responses [11].

Respiratory viruses can act directly or indirectly
through receptors expressed on sensory neurons,
such as TRP channels or acid-sensing ion channels.
Respiratory syncytial virus and measles virus
can infect both sensory neurons and bronchial
epithelial cells, leading to the upregulated
expression of TRPV1, TRPA1l, and ASIC3 in
both cell types as well as increased levels of
inflammatory cytokines such as IL-8 and IL-16
[13]. In a model of lethal pneumonia induced by
Staphylococcus aureus, TRPV1+ sensory neurons
in the VG exert an immunosuppressive effect by
releasing CGRP. Targeted elimination or depletion
of TRPV1+ neurons increases survival, induces
cytokine production, and promotes bacterial
clearance in the lungs [14].

4 Crosstalk between sensory neurons and
immune responses in the gastrointestinal
tract

The gastrointestinal tract is supplied with a
complex network of neurons and includes parts
of the extrinsic as well as intrinsic nervous
systems. The extrinsic nervous system includes
the spinal and vagal afferent sensory neurons
originating from DRG and nodose/jugular
ganglion, respectively, whereas the intrinsic enteric
nervous system (ENS) comprises the myenteric
and submucosal plexuses that are present along
the entire gastrointestinal tract. Peptidergic
neurons act on the mucosal immune system by
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secreting neuropeptides CGRP and SP. Moreover,
immune cells within the gastrointestinal tract
express several neuropeptide receptors, such as
the CGRP, SP, and NPY receptors, making them
direct targets for neuronal action [15].
Bidirectional communication between the
nervous and immune systems plays an essential
role in various gastrointestinal diseases. For
patients with irritable bowel syndrome (IBS),
colonic mucosal biopsies revealed increased
inflammatory mediators, such as histamine and
serine proteases from mast cells. This effectively
makes the ENS more sensitive to mechanical
stimuli [16]. Cytokines such as IL-13, TNF-qa,
and IL-6, which are usually high in patients with
IBS, could be used to sensitize murine colonic
afferents to mechanical stimuli by activating the
afferent-expressing receptors, and the levels of
these proinflammatory cytokines are correlated
[17].
pathophysiology of inflammatory bowel disease

with pain symptoms Moreover, the
(IBD) involves interaction between the intestinal
mucosal immune system and ENS and includes
the secretion of various mediators, such as
neuropeptides and serotonin. Specific receptors
expressed by intestinal immune cells, such as
macrophages, mast cells, and dendritic cells, play
an important role in such communication [18].
TRPAL is a temperature-sensitive receptor that
activates and releases SP, subsequently leading
to the degranulation of mucosal mast cells,
promotion of neurogenic inflammation, and
damage to gastric mucosal tissue [19]. SP is an
essential neuropeptide produced in the intestine
that acts on neurokinin receptors 1, 2, and 3 (NK-1,
NK-2, and NK-3) and has the highest affinity for
NK-1 [20]. In patients with IBD, SP expression and
NK-1 receptor levels are increased. In contrast,
SP levels are decreased in the intestinal mucosa
of patients with Crohn’s disease, suggesting
that the effects of SP differ based on the disease
stage or nature. For example, researchers speculate

https://mc03.manuscriptcentral.com/sab | Stress and Brain
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that SP has a pro-inflammatory effect on acute
colitis [19] but promotes intestinal epithelial cell
proliferation and mucosal healing during chronic
colitis [21].

In the gastrointestinal tract, TRP channels
regulate the secretion of CGRP. The activation of
TRPV1+ neurons induces the release of CGRP,
this helps reduce mucosal damage. Nonetheless,
the role of TRPV1 in intestinal inflammation
remains controversial [22]. CGRP antagonists can
aggravate colitis; however, it may play a protective
role in IBD as intravenous CGRP injection can
alleviate colitis inflammation [22]. Another study
revealed that in TRPMS8-deficient mice, insufficient
CGRP is released from the sensory neuron axon
terminals into the microenvironment, which
leads to dendritic cell dysfunction; in contrast,
inflammation is reversed when treated with
CGRP [23].

VIP is another important neuropeptide that
is primarily derived from the myenteric and
submucosal plexuses of neurons in the gut.
The receptors of VIP, VPAC1 and VPAC2, are
expressed in immune cells such as dendritic
cells and macrophages. VIP plays an important
role in the neural regulation of intestinal immune
responses by inhibiting the activation of NF-«B;
reducing the expression of pro-inflammatory
cytokines, such as TNF-a, IL-6, and IL-12p40; and
enhancing the expression of the anti-inflammatory
cytokine IL-10 in macrophages [24]. VIP activates
VPAC1, which then induces the expression
of CD80, CD86, and CD40 as well as IL-10, the
anti-inflammatory cytokine, in response to
lipopolysaccharide (LPS) stimulation [25].

Mast cells are primarily located in the mucosal
and submucosal layers of the gastrointestinal
tract. They are anatomically connected with
sensory neuron axon terminals, creating a tight
link for bidirectional communication. Mast cells
respond to neuropeptides released from the axon
terminals by releasing inflammatory mediators,
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including histamine and 5-hydroxytryptamine,
in contrast, neurons expressing histamine and
5-hydroxytryptamine receptors can provide
feedback to maintain the homeostasis of the
mucosal barrier [26]. Histamine released by mast
cells activates the TRPV1, TRPV4, TRPA1, and
Nav1.8 channels, thereby increasing neuronal
tiring rates and causing abnormal pain perception.
Similarly, serotonin increases the excitability of
afferent neurons and the sensitivity of TRPV1
and TRPV4 channels, contributing to pain sensation
[27]. ILCs are co-localized with neurons in the
gastrointestinal tract and expresses neuropeptide
receptors, including NMU, VIP, and CGRP
receptors. NMURI is selectively expressed on
ILC2s, whereas the VIP receptor, Vipr2, is
expressed on both ILC2s and ILC3s [28, 29].

5 Crosstalk between sensory neurons and
immune responses in the cornea

The cornea is considered an immune-privileged
site because of its anatomical features, cellular
barriers, ocular-induced immune tolerance, and
immune-suppressive microenvironment, among
other mechanisms [30]. The cornea does not
have blood and lymphatic vessels and is directly
exposed to the external environment. This makes
bidirectional communication between sensory
neurons and resident immune cells in the cornea
important to maintain ocular homeostasis and
resist external stimuli.

Various resident immune cell populations,
including dendritic cells, macrophages, mast cells,
and ILCs, are present in the corneal epithelium
and stroma [31]. In case of corneal injury,
neutrophils migrate to the injured site and release
growth factors, including vascular endothelial
growth factor, to promote corneal nerve growth.
The corneal nerve supply primarily comprises
sensory neurons from the trigeminal nerve [32],

including multimodal nociceptors, pain receptors,
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and cold-sensitive neurons [33]. These neurons
can increase blink frequency and tear secretion
to initiate a protective reflex in response to
external stimuli [34]. Additionally, corneal nerves
secrete neurotrophic factors and neuropeptides.
Neuroimmune modulation mediated by the
nervous system can regulate inflammation and
promote wound healing during bacterial corneal
infections [35].

Several studies have highlighted the important
role of sensory neurons in the regulation of corneal
inflammation and wound healing. Pseudomonas
can activate corneal

aeruginosa infections

sensory neurons, leading to the recruitment

of macrophages and upregulation of CGRP [36].

CGRP,
macrophages from a pro-inflammatory (M1) to

in turn, induces the transition of
an anti-inflammatory (M2) phenotype; this reduces
inflammation and decreases corneal pathological
damage [36, 37].

Similarly, in corneal inflammation induced by
epithelial abrasion, TRPV1+ sensory neurons
can inhibit the recruitment of neutrophils and
vOT cells and modify macrophage function to
suppress inflammation and support corneal
wound healing [38]. However, SP plays a dual
role in corneal neuroimmune regulation as it can
promote or inhibit inflammation depending on
the circumstance. It has been shown that in cases
with corneal alkali burns, the levels of SP and
its receptor NKIR rapidly increase in the cornea,
thus leading to ocular diseases, such as corneal
neovascularization and dry eye syndrome [39].

6 Crosstalk between sensory neurons and
immune responses in the joint

Neuroimmune crosstalk plays an important role
in the pathogenesis of common inflammatory
joint diseases, including rheumatoid arthritis (RA),
gouty arthritis (GA), osteoarthritis (OA), and
aseptic loosening of implants (AL). Capsaicin-
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sensitive sensory nerves are densely distributed
in the joint capsule and synovium. These sensory
nerves release SP and CGRP to dilate blood
vessels and recruit immune cells or somatostatin
to inhibit inflammation [40]. Further, these nerves
mediate mechanical hypersensitivity during
the late stages of chronic antibody-induced
arthritis [40].

Sensory neuron-derived neuropeptides, such
as SP, have a significant pro-inflammatory
effect in models of adjuvant arthritis. Notably,
intra-articular administration of an SP receptor
antagonist reduces cartilage loss and pain
sensitivity [41]. The peripheral release of CGRP
results in vasodilation at the joint, which
contributes to pain and neurogenic inflammation.
In the joint, CGRP acts on its receptor that is
expressed on resident synovium cells, inflammatory
cells, and sensory neurons and attenuates
angiogenesis, inflammation, and peripheral
sensitization in chronic arthritis [42]. Moreover,
secreted frizzled-related protein 2 (sFRP2) released
by DRG neurons promotes M1 macrophage
polarization and migration by regulating Wnt/[3-
catenin and NF-kB signaling pathways, thus
promoting inflammation in GA [43].

Immune cells produce cytokines that play
complex roles in the pathogenesis of arthritis.
During the inflammatory process of arthritis,
sensory neurons expressing cytokine receptors,
such as IL-1R, IL-6R, IL-17R, and TNF-R, can
bind to their respective cytokines and transmit
information to DRG or central nervous system
(CNS); this induces the release of CGRP, SP,
and other neuropeptides [44]. In an antigen-
induced arthritis model, IL-18 and its receptor
associated with arthritis-induced
IL-18
upregulates TRPV1 expression in DRG neurons,

may be

thermal hyperalgesia. Furthermore,
whereas IL-1 antagonists downregulate TRPV1
expression during arthritis and relieve thermal

hyperalgesia [45].
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7 Therapeutic strategies targeting the
neuroimmune crosstalk in inflammatory
diseases

Abnormal and prolonged peripheral inflammatory
responses may lead to tissue damage, organ
failure, and chronic pain. Traditional therapies
targeting inflammation have limited efficacy and
can have various side effects. Therefore, novel
therapeutic strategies that focus on the crosstalk
between the nervous and immune systems have
attracted increasing attention.

One promising strategy is to inhibit the TRP
channels expressed on sensory nerves using small
molecular inhibitors or induce the desensitization/
depletion of the sensory nerves. Clinically, the
topical application of capsaicin has been used
as a treatment for patients with arthritis and
inflammatory skin diseases [46]. Notably, although
the inhibition of TRP channels expressed on
sensory nerves may offer a promising therapeutic
strategy for inflammatory diseases, TRPV1+
neurons may exert tissue protective effects
in certain situations. For example, ablation of
gut-innervating TRPV1+ neurons may enhance
susceptibility to intestinal damage and
inflammation [47].

Blocking neuropeptide signaling components,
such as SP and CGRP, through the use of
their

alleviate inflammatory diseases. Antagonism of

respective receptor antagonists can
NKI1R-mediated SP signaling reduces corneal
inflammation, decreases neovascularization, and
ameliorates dry eye disease [48]. Recently, a
clinically approved NK-1R antagonist, aprepitant,
attenuated local inflammation in an in vivo
mouse model of post-traumatic staphylococcal
osteomyelitis [49]. Additionally, CGRP antagonists
or CGRP neutralizing antibodies have been used
to alleviate neurogenic inflammation and arthritis

pain in preclinical studies [42, 50].
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Another promising strategy is the wuse
of electrical stimulation to manipulate the
neuroimmune axis. By targeting the communication
pathway between the nervous and immune
systems, vagus nerve stimulation (VNS) can
effectively suppress inflammation and alleviate
pain under various conditions, including RA,
IBD, and sepsis [51, 52]. This approach involves
the use of electrical signals delivered to the vagus
nerve, which runs from the brainstem to the
abdominal cavity, to modulate immune cell and
cytokine activity. Clinical trials have demonstrated
the safety and efficacy of this approach, although
more studies are warranted to determine the
optimal parameters and long-term effects of the
use of VNS in the treatment of inflammatory
diseases.

8 Conclusions and future perspectives

In summary, sensory neurons and immune cells
engage in bidirectional communication to maintain
homeostasis and barrier tissue integrity in
response to environmental stimuli. Upon sensing
signals, the sensory neurons release neuropeptides
and neurotransmitters that bind to local immune
cells and lead to immune modulation by the
nervous system. In contrast, immune cells release
cytokines and inflammatory mediators that act
on sensory neurons to enhance or inhibit their
activities. The interactions between sensory
neurons and local immune systems have been
implicated in inflammatory diseases of various
peripheral tissues, such as skin, respiratory
system, gastrointestinal tract, cornea, and joints.
Although similar immune cell populations,
cytokines, inflammatory mediators, neuropeptides,
and neurotransmitters are involved in sensory
neuron-immune cell interactions in different
tissues, the specific mechanism involved in each
tissue depends on their local environment. More
research is warranted to understand the specific
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mechanisms involved in each tissue, determine
the complex interplay between sensory neurons
and immune cells, and identify novel therapeutic
targets for inflammatory diseases.
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