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Abstract: The complicated interaction between the central and the autonomic (sympathetic, parasympathetic, and enteric) nervous systems
on the one hand and the immune system and its components, on the other hand, seems to substantially contribute to allergy pathophysiology,
uncovering an under-recognized association that could have diagnostic and therapeutic potentials. Neurons connect directly with and
regulate the function of many immune cells, including mast cells, the cells that have a leading role in allergic disorders. Proinflammatory
mediators such as cytokines, neurotrophins, chemokines, and neuropeptides are released by immune cells, which stimulate sensory neurons.
The release of neurotransmitters and neuropeptides caused by the activation of these neurons directly impacts the functional activity of
immune cells and vice versa, playing a decisive role in this communication. Successful application of Pavlovian conditioning in allergic
disorders supports the existence of a psychoneuroimmunological interplay in classical allergic hypersensitivity reactions. Activation of
neuronal homeostatic reflexes, like sneezing in allergic rhinitis, coughing in allergic asthma, and vomiting in food allergy, offers additional
evidence of a neuroimmunological interaction that aims to maintain homeostasis. Dysregulation of this interaction may cause over-
stimulation of the immune system that will produce profound symptoms and exaggerated hemodynamic responses that will lead to severe
allergic pathophysiological events, including anaphylaxis. In this article, we have systematically reviewed and discussed the evidence
regarding the role of the neuro-immune interactions in common allergic clinical modalities like allergic rhinitis, chronic rhinosinusitis,
allergic asthma, food allergy, atopic dermatitis, and urticaria. It is essential to understand unknown — to most of the immunology and allergy
experts — neurological networks that not only physiologically cooperate with the immune system to regulate homeostasis but also
pathogenetically interact with more or less known immunological pathways, contribute to what is known as neuroimmunological
inflammation, and shift homeostasis to instability and disease clinical expression. This understanding will provide recognition of new
allergic phenotypes/endotypes and directions to focus on specialized treatments, as the era of personalized patient-centered medicine, is
hastening apace.
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Introduction

The immune and nervous systems are physiologically in a continuous, uninterrupted, close interaction. Neuropeptides
(slow-acting, large polypeptides producing prolonged action) and neurotransmitters (fast-acting smaller molecules causing
short-term responses) play a decisive role in this communication by moderating interactions with the immune system
components. The immune cells can also respond to neuropeptides by producing inflammatory mediators such as cytokines.
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This occurs not only between the immune cells that are hosting the Central Nervous System (CNS, namely the brain and the
spinal cord), but also in the Peripheral Nervous System [PNS, namely the Somatic Nervous System, and the Autonomic
Nervous System (ANS)]. The ANS contains three anatomically distinct divisions, the Sympathetic, the Parasympathetic and
the Enteric nervous systems (ENS). The first two contain nerve fibers or axons that conduct information to and from the
CNS [sensory (afferent), and motor (efferent), respectively]. The ENS functions independently and comprises reflex arcs
that control the enteric smooth muscles’ contraction or relaxation and the digestion process (secretion, blood flow, and
absorption).'

The sensory neurons and neurons form the ENS possess cytokine and neurotransmitter receptors and release
neuropeptides. Therefore, mediators derived from immune cells, such as mast cells and macrophages, that show
anatomical proximity with these peripheral neurons, induce neuronal activation that stimulates the nerve endings to
produce impulses that are translated into information about the intensity of the stimulus in the CNS.** This leads to
further release of neuropeptides in a positive feedback loop.* The neuropeptides and neurotransmitters secreted by the
PNS have several regulatory effects on multiple immune cells, as well. This interchange is able to control homeostatic
responses but may lead to abnormal, excessive, and sometimes deleterious inflammatory processes (infections, tissue
injury, inflammatory or allergic disorders).>™®

Allergic diseases like allergic rhinitis (AR), asthma, and food and skin allergies are characterized by acute,
intermittent or chronic type 2 (T2) inflammation that is responsible for recurrent and debilitating symptoms like
sneezing in AR, coughing in asthma, vomiting in food allergy and pruritus in atopic dermatitis and urticaria. All these
sensory responses at the epithelial or the epidermal barrier serve as protective mechanisms to mechanically remove
noxious stimuli and are induced and facilitated by immune cells. For instance, mast cells, effector cells in allergic
disorders, express receptors for neuropeptides and neurotransmitters and by this way they play a key role in this
interplay.”'* Moreover, IgE high-affinity receptors and other T2 receptors are expressed on sensory'’ or enteric
neurons and are functional and able to transmit signals to the CNS.'*!> Thus, these local neuroimmune interactions
profoundly affect tissue homeostasis but may also play a role in chronic inflammation establishment and, therefore, in
tissue reconstruction or remodeling. Notably, these effects are highly dependent by the local microenvironment.®™®

Bidirectional interactions between sensory neurons and T2 inflammatory cells and mediators facilitate both sensing
and modulation of the neuroimmune response.'® Therefore, manipulating this neuroimmune regulation may be
a promising therapeutic approach for these allergic conditions. Any intervention in this neuro-immunological crosstalk
implies a deep understanding of the underlying physiology and pathophysiology, justifying the need for a shift in the
focus of research in immune-neurobiology.

To appreciate this dynamic interaction in allergy there is a need: i) to define and understand the activation
mechanisms of central and peripheral neurons in physiological status and in the context of T2 inflammation, ii) to
examine the effects of neuropeptides and neurotransmitters on the immune system and T2 inflammation, and iii) to
investigate the potentially different roles of neuroimmune crosstalk in different tissues, organs, and systems.

In this review, we discuss the recent evidence regarding the role of the neuro-immune interactions in six common
clinical modalities with a high impact on patients’ quality of life: AR, chronic rhinosinusitis, allergic asthma, food
allergy, atopic dermatitis, and urticaria.

Conditioned Immunomodulation and the First Experimental Evidence of

Psycho-Neuro-Immune Interaction in Allergy
Pavlovian conditioning or classical conditioning is a type of conditioned learning which occurs because of the subject’s
instinctive responses after hazardous environments or exposures. Immunological responses can also be learned and
memorized by Pavlovian conditioning, a phenomenon that is based on mutual functional interactions between the brain,
behavior, and peripheral immune functions. This interplay comprises psychoneuroimmunology.'’

Classical conditioning has been shown in allergic disorders, as well. Sensitized subjects may experience allergic
symptoms via behavioral conditioning independently of exposure to the allergen they are sensitized. Moreover, allergic
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symptoms may be controlled by conditioned suppression of the hypersensitivity reactions without administration of the
immunosuppressive medication. Several such paradigms exist not only in animal models but also in humans.

The first such experimental evidence was reported in the middle of the previous century in allergic asthma.'® Two
asthmatic patients sensitized to grass pollen and house dust mites had typical spontaneous asthmatic attacks when exposed to
the culprit allergens or positive bronchoprovocation challenges to allergens they were sensitized to. Before the conditioning
experiments, inhaling the neutral solvent of the allergen extracts had no effect. Their reaction pattern, however, changed in
the course of the conditioning inhalation experiments. In the beginning, the patients started to react to the solvent. Later on,
the inhalation of pure oxygen in the laboratory caused asthma exacerbations. Finally, just the introduction of the mouthpiece
of the inhalation apparatus was enough to provoke severe asthma attacks that could not be distinguished from those that
appeared with the allergen bronchoprovocation challenges. Interestingly, one of the two patients showed favoring effect in
conditioned suppression only after long-term psychotherapy, suggesting the rigidity with which the patients remained
attached to their conditioned behavior as opposed to the rapidity with which it was developed.'® This observation implied,
at the same time, though, the existence of a type of cognitive “desensitization” intervention.

In another study, asthmatic guinea pigs were sensitized to bovine serum albumin. Bovine serum albumin was paired
in a classical conditioning design with the odor dimethyl sulfide. Re-exposure only to the odor was enough to induce
higher histamine levels in conditioned guinea pigs."’

A link between the CNS and the mast cells lining the nasal mucosa has been shown in a classical behavioral
conditioning experiment in humans with AR. Challenge with a house dust mites (HDM) extract was paired in a classical
conditioning design with a particular gustatory stimulus added in a drink during the acquisition process. After exposure to
this taste, the tryptase levels in the nasal washings were significantly higher than those in allergic individuals exposed to
the extract alone or the drink without adding the particular gustatory stimulus.?

Concerning the conditioned suppression of the allergic reactions without administration of antiallergic medication,
a study with a similar design examined whether the effects of desloratadine in patients with AR to house-dust mites can
be behaviorally conditioned. During the learning phase, a gustatory stimulus in a drink was associated with desloratadine
in 30 patients. During the evocation trial, 11 patients were re-exposed to the drink with the gustatory stimulus together
with a placebo pill (conditioned stimulus group), 10 patients received water with a placebo pill (water group), and 9
patients received water and desloratadine (drug group). The patients in the conditioned stimulus group showed a decrease
in the subjective total symptom scores along with attenuated skin prick test reactions to histamine and reduced ex vivo
basophil activation. These effects were comparable with the drug group. Interestingly, behaviorally conditioned effects
modified the clinical symptomatology and the effector immune functions (basophil activation) only in the conditioned
stimulus group and not in the water group, highlighting that the direct interplay between the CNS and allergy effector
cells can be established only by the classical conditioning.’

Behavioral conditioning differs from cognitive factors that seem to mediate placebo responses in that autonomic
orchestration (eg, peripheral immune functioning or hormone release) seems to be primarily affected by associative
learning processes and not by mere cognitive expectations.****

A relevant experiment with conditioned suppression was conducted in an allergic contact dermatitis murine model.
Cyclosporin injections were paired with saccharin. Re-exposure to saccharin alone suppressed contact hypersensitivity
responses to the culprit contact antigen in the same manner as the suppression observed by cyclosporin.24

Allergic Rhinitis

Allergic rhinitis is an inflammatory disease characterized by congestion, watery discharge, sneezing, and pruritus. Patients
with AR demonstrate these symptoms because of allergic airway inflammation due to exposure to the culprit allergens and
hyperresponsiveness due to nonspecific stimuli, partially controlled by the autonomic nervous system. In various pheno-
types and endotypes of rhinitis, exaggerated responses to environmental or endogenous stimuli occur because neural activity
is upregulated due to an abnormal process, primarily of inflammatory nature. Theoretically, stimuli of any intensity can
generate symptoms. Practically, this stimulation is regulated on a homeostatic basis. When the control is lost, the
phenomenon of neural hyperresponsiveness occurs. This dysregulation is believed to play a critical role in the clinical
expression of nasal symptoms.

Journal of Asthma and Allergy 2022:15 hetps: 1275

Dove:


https://www.dovepress.com
https://www.dovepress.com

Konstantinou et al Dove

The watery discharge can be produced by reflex activation of the submucosal glands. Various stimuli have been
shown to provoke secretory responses. These include exogenous irritants like allergens, cold air, hypertonic solutions or
capsaicin (the chemical irritant and the pungent ingredient in chili peppers), or the endogenous mediators histamine and
bradykinin.>> > Pruritus and sneezing can be generated if only the nervous system is involved. Pruritus results from
a tactile sensation, and sneezing represents a classic central reflex, which targets various respiratory and laryngeal
muscles.®' * Nasal congestion and airflow limitation result from vasodilation and can also occur due to neural
stimulation. This is a synergistic effect of a decreased sympathetic outflow, conceivably on top of an increased
parasympathetic discharge.**

The basal sensory nerves of the nose arise from the olfactory, the ophthalmic and the trigeminal nerves. Nonolfactory
sensory nerves consist of both myelinated and unmyelinated fibers. In the vast majority, unmyelinated afferent fibers
belong to the nociceptor (from the Latin word nocere, which means “to harm or hurt”) C-fiber type and conduct slow
signals of possible threats to the CNS. The dendrites of C fibers can be antidromically stimulated by action potentials
originating at different terminals of the same neuron. This antidromic stimulation is also known as the axon reflex,*> and
it is responsible for the release of inflammatory neuropeptides, including tachykinins (substance P, neurokinin A),
calcitonin gene-related peptide (CGRP), and gastrin-releasing peptide. The sensory nerve endings release neuropeptides
that can produce vasodilatation, increased vascular permeability, glandular activation, leukocyte differentiation and
recruitment, and activation of various immune cells, including lymphocytes, eosinophils, mast cells, and
macrophages.*® >’

The parasympathetic function of the nasal airways is activated by preganglionic fibers, which synapse in the spheno-
palatine ganglion, and postganglionic fibers, which innervate serous and mucous glands, arteries, veins, and arteriovenous
anastomoses of this anatomical area. Preganglionic parasympathetic nerves release, among other neurotransmitters,
acetylcholine, that act on nicotinic receptor ion channels on postganglionic neurons. Postganglionic fibers, in turn, release
acetylcholine, which acts on muscarinic receptors and neuropeptides, such as vasoactive intestinal peptide (VIP). VIP
controls various functions of the nasal cavity, including glandular discharge, vasodilation, and sinusoidal engorgement.***!
VIP levels in nasal secretions are significantly higher in AR patients compared to control subjects. VIP competes with
prostaglandin D2 (PGD2) for chemoattractant receptor-homologous molecule expressed on T helper 2 cells (CRTH2)
signaling for eosinophil chemotaxis.**> CRTH2 is expressed on eosinophils, basophils, and T helper 2 (Th2) lymphocytes.
CRTH2 gained much attention as a promoter for PGD2-induced eosinophilia in allergic airway diseases.***

In an AR murine model, it has been demonstrated that the PGD2-CRTH?2 interaction is elevated following pollen
sensitization.*® In the inflammatory process of AR, eosinophils play a pivotal role, being, along with lymphocytes, the
chief inflammatory cell types infiltrating the nasal mucosa.*’°

In addition to neuropeptides, postganglionic nerve bodies contain nitric oxide (NO) synthase, an enzyme that
contributes to NO production. As a consequence, postganglionic nerves indirectly exhibit a non-adrenergic, noncholi-
nergic neural control of the nasal blood vessels.”" Stimulation of the sympathetic nervous system induces vasoconstric-
tion and increased nasal airway patency.”>>* This input originates from preganglionic fibers, which rely on the superior
cervical ganglion. The effects of sympathetic nerves are mediated mainly through stimulation of al- and a2-adrenergic
receptors on the smooth muscles of resistance vessels and venous sinusoids, leading to vasoconstriction and, conse-
quently, reduced blood flow and less blood pooling. The B1- and B2- receptor effects are less pronounced than those
induced by a-receptor stimulation.>*

Neurotrophins were initially known for their primary activity, the growth of peripheral and central nerves.” In the
meantime, it has become evident that neurotrophins exert a variety of immunomodulatory effects on nonneuronal cells,
including eosinophils and mast cells, which also produce neurotrophins.>>® Nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin-3, and neurotrophin-4/neurotrophin-5 have been discovered. NGF is expressed
in the glandular apparatus, nasal epithelium, and peripheral nerves in the nasal mucosa of patients with intermittent and
chronic, persistent AR.>’~*® Nasal BDNF expression was significantly increased after allergen provocation but only in AR
and not in the control subjects.>”

Eosinophils are functionally activated upon neurotrophin stimulation. NGF increases the release of IL-4 from peripheral
blood eosinophils and inhibits their programmed cell death.°*®' Neurotrophins 3 and 4 significantly inhibited peripheral

1276 "= Journal of Asthma and Allergy 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Konstantinou et al

Allergens Physical stimuli Chemical irritants
Watery o . ﬁ i.m - Watery
Nasal Discharge d= Dnscharge
epithelium
\\an\z Thz Pruritus
" Sneezing

e ® s a4 .o, .0".000 u.'\ .0 AW s By B s B
Mediators
; Eosmophlls f

2 i <>
A ; h a &4 AN ./, 3 Neurotrophins:
ILC2 [‘O\‘ R 42 CRTHZ NGF
4 receptor $uei: )&estlon BDNE

=) 73
[Qich

- Congestion - |
Neuropeptides: 8N0
sP ’K vip /
neurokinin A by i f ;
CGRP Trigeminal = 1€ ¢ Spheno- EANNG -~
ganglion -/, palatine )

Superior

r ganglion ' Cervical \
) /’0 ganglion \

CNS CNS CNS CNS

Figure | The neuroimmunological inflammation in allergic rhinitis and chronic rhinosinusitis.
Abbreviations: NGF, nerve growth factor; BDNF, brain-derived neurotrophic factor; SP, substance P; CGRP, calcitonin gene-related peptide; CRTH2, chemoattractant
receptor-homologous molecule expressed on T helper 2 (Th2) cells; CNS, central nervous system.

blood eosinophil apoptosis in AR compared with controls. BDNF and neurotrophin-3 increased the release of eosinophil
protein X of peripheral blood eosinophils of AR patients.®® Eosinophils release neurotrophins with a functional effect on
peripheral nerves.®> Neurotrophins serve as prime candidates for neuroimmune interactions between eosinophil granulocytes
and neurons, underlining their bidirectional interaction in allergic diseases, including AR.

In humans, individuals with active AR were found to have a greater sensitivity and reactivity of the sneezing reflex,
a higher secretory responsiveness to sensory nerve stimulation, and a more significant plasma extravasation indicated by
albumin leakage following capsaicin nasal challenge compared with healthy individuals.”® As these patients were
characterized by increased levels of NGF in nasal lavage, it was concluded that neurotrophins might be implicated in
neural hyperresponsiveness. The complex neuroinflammation of AR is depicted in Figure 1.

Chronic Rhinosinusitis (CRS)

Chronic rhinosinusitis (CRS) is characterized as the inflammation that exists for at least 12 weeks in the nasal cavity
mucosa and the paranasal sinuses. More than 10% of the adults in Europe and the USA may experience CRS. Common
symptoms include nasal discharge, congestion, facial pain or pressure, and hyposmia or anosmia. Patients with CRS may
also have other inflammatory airway conditions such as asthma and AR. Based on nasal endoscopic findings, CRS is
divided, according to the presence of nasal polyps, into CRS without nasal polyps (CRSsNP) and CRS with nasal polyps
(CRSwNP). Clinically, CRSwNP is characterized by greater morbidity than CRSsNP owing to more significant disease
severity and a higher number of surgeries or medication exposure.®*** The main risk factors are tobacco smoking, and
other irritants like isocyanides, fumes from coal cooking, dust or smoke, hair-care products, and cleaning agents.®>*
Barrier dysfunction and inflammation are closely linked in CRS. Indeed, barrier loss is believed to lead to the entry of
antigens/allergens, irritants, and pathogens that cause inflammation. On the other hand, inflammation itself, particularly
T2 responses, can lead to barrier dysfunction and activation of sensory nerves, which are responsible for pruritus, pain, or
the sensation of congestion, which contribute greatly to disease burden.®’

Possible causes of polyp formation are pseudocyst, edema, and alterations in submucosal gland structure and
function,®® phenomena can be explained by PNS and CNS stimulation in a dysregulated effort to maintain
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homeostasis. Vascular leak can be induced by autacoids (molecules with paracrine action released from inflammatory
cells, neuroinflammatory responses or injury). This leak promotes the activation of thrombin and cleavage of
fibrinogen in patients with CRS.® The derived fibrin is crosslinked by factor XIIla from alternatively activated
macrophages. Most likely due to IL-13 exposure, polyp epithelium expresses low plasminogen activator levels, which
reduces fibrinolysis, leading to fibrin accumulation and polyp growth.®>”® In Europe and the USA, eosinophils are
found in up to 80% of polyps, in which they are located in a subepithelial distribution or dispersed throughout the
polyp tissue.”!

A study showed that the mean concentration of NGF in sinus mucosa was significantly higher in CRS than in control
individuals. CRSsNP was associated with a 60% increase in sinus NGF over controls, and CRSwNP was associated with
a 140% increase, but mean BDNF concentration was decreased in CRS, and especially in CRSwP patients compared with
controls.”

Moreover, hemokinin-1 and neurokinin 1 receptor mRNA and protein expression were upregulated in eosinophilic and
non-eosinophilic nasal polyps compared with control tissues, with eosinophilic polyps demonstrating a higher upregulation
compared with that of non-eosinophilic polyps.”® This neurogenic inflammation may contribute to the pathophysiology of
CRS; hence, any targeted intervention may provide alternative therapeutic options. The pathophysiological pathways
involved in CRS neuroinflammation are depicted in Figure 1.

Allergic Asthma

At the end of the 19th century, the medical textbook of Sir William Osler referred to asthma as “a neurotic affection”. For
a long time, even during the 20th century, asthma was considered a psychogenic disease primarily, and psychological
factors were thought to be significant elicitors of asthma symptoms until the inflammatory basis of the disease became
evident.”

Even from early life, persistent stress and its correlates (ie, maternal and childhood anxiety) have been associated with
episodic wheezing and asthma. Furthermore, this tendency is extended to adolescence, as stressful environments and/or
events during this period of life increase the likelihood of new asthma cases diagnosed in adulthood.”

Moreover, acute stress has been linked to both immediate and delayed asthma exacerbations, at least in children.”®
Complex interactions among stressors, coping mechanisms, and well-known risk factors such as outdoor air pollution,
exposure to tobacco smoke and aeroallergens are likely to result in prolonged physiological changes that influence
subsequent disease risk.

The socio-economic model of life is clearly associated with asthma. Exposure to violence (ETV), including gun
violence, affects stress responses, and both ETV and chronic stress have been shown to increase asthma morbidity.”’
A recent study in a large urban city in the southwestern United States has shown that living in high-crime neighborhoods
results in increased asthma diagnoses among children via the mechanism of toxic stress.”® Similarly, a screening survey in
Chicago indicated that violent crime continued to be significantly associated with the neighborhood asthma prevalence,
even after adjusting for several confounders (odds ratio, 1.27; 95% confidence interval, 1.04-1.55, p < 0.05). Therefore,
crime as an inducer of chronic stress represents a socioenvironmental contributor to increased urban childhood asthma
prevalence.”®

Although naturalistic clinical assessments are not as common, in a small sample of adult asthmatics, it has been
shown that everyday stressors, assessed across 10 consecutive days using preprogrammed watches, linked to peak
expiratory flow rate values and symptoms.®® Ciprandi et al showed in a diverse Italian outpatient population, using
a questionnaire quantifying levels of anxiety and depression, that a significant inverse correlation exists between anxiety
scores and asthma control levels as reflected by subjective and objective measures like FEV, fractional exhaled NO
levels, Asthma Control Test scores, and physical findings.®'

The widely accepted complexity of stress-related effects on asthma is further augmented by the fact that throughout
childhood and adolescence, several changes occur in the neuroendocrine function, with a dramatic change in reactivity
exhibited by the HPA axis in response to stressors. These responses are observed for both acute and chronic stressors, where
evidence indicates more intense effects. Experimental models in youth with asthma and greater chronic family stress
indicate enhanced in vitro stimulated production of asthma-related cytokines, including interleukin (IL)-5 and IL-13, and in
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vivo mobilization and eosinophils activation.*> The examination-related stress among asthmatic students potentiates IL-5
production and eosinophil mobilization in sputum after bronchial challenge.83

Different mechanisms such as mast cell activation, mediator release, inflammation, and impairment of respiratory
tolerance have been identified in several asthma studies to contribute to the enhancement of bronchial hyperreactivity by
psychological stress.®*5¢

Furthermore, psychosocial stress triggered by unpleasant visual stimulations can shortly increase airway resistance, as
assessed by plethysmography and end-tidal PCO, by capnometry, respectively. These findings are attributed to the
stimulation of the cholinergic system and the subsequent vagal-mediated response. In certain asthmatic individuals, the
enhanced basal cholinergic tone contributes to a greater extent to the resulting airway obstruction compared with other
well-known elicitors as allergens and infections.®” The role of conditioning mechanisms in allergic asthma, as previously
described, can explain the deterioration of pulmonary function independently of the exposure to the culprit allergens.'®

A few studies have also evaluated the role of genetic or epigenetic mechanisms on stress-related asthma. In a cross-sectional
study of three ethnically diverse cohorts, a meta-analysis of genotypic data from 2741 children and adolescents with asthma from
seven different cohorts showed that a single nucleotide polymorphism (rs34548976) in the gene for adenylate cyclase-activating
polypeptide 1 receptor type 1 (ADCYAPIRI1) was associated with reduced bronchodilator response (BDR), significantly
associated with high levels of chronic stress.*® Additionally, in a cohort of Puerto Rican children and adolescents, SNP
1rs34548976 was shown to be associated with reduced BDR, only in subjects with high levels of chronic stress. Of note, SNP
rs34548976 was also associated with reduced expression of the gene for the B2-adrenergic receptor (ADRB2) in CD4+
lymphocytes from children and adults with asthma.®® Meta-analysis of selected stress- or violence-associated CpG sites in
a cohort of childhood asthma in Puerto Ricans, 12 CpG sites were identified to associate with atopic asthma (in genes
STARD3NL, TSR3, CDC42SE2, KLHL25, GALR1, TMEMI196, ANAPC13, SLC35F4, PLCB1, BUD13, OR2B3, and
TEADA4). These findings offer “proof of concept” and support the observed associations in longitudinal studies of chronic stress,
DNA methylation markers in asthma in children.”

Except neuro-immunological interactions triggered by psychological stress that contribute to asthma symptoms
and severity, stress can increase asthma morbidity by reducing response to inhaled corticosteroids and P2-agonists.
Both short-term and long-term stress have been associated with reduced expression of genes encoding the
glucocorticoid receptor (by 5.5-fold) and the B2 adrenergic receptors (by 9.5-fold) in leukocytes of children with
asthma (P < 0.05 in both instances).”’ In a well-established mouse model on stress and asthma, it was shown that
social disruption stress induced decreased spleen cell responsiveness to corticosteroids and concurrently reduced
glucocorticoid receptor expression in the lungs.”®> Endogenous glucocorticoids released due to stressful stimuli are
responsible for exacerbating inflammation but may also trigger airway hyperresponsiveness.”® Surprisingly enough,
these results are contrary to the anti-inflammatory effects of glucocorticoids that are to be expected.

Experiments in a murine model of asthma have shown that allergic reactions in the lungs can increase the activity of
specific hypothalamic and amygdaloid nuclei that are involved in emotional and behavioral alteration, and they can
trigger stress responses via the HPA axis activation. These areas are involved directly or indirectly in adaptive behavioral
changes and can regulate endogenous steroid secretion, among other endocrine pathways. These changes may build
avoidance behavior as an adaptive homeostatic mechanism towards avoidance of further exposure to the culprit allergens
to minimize future allergic reactions. The consequences of allergic asthma on brain stimulation and behavior alterations
are mediated by at least peripheral mast cells and are IgE-dependent. Interestingly, it has been shown that brain activity
and behavior alterations occur in the absence of any allergic inflammatory cell influx in the lungs at the early stages of
the allergic responses. This suggests that organized pulmonary inflammation is not a prerequisite for brain activation that
might be induced directly and immediat from the infiltrate of allergic effector cells in the CNS.** These phenomena
resemble the observed in food allergy central neuroinflammatory responses with behavioral consequences that will be
described in the next section.”®

Except for the well-known innervation of smooth muscle cells by sympathetic and parasympathetic nerves and their
prominent role in asthmatic symptoms, the nervous system might also directly affect immune responses in asthma. In the
sympathetic system, the mast cells that contribute to the cellular infiltrate through transforming growth factor-p (TGF-B)
production induce the phosphorylation of 2 adrenergic receptor (B2AR), which in turn results in a reduced response to
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B2AR agonists. Besides, in mice models, it has been shown that B2AR-deficient mice have more intense T2 high
inflammation as f2AR agonists dampen IL-33 and Alternaria-induced inflammation via suppressing innate lymphoid
cells 2 (ILC2s).”® However, this needs to be confirmed in humans as well, although human lung ILC2s express B2AR.
Accordingly, referring to the parasympathetic nerves, several mechanisms of neuro-immune crosstalk are implied. The
eosinophil-derived major basic protein mediates the dysfunction of the muscarinic M2 receptor, which might contribute
to this increased cholinergic neuron activity. Vice-versa, the vagal nerve suppresses the inflammatory response upon
stimulation; this action is attributed to the action of acetylocholine to specific receptors as a7nAChR. Besides, recent data
showed that a7nAChR agonists directly suppressed ILC2s, resulting in decreased T2 inflammation in IL-33— and
Alternaria-induced airway inflammation.”” Thus, beyond the classical knowledge of the acetylocholine-induced bronch-
oconstriction via muscarinic M3 receptor, it seems that parasympathetic neurons may also have a beneficial effect on
airway inflammation depending on the kind of their receptors.

Sensory nerves play a critical role in asthma pathophysiology. Various neuropeptides such as SP and CGRP have been
shown to be increased in induced sputum and bronchoalveolar lavage of asthmatic patients and correlate with airway
obstruction.”®”® Recently, experimental models have demonstrated that blocking sensory nerves decreases the severity of
Th2 airway inflammation. According to these models, IL5 is produced mainly by ILC2s, and CD4+ cells stimulate pulmonary
noniceptors to release VIP that activates ILC2s and CD4+ in a positive feedback loop with the final effect the enhancement of
Th2 inflammation.'® Allergen sensitization triggers a feedforward inflammatory loop between IgE-producing plasma cells,
FceR1-expressing vagal sensory neurons, and Th2 cells, which helps to both initiate and amplify allergic airway inflammation.
These data highlight a novel target for reducing allergy; namely, FceR1y expressed by nociceptors.

Moreover, the ion channels that are expressed in sensory nerve endings also contribute to antigen-induced neuronal
activation. Transient receptor potential ankyrin 1 (TRPA1) induces the release of the neuropeptides CGRP, SP, and
neurokinin A from sensory nerve terminals, which enhance T2 inflammation, although TRPA1 deficient mice do express
the same asthma phenotype.'*!

Collectively, neurotransmitters and neuropeptides can directly affect immune cells, especially the ILC2s and Th2 cells
that orchestrate T2 inflammation in asthma. Hence, their involvement in asthma pathophysiology might be much more
important than considered until now.

Food Allergy

Food allergy is a hypersensitivity reaction due to an abnormal immune response to common food proteins. Food intake is
inextricably linked to our nervous system. Food characteristics like taste, smell, and texture help determine food
preferences and eating habits. Conditioned taste avoidance or aversion is a characteristic paradigm of classical con-
ditioning that applies to food allergy.'®® In the theory of taste aversion, the allergic subject evades specific foods that
signal danger to avoid exposures that most of the time cause (at least) abdominal discomfort. In this sense, a subject
sensitized to a particular food allergen can associate it with a specific taste or environment (exteroceptive stimulus).

Consequently, an adaptive response is initially elicited at a behavioral level, leading to avoidance of the culprit food
(reactive behavior, eg, a fish-allergic individual avoids whatever smells or tastes like fish) or an associated environment
(proactive behavior, eg, avoidance of a seafood restaurant). In the case of an intentional or unintentional exposure, the
organism will try to minimize the time of interaction with the allergen by vomiting, coughing, or sneezing.'®>'* This
tactic is known as social or behavioral immune system.'®’

The typical such clinical paradigm in food allergy is the food protein-induced enterocolitis syndrome (FPIES), in
which the gastrointestinal mucosa and nearby bystander immune cells, upon interaction with the culprit food allergens,
struggle to eliminate them by increased retroperistalsis, resulting in emesis, and if not sufficient, increased peristalsis,
resulting in diarrhea, in an effort to minimize exposure. This homeostatic reflex is coordinated by the vomiting center
(located within the medulla) and the chemoreceptor trigger zone (located on the floor of the fourth ventricle). Key
neurotransmitters like histamine, acetylcholine, SP, dopamine, and serotonin are involved in afferent feedback to these
areas.'% It is self-explanatory that neuroimmune crosstalk and interactions between their components contribute to the
clinical manifestations of this entity. At least one cell should either play the role of a direct chemo-sensor of the culprit

07

food allergens,'®” or produce appropriate immune byproducts that interact with the nerve endings of the ENS to

1280 " Journal of Asthma and Allergy 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Konstantinou et al

communicate the deleterious effect of the food allergen. Overstimulation and dysregulation of this signaling may
progress to profound gastrointestinal symptoms and exaggerated hemodynamic response. The reduction of nausea and
vomiting caused by the selective serotonin or 5-hydroxytryptamine(3) receptor antagonist ondansetron in acute FPIES
reactions further supports an underlying neuroimmune pathomechanism.'%%!'%?

Interestingly, more complex clinical manifestations, including symptoms from more than one system or organ,
namely anaphylaxis, have been shown to be induced in rats sensitized to ovalbumin (OVA) by imposing Pavlovian
conditioning even in the absence of exposure to OVA. These anaphylactic reactions were significantly related to stress or
anxiety as they are measured by serum cortisol levels, suggesting that food anaphylaxis and anaphylaxis-related stress are
prone to Pavlovian conditioning.'"®

Cognitive and behavioral changes may be explained by acquired neuroinflammation in the CNS. Experiments in
mice sensitized to f-lactoglobulin showed that mast cells can accumulate to the CNS (brain and meninges) during the
mice sensitization procedure and can be activated by circulating B-lactoglobulin during the repeated allergen exposure
by IgE-FceRI-mediated mechanisms, intracranially. Histamine levels and the expression of at least H3-receptors were
significantly elevated in particular regions of the brain. Blood-brain barrier impairment only in sensitized mice was
evident, providing an explanation for this activation. Remarkably, repeated allergen consumption resulted in no acute
clinical objective allergic reactions but decreased mobility and depression-like behavior only in sensitized mice
suggesting central neuroinflammatory responses with behavioral consequences.”” These observations seem to be
genetically predisposed.'"!

The gastrointestinal tract has the privilege of possessing the ENS, its own nervous system that innervates the
submucosal plexus and the myenteric plexus densely. The sensory neurons send signals to coordinate gut motility and
gastric secretion. Lack of proper coordination could result in hypercontractility or hypersecretion that manifests with
nausea, vomiting, diarrhea, or abdominal cramping symptoms encountered in the context of an allergic reaction. These
symptoms can be attributed to degranulating mast cells that are lining the intestinal submucosa and interacting directly
with the culprit allergens through the specific IgE antibodies bound on their surface FceRI. Preformed mediators
contained in their secretory granules are immediately released and interact not only with specific receptors on nearby
T2 immune cells but also with the enteric sensory neurons of the ENS.

Indeed, immunoneural signaling has been demonstrated between human mast cells and enteric nerves. A mediator
cocktail [including histamine, leukotrienes, platelet-activating factor (PAF), PGD2, and nitric oxide] released from mast
cells stimulated by nonspecific IgE receptor-cross-linking (mAb 22E7 that can crosslink high-affinity FceRI receptors by
binding to a non-IgE binding epitope of the FceRla) excited human submucosal enteric neurons.''?

In a microdissected preparation containing large intestine submucosal neurons, mast cells, and other immune cells
from milk-sensitized guinea pigs, direct stimulation with B-lactoglobulin showed neural depolarization utilizing electro-
physiological methods. This effect was mainly attributed to histamine. Pharmacological inhibition with antihistamines
confirmed this finding, suggesting that histamine constitutes a major paracrine signal in this neuroimmune
communication.''® There is evidence suggesting that H1''* and H2,'" histamine receptors mediate this histaminergic
effect on the neuronal cell bodies, and H3 histamine receptors at the nicotinic synapses in enteric ganglia.''® These
neuronal responses were additionally attributed, at least partially, to prostaglandins and leukotrienes. Combined pharma-
cological inhibition of prostaglandin and leukotrienes synthesis on top of histamine receptors suppressed these responses
almost completely.''” This study of the role of leukotrienes in neuroimmune interactions and the previously mentioned
experiment examining the role of PAF,''? are the only ones until now suggesting a potential role of bioactive lipids in
neuroimmune interplay in allergy.

Neuroimmune crosstalk has been shown in enteric mast cells from guinea pigs and humans. Intestinal mast cells
receive input from spinal afferent terminals in the digestive tract via CGRP receptors and neurokinin 1 receptors for SP.
Sequentially, mast cells degranulate preformed and newly synthesized mediators that reach relevant receptors expressed
on the same afferents and the ENS neurons by paracrine-like diffusion manner. These antidromic signals are mediated by
the release of SP and CGRP at the level of mast cells-afferent junctions and ENS synapses. In term, mast cells express
receptors for SP and CGRP, which evokes degranulation of several mediators, including histamine and mast cell protease
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11, which has been shown to play a critical role in this crosstalk. These interactions form a positive feedforward loop that
autoregulates the excitability and sensitization of the afferent terminals to their preferred modality.''®

Similar to histamine, mast-cell-degranulated tryptase can also induce acute and long-term hyperexcitability in guinea
pig submucosal neurons and myenteric sensory neurons in the small intestine by interacting with protease-activated
receptor 2 (PAR2) on these neurons’ bodies.'-120

Alterations in purinergic (related to binding and responding to purines), capsaicin-sensitive (eg, certain nociceptive
sensory-efferent neurons that are sensitive to capsaicin), and cholinergic sensory neurotransmission have been observed
to contribute to the disturbed intestinal motility in a food allergy mice model of intestinal anaphylaxis.'?'

A functional gastrointestinal motility regulator is also the VIP that primarily inhibits non-adrenergic non-cholinergic
neurotransmitters to cause smooth muscle relaxation.'*? The two known receptors for the VIP, VPACI and VPAC2 are
expressed not only on neurons but also on several immune cells, including dendritic cells, macrophages, neutrophils, and
ILC2."% VIP dysregulation is involved in colitis, but there is no direct evidence that it is involved in food allergy, too.'**

Evidence suggests that CGRP, which is a marker of both intrinsic and extrinsic primary afferent neurons in mice, may
be involved in the pathophysiology of food allergy. The density of CGRP-immunoreactive nerve fibers was found to be
increased in the intestinal mucosa of a murine model of experimental food allergy to OVA.'*

There is much more to learn about the neuroimmune inflammation in food allergic individuals. More studies,
especially on humans, are needed to understand the underlying neuro-immuno-pathomechanisms of food allergy and

the potential interventions that could offer therapeutic alternatives in this difficult-to-treat entity.

Atopic Dermatitis

Atopic dermatitis (AD) is a common inflammatory skin disorder with a chronic or relapsing course, characterized by
eczematous lesions and intense pruritus. Its complex pathophysiology integrates multifactorial elements, including strong
genetic disposition, disordered microbiome, T2-skewed immune dysregulation, and skin barrier dysfunction. Cutaneous
inflammation and barrier impairment, have been both hypothesized to precede each other as the initial steps of the
disease, leading to what has been described as the “outside-in” and “inside-out” hypotheses, respectively. These two
suggested mechanisms describe barrier defects, stemming, for example, from defects in the filaggrin gene that lead to
disruption of barrier function. This disruption allows penetration of allergens and irritants and increased pathogens
counts, hence triggering skin inflammation, allowing additional external stimuli to enhance this established inflammation.
On the other hand, immunological aberrations may precede contributing to the development of skin barrier dysfunction.
In the last years, the role of neural components in this complex and dynamic interplay has received much attention, and
our understanding of this aspect of AD pathophysiology is constantly evolving.'*®

Skin is mostly innervated by a complex network of cutaneous somatosensory nerve fibers which originate from dorsal
root ganglia (DRQG) in the spinal cord or from the trigeminal ganglia for the skin of the head and face. These neurons
depolarize when transient receptor potential (TRP) channels open and mediate physical sensations, along with pain and,
most importantly, pruritus, the cardinal symptom of AD. Pruritus serves a protective role as a mechanism to remove
noxious stimuli mechanically. The itch-scratch cycle is an important parameter of AD inflammation since the trauma
caused to the skin enhances alarmin secretion by epithelial cells, Th2 activation, and further release of pruritogens.
However, it is now recognized that the sensory neurons are involved in far more complex crosstalk with immune cells
and keratinocytes, which is facilitated by close anatomical localization with resident immune cells.'?’

Pruritus consists of an important part of this neuro-immune interaction. In AD it is mainly mediated by histamine-independent
signaling pathways, and its pathophysiology involves the stimulation of neurons by T2 cytokines produced in the inflammatory
milieu. IL-31 is the first T2 immunity cytokine to be recognized to function as a pruritogen on TRPV1+/TRPA 1+sensory neurons,
besides its proinflammatory effect on keratinocytes and immune cells. IL-31 is produced by activated Th2 cells and other immune
cells, including eosinophils and mast cells. In addition to directly causing pruritus and activating sensory neurons, IL-31 can also
act as a neurotrophin. It can promote sensory nerve elongation and branching by inducing genes related to neuronal growth in
DRG neurons, leading to increased cutaneous sensory nerve density.'**'?? Branching may also be induced by other neurotrophins
released locally, including NGF by keratinocytes, mast cells, basophils and other immune cells, and BDNF induced by
eosinophils. By this means, it contributes to the development of chronic pruritus.'*® Following IL-31, the T2 cytokines IL-4
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and IL-13, which orchestrate an inflammatory response critical in AD pathogenesis, have been found to directly activate mouse
and human TRPV1+ sensory neurons that express their common receptor subunit IL-4Ro, and evoke itch in mice. "3
Furthermore, IL-4 seems to enhance the responsiveness of non-peptidergic neurons to multiple pruritogens, hence promoting
neural hypersensitivity. It remains to be elucidated if the expression of IL31Ra and IL4Ra coexist on the same subsets of neurons,
whether there are distinct subsets of TRPV 1+ neurons, and what the required thresholds to confer responsiveness are.'*>

Sensory neurons do not only integrate signals coming from the immune system. Apart from immune cells,
keratinocytes, the other important pillar of AD inflammation, could also activate a subset of TRPA1+ sensory neurons,
which have receptors for the epithelial cell-derived cytokine thymic stromal lymphopoietin (TSLP), an alarmin involved
in the initiation and maintenance of AD.? The same has been demonstrated for another alarmin, IL-33, which activates
DRG neurons expressing its receptor ST2 via both TRPV1 and TRPA1 ion channels.'** Hence, these alarmins not only
play a central proinflammatory role in AD pathogenesis by recruiting Th2 cells, activating innate lymphoid cells and
other cells of innate immunity, and leading to the production of Th2 cytokines, but they also directly activate sensory
neurons.*> Evidence now suggests that all the cytokines mentioned above, along with TNF-o (a cytokine of Thl
inflammation, which complements Th2 inflammation at the chronic phase of AD) exert direct or indirect effects on
transcription, synthesis and membrane insertion of TRP channels in sensory neurons, potentiating them to modulate the
progression of pruritic inflammation from acute to chronic stages.'*® Another possible circuit of the epithelial neuronal
itch axis involves the TSLP-induced release of periostin by keratinocytes which activates TRPV 1+ sensory neurons to
induce itch, as well.”*” At the same time, other epidermal proteases might also provoke pruritus, through distinct
neuronal pathways, such as kallikreins, possibly through PAR2.'%®

In the other direction of this crosstalk, sensory neurons can regulate inflammation and barrier immunity via the
release of neuropeptides, like CGRP. CGRP is an important pruritogenic mediator in spinal interneurons, transmitting the
sensation of pruritus in the CNS, but it also interacts locally in the skin with other tissue and immune cells."*’

In mice, IL-31 induces synthesis and release of BNP by neurons which then upregulate transcription and potentiate
the activity of TRPV3 channels on keratinocytes. TRPV3 channel up-regulation in human keratinocytes is considered to
increase TSLP levels, propagating Th2 inflammation in a feedforward loop and activating neurons.'*® Furthermore,
CGRP has been shown to influence the functional identity of immune cells. Langerhans cells exposed to nerve-derived
CGRP in situ are polarized towards promoting Th2 inflammation.'*°

Another neuropeptide, SP, has been recently described as part of a proposed mechanism through which sensory
neurons may be involved, not in the propagation but in the initiation of the inflammation in AD. In 2019 following the
development of a clinically relevant mouse model of “AD-like” T2 skin inflammation, there was evidence that HDM
cysteine protease activity may activate TRPV 1+ neurons that are able to release SP. SP can subsequently activate mast
cells, which reside in close opposition to nerve fibers, through the recently recognized Mas-related G protein-coupled
receptor MRGPRB2 (the mouse equivalent of human MRGPRX2). This triggers mast cell degranulation releasing
a multitude of mediators, which may constitute one of the initial events of the complex pathogenesis of T2-dominated
inflammation.'*'

The released mast cell mediators also interact with their cognate receptors on sensory neurons, inducing itch, as in the
case of mast cell proteases interacting with PAR+ sensory neurons. In another mouse model of allergic contact dermatitis,
it was shown that the mediators released following MRGPRB?2 activation (rich in tryptase) were different from those
released by IgE-mediated mast cell activation (rich in histamine) and provoked non-histaminergic itch, which was
accommodated by a different neuron population when compared to classic histaminergic pruritus.'** This bidirectional
communication of mast cells with neurons, along with their close anatomical proximity to mast cells has started shaping
the idea of the tissue-resident neuro-immune sensory unit related to T2 immunity.'*!'43

Further interactions can be identified and add to the complexity of this interplay and progression of AD. The
neurotrophins not only lead to neuronal branching but participate in crosstalk among keratinocytes, immune cells, and
neurons, which secrete and have receptors for these factors. Serum neurotrophin levels correlate with AD severity. Their
contribution in AD cutaneous inflammation includes promoting endothelial barrier permeability, proinflammatory
cytokine release, cellular recruitment and infiltration, and further release of neurotrophins. Typical receptors of immune

cells and keratinocytes, such as Toll-like receptors, have also been recognized on sensory neurons and vice versa, classic
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neurotransmitter receptors on immune cells and keratinocytes, the biological importance of which remains to be
elucidated.'**

Other cell types may also present unique types of interactions, like basophils which participate in a distinct
basophil-sensory neuronal itch axis, involved in acute itch flares, mediated by the production of leukotriene C4."*
Neutrophils may interact with sensory neurons by inducing CXCL-10 release, which binds to CXCR3 on neurons and
promotes itch.'**14¢

Beyond the local neuro-immune interactions in the skin of AD patients, it is also well recognized that stress may be
an aggravating or triggering factor for this inflammatory condition.'*”'*® Apart from psychosomatic considerations, the
exact mechanisms through which stress-related central processes affect peripheral inflammation are still explored, with
evidence pointing to possible neuro-immunoendocrine connections.'*® Mast cells have been placed centrally in this
process due to their ability to be stimulated by peripherally released corticotropin-releasing hormone (CRH) and related
peptides, leading to inflammation.

Along with the HPA axis activation, peripheral sensory neural activation may consist of another stress axis, and the
subsequent stress-induced release of SP and NGF could contribute to the local inflammation.'*° Interestingly, the
inflammation of AD has also been postulated to lead to inflammation of the CNS and associated developmental
consequences starting in childhood and extending into adulthood.'>! AD has been linked to autism spectrum disorders,
attention-deficit/hyperactivity disorder, and, more recently, cognitive dysfunction, with possible underlying neuroinflam-
matory mechanisms, among other postulations. Mast cells may again play an important role due to their ability to release
mediators that could affect the blood-brain barrier, allowing penetration of proinflammatory cytokines.'*":'3> However,
further studies are needed to clarify these associations and further elucidate our understanding of these complex neuro-
immune interplays in the skin.

Chronic Urticaria

There is rising interest and research into the pathophysiology of chronic urticaria (CU) as this disorder inevitably results
in increasingly poor quality of the patients’ lives. In recent years, several studies have uncovered a conceivably vital role
for the nervous system and neuro-immune interactions in CU’s development, potentially explaining the clinical respon-
siveness heterogeneity and the variable treatment responses.'>>"'>*

Extant knowledge indicates that the underlying mechanisms for CU onset include histamine and other inflamma-
tory mediators released in the skin by mast cells and basophils.'>® In a recently published systematic review, a complex
neuro-immune-cutaneous model involving numerous neuropeptides and neurokinins, inflammatory mediators and
cells, hormones, and the skin was discussed with an eye on the pathways involved in the onset and maintenance of
CU. The authors also questioned whether the imbalance or irregularity of this neuro-immune-cutaneous circuit could
also result in elevated stress levels that have been closely related to CU.">* In line with the latter, the prevalence of
psychopathology among CU patients had been previously estimated to be 31.6%.'>* However, it is unclear if stress
causes or prompts the onset of CU when combined with a pre-existing dysregulation of the neuroimmune system.

In line with the other allergic disorders, the immune and nervous systems are not acting separately but work instead in
tandem in CU. The neurons modulate the function of immune cells by releasing neuropeptides and neurotransmitters.
Consequently, the activated immune cells produce and release proinflammatory mediators such as chemokines, cytokines,
and neuropeptides that trigger inflammation in the skin.'> In addition to the intense biochemical crosstalk between immune
cells and neurons, the interactions within the neuro-immune system also derive from sharing many properties, such as
receptor and ligand expression, that enable efficient communication between the two systems.”*'>®

The homeostatic role of mast cells seems crucial for retaining CU pathophysiology through a complex neuro-immune
cascade as they exist in every single organ, produce and secrete multiple molecules, express a considerable variety of
receptors, and interact peripherally and centrally with the nervous system.'>” The mast cells respond to neuropeptides in
the inflammation process by releasing various proinflammatory, vasoactive, and nociceptive chemicals. Cytokines such
as interferon-y, tumor necrosis factor-a, IL-1, IL-2, IL-6, IL-9, IL-10, IL-16, the vascular endothelial growth factor, nitric
oxide, the basic fibroblast growth factor, the TGF-p, NGF, neuropeptides such as endorphins, CRF, SP, somatostatin,
kinins (bradykinin), and VIP are also produced by the mast cells implicated in CU.">"'>® Receptors for neuropeptides,
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such as pituitary adenylate cyclase-activating polypeptide, CRF, neurotensin, VIP, and neuropeptide Y, are also expressed
by the CU-implicated mast cells.'>”'¢%1¢! Thus, the evidence of a systemic inflammatory process in patients with CU
that has been suggested in several studies, and the correlation with disease severity could be potentially explained by the
aforementioned inflammatory cascade that involves the mast cells in a leading role.

SP has an essential role in the cutaneous neuroimmune network and is recognized as a significant mediator
responsible for neurogenic inflammation in the skin. It modulates many pathophysiological events, such as immunomo-
dulation, antimicrobial host defense, inflammation, itch, and pain.'**'®? Recent studies in CU patients have demonstrated
significantly elevated circulating levels, in correlation with disease severity, and that SP-positive basophils are
upregulated.'”> SP has been shown to trigger degranulation in basophils derived from CU patients. The data suggest
that the biological activity of SP can be exerted through the conventional NK-1 receptor and the Mas-related G protein-
coupled receptors. MRGPRX2 can cause mast cell activation and has been shown to be upregulated in the skin of
patients with severe CU.'>

The skin not only serves as a physical barrier to the external factors but can also express the effects of internal
processes. It interacts closely with the CNS through mechanical and chemical receptors, nerves, muscle, and vasculature.
As either the primary detector or the secondary receiver of the central stress response, the skin is highly susceptible to the
effects of stress. Through the peripheral nerve terminals, the local HPA axis, and the immune system, skin-homing cells,
such as keratinocytes, T cells, and mast cells, play an active role in the stress response. Between the brain and the skin,
there are feedback and crosstalk systems.'®® Inflammatory neurogenic pathways and pre-inflammatory and proinflam-
matory cytokines play essential roles in the modulation of such responses.'®* Several studies have examined the serum
concentration of neuro-immune factors in CU patients (ie, SP, IL-6, CGRP, IL-18, NGF).15 3 Among other evidence, an
increased release of proinflammatory cytokines, including IL-6 and IL-18 has been correlated with CU severity and

autoimmunity' %16

and can explain the enhanced neuroimmune inflammation.

Chronic urticaria patients have also been found to have secondary sleeplessness due to stress, disrupting the circadian
cycle of cortisol secretion and aggravating CU.'®” Cortisol deficiency leads to inflammatory dysregulation, which flares up
and intensifies the vicious cycle.'®® Further evidence suggests that the peripheral HPA axis in the skin also plays a vital role
in the etiopathogenesis of CU via inflammatory and neurotransmission disturbances.'>*'**'%* Mast cells and epidermal and
hair follicle keratinocytes are effector cells in this axis expressing CRH receptor 1 (R1) receptors and produce CRH and IL-
18 in response to stress.'”® The neuroendocrine, behavioral, and autonomic responses to stress are all orchestrated by CRH-
R1, whereas IL-18 contributes to severe cutaneous inflammation. As a result, the cutaneous HPA axis maintains the local
inflammatory cytokine equilibrium, resulting in increased CRH production due to the imbalanced secretion. By stimulating
mast cell degranulation and enhancing in vivo vascular permeability in rat skin, CRH has been demonstrated to have
proinflammatory properties.'”! CRH can also produce an increase in IL-6 secretion. In patients with CU involving the CRH
receptors, elevated levels of the mast cell-related gene histidine decarboxylase and CRH-R1 were discovered.'”
Vasodilation and increased vascular permeability, which are pathogenetic features of urticaria, are caused by CRH-
induced activation of cutaneous mast cells via a CRH-R1-dependent pathway. These conditions can be exacerbated or

precipitated by stress, as well.'”*!7!

Conclusion

The complicated interaction between the CNS and the ANS, on the one hand, and the immune system and its components,
on the other hand, seems to substantially contribute to allergy pathophysiology, uncovering a clearly under-recognized
association that could have diagnostic and therapeutic potentials. Neurons connect directly with and regulate the function of
many immune cells, including mast cells, the cells that have a leading role in allergic disorders. Proinflammatory mediators
such as cytokines, neurotrophins, chemokines, and neuropeptides are released by these immune cells, which stimulate
sensory neurons. The release of neurotransmitters and neuropeptides caused by the activation of these neurons directly
impacts the functional activity of immune cells and vice versa. Predominantly T2 cytokines modulate different features of
neuroimmune pathomechanisms involved in the recurrent and debilitating symptoms of different allergic disorders.
Similarities in sensory neurons that innervate the involved organs and conservation of cytokine receptors on such neurons
highlight the role of at least T2 cytokines as key mediators of neuroimmune responses to deleterious stimuli from the
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external environment. Bidirectional crosstalk between immune cells implicated in allergic inflammation and neurons
preserves or deteriorates the ongoing vicious cycle of immune dysregulation.

It is essential to understand the unknown neurological networks that not only physiologically cooperate with the
immune system to regulate homeostasis but also pathogenetically interact with more or less known immunological
pathways, contribute to what is known as neuroimmunological inflammation and shift homeostasis to instability and
disease clinical expression. This understanding will provide recognition of new allergic phenotypes or endotypes and the
potential to study and focus on specialized, personalized treatments.
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