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Summary

Mast cells are best recognized for their role in allergy and anaphylaxis, but increasing evidence
supports their role in neurogenic inflammation leading to pain and itch. Mast cells act as a “power
house’ by releasing algogenic and pruritogenic mediators, which initiate a reciprocal
communication with specific nociceptors on sensory nerve fibers. Consequently, nerve fibers
release inflammatory and vasoactive neuropeptides, which in turn activate mast cells in a feedback
mechanism, thus promoting a vicious cycle of mast cell and nociceptor activation leading to
neurogenic inflammation and pain/pruritus. Mechanisms underlying mast cell differentiation,
activation, and inter-cellular interactions with inflammatory, vascular and neural systems are
deeply influenced by their microenvironment, imparting enormous heterogeneity and complexity
in understanding their contribution to pain and pruritus. Neurogenic inflammation is central to
both pain and pruritus, but specific mediators released by mast cells to promote this process may
vary depending upon their location, stimuli, underlying pathology, gender and species. Therefore,
in this review we present the contribution of mast cells in pathological conditions, including
distressing pruritus exacerbated by psychologic stress and experienced by the majority of patients
with psoriasis and atopic dermatitis and in different pain syndromes due to mastocytosis, sickle
cell disease and cancer.
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Introduction

Mast cells are the “first responders” of the immune system. They defend against invading
foreign organisms and act as central regulators of the immune system by instantly releasing
chemical mediators that orchestrate immune defense and by attracting other cellular entities
involved in immune defense. As a result, mast cells are a part of the innate and adaptive
immune systems.(1, 2) Mast cells are omnipresent in the body and found near externally
exposed surfaces such as the epithelial lining of the skin, mucosa of the gastrointestinal tract,
meningeal membrane of the CNS, and airways of the lung. This close proximity to the
external environment allows them to induce a rapid immune response to environmental
stimuli, such as allergens and pathogens. Mast cells that become extremely sensitive can
lead to well-known pathologic condition, allergy and anaphylaxis. In addition to defense
against environmental stimuli, mast cells are also sensitive to the endogenous
microenvironment and therefore contribute to many biological and pathological processes
including vascular physiology, pain, itch and cancer.(1, 3-10) Increasing evidence suggests
that mast cells contribute to various pathologies via their interactions with the vasculature
and CNS. This review presents the advances made recently in understanding the contribution
of mast cells to itch and pain via neuro-immune interactions. We also provide a general
overview of mast cell origin and biology, which supports their diversity of function in
different pathological conditions.

Origin and heterogeneity

Mast cells are derived from the myeloid lineage of hematopoetic stem cells (HSC) from the
bone marrow (Figure 1).(1) Unlike most cells of myeloid lineage, mast cells do not exist in
the blood, but reside in tissues similar to macrophages. HSCs in the bone marrow
differentiate into mast cell precursors (MCP), which transmigrate to the tissues via blood.
Once in the tissues MCPs differentiate into mast cells and propagate further. Their long life
and ability to proliferate in a conducive microenvironment endows them the ability to have a
long-lasting, sustained effect. These processes are highly regulated, yet mast cells display
tremendous heterogeneity depending upon the microenvironment, anatomical location, and
species.(11, 12) They accomplish both positive and negative immunoregulatory roles.(13)
Mast cell heterogeneity dates back to 1895, when Hardy and West documented
morphological differences between mast cells from different anatomical regions of rat.(14)
Subsequently, increasing evidence shows tremendous differences in mast cell size, staining
with chromogenic dyes, structure, histochemical properties, secretagogue, localization,
sensitivity to stimuli/drugs, species and function.(12) For example, it is worth noting that in
rodents, mast cells from the peritoneal cavity are responsive to inhibition with sodium
cromoglycate, whereas those derived from intestinal mucosa are not.(12) Therefore, it is not
surprising that sodium cromoglycate has not been significantly effective in mice or in
clinical studies for sickle cell disease (SCD), which is characterized by significantly high
mast cell degranulation.(7, 15) It is therefore critical to bear mast cell heterogeneity in mind
while performing and/or comparing studies.
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Mast cells as a “power house”

Mast cells act as “power houses’ by releasing substances from their preformed granules
within minutes of stimulation, which include proteoglycans, proteases, leukotrienes,
biogenic amines, and cytokines (Figure 2).(12, 16) In addition to these immediate actions,
mast cells also release cytokines, neuropeptides, and chemokines as a late response to
stimuli following de novo synthesis. Therefore, mast cells exert instant effects that can be
sustained or opposed through a late response. Mast cells shed extracellular vesicles by
exocytosis including exosomes formed in the endosomes and/or by budding off of their
plasma membrane.(16, 17) These extracellular vesicles transport mast cell contents,
including micro RNA and major histocompatibility complex-Il, to distant cells.(18) A
distinguishing feature of mast cell-derived exosomes is sphingomyelin rich membrane
compared to cholesterol in exosomes derived from other cells.(19) Exosomes are also found
in biological fluids including cerebrospinal fluid and are involved in neuro-immune
regulation and psoriasis.(16, 20-22) Several other processes have been recognized including
tunneling nanotobes (TNT), physical extension via pseudopodia-like structures and
extracellular trap formation, which may allow for increased interaction of mast cells with
vasculature, nervous system and immune cells, described in detail below. Therefore, mast
cells exhibit extraordinary complexity and contribute to diverse functions (1, 3-5, 8-10, 12,
16, 23-25). This review will examine the interactions of mast cells with the central and
peripheral neural systems, pathophysiological mechanisms and therapeutic targets to treat
pain and pruritus.

Mast cells interact with the nervous system

Mast cells localize in close proximity with afferents innervating the periphery, visceral
organs, and the meninges.(26-28) Traditionally, mast cells co-exist with nerve terminals in
the epidermis and in the meninges, but can be rarely found in the epidermis of normal skin.
In psoriasis, epidermal hyperplasia and chronic inflammation, epidermal mast cells have
been detected. We have observed mast cells in deep dermis in proximity to myelinated nerve
bundles in transgenic mice with SCD (Figure 3), and others have reported mast cells in the
brain.(26) Therefore, through the release of algogenic substances, mast cells can interact
directly with the sensory terminals in the CNS and also through convergent pathways
receiving inputs from the chemosensitive primary afferents in the skin. In the periphery mast
cells are localized in the vicinity of primary afferent nerve terminals expressing pruriceptors
and nociceptors involved in transmission of itch and pain, respectively.(29) Of the nerve
fibers, unmyelinated small diameter C-fibers and myelinated A-delta fibers transmit nerve
impulses activated by pruriceptors and nociceptors to the trigeminal and dorsal root
ganglion, spinal cord and brain for the processing of itch and pain sensation. Histamine and
substance P (SP) released from mast cells have been known for their algogenic- and itch-
producing ability.(30) As described in Figure 2, many substances released through rapid
degranulation, late response de novo synthesis, and vesiculation may contribute directly
and/or indirectly to different processes underlying the generation of pain including
neurogenic inflammation and neuroinflammation.
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Mast cell influence on neurogenic inflammation and peripheral nociceptor sensitization

Neurogenic inflammation involves a multicellular system involving neurovascular
interactions in the skin and visceral organs.(31, 32) It involves the release of vasoactive and
proinflammatory neuropeptides SP and calcitonin gene-related peptide (CGRP) from the
sensitized peripheral nerve endings; this leads to vascular dilatation, plasma extravasation,
leukocyte infiltration, and mast cell activation.(33, 34) Upon activation, mast cells release
neuropeptides, histamine, and other algogenic mediators that stimulate nerve endings to
release more neuropeptides, leading to a vicious cycle of mast cell activation and peripheral
nerve sensitization further amplifying vascular leakage and neurogenic inflammation.(33,
35) This process leads to painful wheals and flares (redness and heat), pruritus, and edema,
and further sensitizes sensory nerve endings.(36—38) Additionally, substances such as
tryptase, SP, and histamine released from mast cells in response to noxious stimuli have
direct vasoactive effects on permaeability and leukocyte migration, adhesion, and trafficking.
On the other hand, neuropeptides can be released from sensitized nerve endings
antidromically and following axonal reflex. These feedback mechanisms result in a vicious
cycle of mast cell activation and peripheral nerve sensitization and may be involved in the
transition from acute to chronic pain and may lead to challenges in treating pain.(39)

Mast cell’s role in central sensitization and neuroinflammation

Action potentials generated in sensitized nerve terminals travel orthodromically to the dorsal
horn of the spinal cord and excite second order nociceptive neurons. However, continuous
excitation of spinal dorsal horn neurons leads to central sensitization and antidromic release
of neuromodulators from the spinal cord to the periphery and release of neuropeptides from
peripheral nerve endings. This process occurs in chronic pain conditions such as sickle cell
disease.(40-42) Brain neuroimaging also demonstrated the existence of central sensitization
in patients with SCD.(41, 43) Mast cells are also present in the meninges and different
regions of the brain including thalamus and are known to influence blood-brain barrier
permeability.(26, 44-46) Their number and distribution in the brain is affected by the
environment, age, gender, pathological condition, and stimuli such as stress.(26, 27, 47-50)
In the brain mast cells may directly interact with the nociceptive neurons depending upon
their location and proximity to nociceptive pathways and/or via their bidirectional
interactions with microglial/astroglial cells.(51, 52) These interactions lead to increased
release of cytokines and chemokines as well as histamine by glial and/or mast cells, thus
leading to amplified neuroinflammation. Therefore, in spite of a relatively small number of
mast cells in the brain, their effect on neuroinflammation is significant. Almost 50% of
histamine and 25% of TNF-a is attributed to mast cells in the rat brain.(26, 53) Mast cell
activation may therefore contribute to nociception via direct central interactions in the brain
as demonstrated recently in a spinal nerve ligation model in mice.(44) This study also
demonstrated that nerve growth factor (NGF), formalin, and dynorphin-induced hyperalgesia
involved degranulation of mast cells in the brain of mice. It is likely that mast cells in the
CNS are a critical player in the multicellular repertoire orchestrating central sensitization.
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Molecular mechanisms of mast cell activation and interaction with nervous

system

The neuroimmune interface is increasingly recognized as a central player in chronic and
acute pain of inflammatory, neuropathic, and nociceptive origin. As discussed above, it may
even underlie the transition from acute to chronic pain. Tremendous heterogeneity in mast
cell presence, activation, species, gender, and secretagogue are further compounded by
different pathological conditions, each with a unique molecular and cellular
microenvironment. For example, in neuropathic pain in diabetes, high glucose is a major
factor, while in SCD, sickle red blood cells (RBCs) occluding blood vessels is the
underlying pathologic feature. This diversity is challenging in developing a unified
mechanism underlying the contribution of mast cells in pain across different pathologies,
mouse models, and /n vitro studies. Molecular mechanisms are critical for developing
targeted therapies, but, in the case of mast cell targeting, these have to be understood on a
case-by-case basis using disease-specific validated mouse models and clinical studies.
Molecular targets on mast cells are presented in an in-depth review by Harvima et al. 2014.
(4) Here, we describe recent developments in the basic mechanisms of mast cell activation.

Mast cell degranulation

Within minutes of mast cell stimulation, degranulation releases secretory granules pre-
loaded with lysosomal enzymes, proteoglycans, proteases, leukotrienes, biogenic amines,
and cytokines (Figure 2).(16, 54, 55) It involves activation of FceR1, followed by
cytoskeletal rearrangement with disassembly of F-actin and microtubule formation.(56) This
calcium-independent process mediated by FceR1 activation of Fyn/Gab2/RhoA leads to
microtubule polymerization permitting the translocation of secretory granules to the plasma
membrane(57). The exocytosis of granules from the plasma membrane involves activation of
Lyn and Syk downstream of activated FceR1, leading to calcium mobilization, granule-
membrane fusion, and degranulation. Several degranulation products play a key role in pain
hypersensitivity at the peripheral and CNS level as discussed below.(8, 26, 58) Signaling
pathways leading to degranulation offer targets to inhibit degranulation using recently
developed pathway inhibitors. (4)

“Piecemeal degranulation (PMD)” refers to the selective release of a part of the granular
content and occurs in many pathological conditions including chronic inflammation.(59)
PMD may lead to the heterogeneous release of substances, which may depend upon the
stimuli leading to degranulation, although this process is not fully understood. Another
process called “pseudopod translocation” or “transgranulation”’ refers to the direct contact of
mast cells with adjacent cells and transfer of granular content to the other cell.(16, 60) It
involves direct transfer of granules from mast cells to cells in the vicinity by exocytosis
followed by their intake by the recipient cell or release of mediators into the
microenvironment. This is also accomplished by extensions of mast cells much like
pseudopodia to reach distantly, followed by detachment from the cell body (Figure 3). This
mode of mast cell communication has been demonstrated with vascular and neural system
and others.(60-62) Because of the close proximity of mast cells with the vasculature and
nerve fibers, it is likely that transgranulation may physically disrupt physiological structures,
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similar to axonal injury, and thereby contribute to neuropathic pain and alterations in the
vessel wall. Indeed, functional synapses between mast cells and nerve endings were
demonstrated to underlie pain in irritable bowel syndrome.(63) These processes are
demonstrated in Figures 3 and 4 and described under the section, “Mast cells contribute to
pain in SCD".

Release of substances synthesized de novo

As a late response to various stimuli, mast cells release cytokines and chemokines
synthesized de novo via several different mechanisms involving multiple receptors including
an array of cytokine receptors. These mechanisms are complex and involve cross-talk
between several different receptors depending upon the microenvironmental cues
particularly from adjacent inflammatory cells such as T-cells, neutrophils, macrophages, and
glial cells. IgE receptors also mediate this response in cooperation with pattern recognition
receptors including Toll-like receptors (TLRs). TLRs require recruitment of CD14 or
functional CD48 for the effect of TLR ligands.(64) Murine mast cells express CD14,
whereas human mast cells show relatively weak expression of CD14. TLRs have attracted
significant attention in the progression and maintenance of neuropathic pain involving the
peripheral and central nervous systems at a multicellular level.(65) IgE-independent
receptors also regulate mast cell de novo synthesis. This involves c-kit, a receptor tyrosine
kinase (RTK) for the stem cell factor (SCF), which is expressed on murine as well as human
mast cells.(66) In addition to the release of products from mast cells, SCF also promotes the
development, survival, and proliferation of mast cells.(67) Several cytokines including IL-3
and IL-4 have been demonstrated to influence mediator release from mast cells. 1L-4
synergizes with SCF to facilitate the release of mediators via the MAPK/ERK signaling
pathway and transcriptional regulation by AP-1 (activator protein-1).(68) The mechanisms
of different cytokine-induced mediator release are not clear, but depending upon their cross-
talk with SCF/c-kit, their activity can be inhibited with RTK inhibitors such as Imatinib.(4,
7, 8) Considering that a large number of inflammatory mediators including cytokines,
chemokines, and neuropeptides are released from mast cells and their close proximity to
axonal processes and potential to recruit/influence other inflammatory cells, mast cells may
significantly contribute to pain hypersensitivity and activation of nociceptive mechanisms in
inflammatory and neuropathic pain.

Exosomes/extracellular vesicles (EVS)

Exosome release is a process common to many cell types whereby they are formed in the
endosomes and released by exocytosis, mostly delivering RNAs including microRNA.(16,
69, 70) Several substances affecting multiple cellular and pathological functions have been
suggested to be released from EVs and exosomes (reviewed in (16)). Importantly, mast cell
exosomes contain MHC-I1 molecules that can activate T-cells, which have been shown to
contribute to neuropathic pain.(71) Mast cell exosomes contain precursors of TNF-a and
proteases, both of which are critical players in inflammatory and neuropathic pain in several
pain-associated conditions. Mast cell exosomes have been demonstrated to interact with
sensory nerve fibers, leading to the release of SP and activation of both mast cells and
nociceptors involved in pain hypersensitivity.(72) Because of their small size (30-150 nm),
exosomes can migrate and elicit an effect at longer distances. Mast cell exosomes have been
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observed in the cerebrospinal fluid (CSF) and influence synaptic interaction in the CNS.(21)
On the other hand, larger EVs (100-5,000 nm) are challenging to distinguish from
degranulation because of the common markers surrounding their membranes (Figure 3).
Nonetheless, both release substances with the potential to influence neuroimmune
interactions.

Tunneling nanotubes (TNTSs) facilitate transport of mast cell products

According to Weng et al., TNTSs offer rapid and direct communication to “alarn?’ other cells.
(73) TNTs are F-actin-based structures that form cytoplasmic as well as hon-cytoplasmic
connections with distant cells in a process called “reticulation’.(74) TNTs are much like
filopodia/pseudopodia described above, except that TNTs are non-adherent and span
distances longer than 100 microns. Murine mast cell TNTs were observed first with co-
stimulation of FceR1 with CCR1 and MIP-1a..(75) Distinct differences between EVs and
nanotubes and their function are still emerging but they have been implicated in tumor
progression and resistance to therapy, which can be important in cancer pain.(76) In the
present context, TNTs offer another mechanism for mast cells to interact directly with
neural, vascular, and immune systems as all of these systems engage in TNT formation.

Mast cell extracellular trap (MCET) formation

Extracellular trap formation is a feature of cells of innate immune system in which they
ensnare invading organisms in self-defense.(77) This process involves citrullination of
histones in the chromatin leading to the decondensation and unfolding of chromatin,
disassembly of DNA, and eruption of web-like nuclear contents ejected extracellularly.(78)
Citrullination of histones is catalyzed by protein arginine deaminase 4 (PAD 4).(79) Similar
to neutrophil extracellular traps (NETS), mast cells also form extracellular traps.(80) MCET
formation is dependent upon the formation of reactive oxygen species (ROS) and engages
TLR4. In addition to DNA and histones, MCETSs contain fibers with mast cell-tryptase.
Increasing evidence suggests the presence of NETs and MCETs in pathological conditions
including psoriasis and SCD.(81) MCET is not stimulated by pathogen invasion, rather it is
stimulated with IL-23 and IL-1B, resulting in the release of IL-17. It is believed that MCETs
may contribute to immunopathology in chronic inflammatory conditions.(82) Secukinumab
(Cosentyx), an inhibitor of IL-17A, is approved for the treatment of plaque psoriasis and
psoriatic arthritis in many countries including the USA and Europe.(83) IL-17 is also
implicated in pain, and it is likely that MCET formation-induced release of tryptase and
IL-17 activate the nociceptors on nerve endings via protease-activated receptor-2 (PAR2)
and contribute to inflammation, itch and pain.

Mast cell products that contribute to pain

Many substances are released from mast cells that either directly or indirectly contribute to
pain via their effect on nervous system or immune and/or other cells. We describe a few
substances that support the role of mast cells in nociception. Several substances with a
potential for drug targeting have been described in a review by Harvima et al.(4)
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Histamine via its several receptors (namely H1R, H2R, H3R, and H4R) plays a critical role
in neurogenic inflammation and pain transmission in the periphery and CNS; its specific
effects in pain and itch have been reviewed in.(33) Histamine released from mast cells acts
in an autocrine and paracrine manner by stimulating mast cells and nerve endings,
respectively.(4) Both C- and A-delta fibers are responsive to histamine in the periphery and
CNS. Histamine stimulates SP and glutamate release from nerve terminals in inflammatory
conditions.(84) Interestingly, histamine interacts with neuropeptides in a bi-directional
manner. CGRP stimulates mast cell release of histamine, whereas histamine administration
peripherally induces CGRP release into the CSF and trigeminal ganglion, suggesting a
synergism between neuronal mast cell interactions involving histamine and CGRP in animal
models.(85-87) Antagonists of H1-H4 receptors have been demonstrated to inhibit
neurogenic inflammation, pain, mechanical and/or thermal hyperalgesia and itch in animal
models in a case-specific manner.(33) In clinical trials, HLR hydroxyzine hydrochloride
improved the symptoms in about 30% patients with interstitial cystitis.(88) The H2R
antagonist cimetidine given orally demonstrated a significant improvement in pain
symptoms in painful bladder syndrome in a randomized, double-blind, placebo-controlled
trial.(89) However, evidence of the effectiveness of histamine receptor targeted therapies in
pain is still needed in randomized controlled phase 3 trial versus standard of care or placebo
for different pain conditions.

Serine proteinases, tryptase, chymase, and cathepsin-G are stored in secretory granules of
mast cells and released upon degranulation associated with matrix remodeling. Of these,
tryptase is a predominant protein of mast cell granules and interacts with PAR-2 on nerve
endings.(90, 91) PAR-2, in turn, co-activates TRPV1 channels stimulating the release of
neuropeptides SP and CGRP from nerve terminals.(92) These neuropeptides activate
neurogenic inflammation discussed above, and also initiate nociceptive transmission by
activating nociceptors on nerve terminals as well as co-activating mast cells in an autocrine/
paracrine manner. However, no satisfactory inhibitors are available to target tryptase or
PAR-2 clinically, but these mechanisms remain a potentially attractive target to develop
pharmacotherapeutics to treat pain. Serum tryptase can also serve as a biomarker for mast
cell load in the body because the majority of circulating tryptase is contributed by mast cells.
(93)

Nerve growth factor

Mast cell NGF has autocrine functions that include differentiation, proliferation, and
survival.(94) Mast cells synthesize NGF by the cleavage of pro-NGF by tryptase, and upon
stimulation stored NGF is released.(95, 96) In an autocrine manner, NGF stimulates mast
cells to release pro-nociceptive mediators including histamine as well as NGF, supporting a
positive feedback loop. NGF and its receptor TrkA evoke sustained pain hypersensitivity via
TRPV1 channels on the neurons in the periphery and CNS.(97) NGF is present in
remarkably high levels in inflamed tissue and persistent pain states.(98) Once activated, mast
cells and NGF may therefore amplify each other’s effects, resulting in a highly noxious
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microenvironment leading to uncontrolled pain. In clinical trials NGF targeted therapies
using NGF-sequestering antibodies were highly successful in controlling pain, but were put
on hold by the FDA because of adverse events involving the sympathetic nervous system
and bones.(94, 99)

Sphingosine-1-phosphate

Sphingosine-1-phosphate (S1P), a sphingolipid metabolite, acts as a second messenger in a
variety of cellular processes.(100) S1P is produced from its precursor sphingosine by the
catalytic action of sphingosine kinase (SphK) 1 and 2.(101) Mast cells release S1P, which
acts in an autocrine manner by binding to its receptors S1P4 and S1P, on mast cells. SphK1
mediates antigen-induced degranulation and migration of mature and developing mast cells
via S1P receptors after antigen-induced FceR1 aggregation.(101, 102) S1P activity is
thought to support mast cell recruitment to sites of inflammation and to augment chemokine
release to attract other inflammatory cells.(101) Thus, S1P is important in the early phase of
inflammation, and because of its autocrine activity, it may contribute to sustained and
amplified mast cell degranulation. Several antagonists of SIPRs have been developed,
including FTY720 (fingolimod), which has been approved for clinical use in multiple
sclerosis.(103) FTY720 is phosphorylated by SphK and binds to 4 of the S1P receptors and
modulates receptor activities.(104) S1PR antagonists including FTY720 have been
demonstrated to inhibit bone cancer pain and chemotherapy-induced painful neuropathy in
murine models.(105, 106) It is likely that mast cells contribute to these S1P-dependent
painful conditions; however, this remains to be proven.

Mast cell’s contribution to the pathobiology of pain and pruritus

Mast cells have roles in a variety of pathological conditions including chemotherapy-
induced neuropathic pain, osteoarthritis and pelvic pain.(7, 107-110) We will review recent
research suggesting that mast cells are important to the pathobiology of pain and pruritus, in
mast cell activation disease (MCAD), SCD, and cancer, and in atopic dermatitis and
psoriasis, respectively.

Mast cell activation disease

MCAD is an umbrella diagnosis for mast cell-associated conditions including mastocytosis
and mast cell activation syndrome (MCAS).(8, 111) Mastocytosis is a rare disease
characterized by increased mast cell proliferation. In contrast, MCAS is a more common
non-proliferative condition with increased activation of mast cells. Symptoms range from
hypotension to pain. However, pruritus and pain are among the most common symptoms
with variable location and intensity across MCAS and mastocytosis. Common features of
pain include headache, abdominal pain, musculoskeletal pain, and wheals and flares such as
those may occur in neurogenic inflammation. Mast cell release of the many different
substances discussed above underlies the symptoms of MCAD. Additionally, tissue-specific
localization of mast cells may be important in eluding a diagnosis of MCAD. Therefore,
presentation of MCAD symptoms is markedly heterogenous and difficult to diagnosis
clinically. For this reason, cutaneous mastocytosis with mast cell activity limited to the skin
is relatively easy to diagnose and treat, but diagnosis and treatment of systemic mastocytosis
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with mast cells infiltrating visceral organs remains a major challenge.(112, 113) Circulating
tryptase is a common feature of mastocytosis and MCAS, but the proposed diagnostic
criteria include elevated tryptase during symptomatic episodes.(114) In some chronic
conditions with inflammation and pain, circulating levels of tryptase may be insightful in
determining the activation of mast cells during episodes of symptoms similar to MCAS. In
chronic conditions, endogenous alterations in the tissue microenvironment with disease
progression and organ pathology as well as use of drugs may stimulate mast cell
differentiation, proliferation, and activation as described below for SCD and cancer.
Targeting of c-A7twith RTK inhibitors including imatinib mesylate and similar inhibitors is a
promising strategy for the control of mast cell activity.(111)

Mast cell activity in pain in sickle cell disease

[i] Dactylitis

Globally SCD is the most common inherited monogenic disorder. It is caused by a mutation
in the b-globin gene of the hemoglobin molecule, which leads to sickling of red blood cells
(RBC). Clinical sequelae of this single mutation are extremely complex including hemolytic
anemia, multi-organ dysfunction, often life-long pain, and reduced survival. Pain in SCD can
occur as chronic pain and unpredictable and recurrent episodes of acute pain due to
vasoocclusive crises (VOC); these conditions lead to hospitalization and opioid analgesia
(reviewed in (32, 42, 115-118)). Mast cell involvement in SCD appears to underlie many
features of sickle pain. Most evidence is based on studies using a transgenic mouse model of
SCD, HbSS-BERK expressing human sickle hemoglobin exclusively and presenting
characteristics of pain similar to those observed clinically.(42, 119, 120) These sickle mice
show extensive mast cell degranulation directly affecting nerve bundles and blood vessels in
the skin (Figures 3 and 4). In the 3-D rendition of the confocal image of sickle mouse skin,
degranulating mast cells are seen as continuous projections surrounding nerve fibers.
Tryptase-loaded granules containing mast cells nest near the nerve plexus, with
pseudopodia-like extensions and vesicular structures scattered all along nerve bundles and
their vicinity (Figure 3). The spread of mast cell extracellular extensions also suggests the
presence of extracellular traps. We have demonstrated the presence of MCETS in sickle
mouse skin.(121) Similarly, degranulating tryptase-releasing mast cells are seen hugging and
invading blood vessels, suggestive of a direct effect on sickle cell vasculopathy and
contribution to VOC (Figure 4). Increased transmigration of myeloid cell progenitors from
bone marrow to the periphery was demonstrated in sickle mice.(122) Increased cytokines in
the SCD microenvironment—including RANTES, GM-CSF, and MCP-1—may contribute
to the transmigration of myeloid progenitors and their differentiation and proliferation in
tissues. Therefore, mast cells may contribute to different pain conditions in SCD described
below.

Dactilytis is painful swelling of hands and feet, increased local temperature, and erythema,
which occurs in a significant percent of children with SCD within one year of age.(123, 124)
It is thought to involve bone marrow necrosis, medullary infarction, and leukocytosis. We
observed that an intravenous injection of Evans blue dye revealed increased vascular leakage
and swelling in the skin, hands, and feet in HbSS-BERK sickle mice as compared to control
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HbAA-BERK mice expressing normal human hemoglobin A; these findings are suggestive
of plasma extravastion and neurogenic inflammation.(7) Skin biopsies of these mice
revealed increased release of neuropeptides SP and CGRP and several inflammatory
cytokines including TNF-a, GM-CSF, IL-6, and MP-1a. Treatment with the mast cell
stabilizer sodium cromoglycate and the c-kit inhibitor imatinib significantly reduced Evans
blue leakage as well as neuropeptide and cytokine release from skin biopsies; this indicates a
role for mast cells in this neurogenic process. It is therefore likely that dactylitis may involve
neurogenic inflammation and mast cell-mediated erythema, swelling, and pain.

[ii] Chronic Pain and Requirement of High Dose of Morphine

Chronic pain is challenging to treat in SCD and requires relatively larger doses of morphine
than analogous pain in other conditions.(125) Similarly, sickle mice require a significantly
high dose of morphine (20 mg/Kg) to treat tonic hyperalgesia.(119) Electrophysiological
recordings show peripheral and central sensitization in these sickle mice.(40, 126) The
mechanisms of sickle pain are still emerging, but mast cell activation may contribute to this
process based on clinical observations and sickle mice. The skin of sickle mice
constitutively has a dense population of degranulating mast cells expressing c-k7t, FceR1,
and tryptase with significantly higher transcripts of TLR4.(7) Treatment of sickle mice with
cromolyn for five days showed a trend in reduction of hyperalgesia, but it was not
statistically significant. Treatment with imatinib for 5 days significantly reduced
hyperalgesia in these mice. Co-treatment with a sub-analgesic dose (10 mg/Kg) of morphine
significantly reduced hyperalgesia in both cromolyn and imatinib-treated mice. Furthermore,
genetic deletion of mast cells in sickle mice completely attenuated hyperalgesia. These data
demonstrate the role of mast cells in hyperalgesia in sickle mice and suggest that inhibition
of mast cell activity may improve opioid analgesia. It is therefore likely that morphine, a
known activator of mast cell degranulation, stimulates mast cell degranulation concomitant
to its analgesic effect on the CNS. These co-treatment strategies deserve consideration in
treating pain in SCD and conditions associated with mast cell activation. In a well-controlled
clinical study, sickle patients with chronic pain showed significantly elevated plasma
tryptase levels, almost twice that of ethnicity-matched control subjects (p=0.0053).(127)
Comparisons between sickle patients with no pain, sickle patients with pain, and controls
were statistically significant (p=0.006). Opioid use was significantly higher in sickle patients
with chronic pain than in patients with no pain; this could contribute to the elevated plasma
tryptase levels in patients with chronic pain. We observed increased release of neuropeptides
from the dorsal root ganglion (DRG) and skin in response to morphine treatment, but a
decrease with cromolyn or imatinib in sickle mice, suggesting that mast cells contribute to
neuropeptide release in sickle mice in the periphery, which may contribute to pain and have
direct effects on vascular permeability and vascular physiology. Together, data from sickle
mice and clinical observations demonstrate the contribution of mast cells to chronic sickle
pain, and further investigation is merited. In summary, mast cells release tryptase and SP,
which sensitize nociceptors on nerve endings by activating PAR-2 and TRPV1 channels,
leading to the release of neuropeptides SP and CGRP (Figure 5). Neuropeptides stimulate
arteriolar dilatation and vascular leakage resulting in neurogenic inflammation. Additionally,
neuropeptides co-activate mast cells and nociceptors in an autocrine and paracrine manner,
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thus promoting a vicious cycle of mast cell activation, neurogenic inflammation, and pain.

()

[iii] Acute pain

Acute pain in SCD is evoked during vasoocclusive crises (VOC). Vascular occlusion is
caused by sickle RBCs obstructing blood flow leading to impaired oxygen supply and
nutrients to the organs, vascular dysfunction, ischemia/reperfusion injury, inflammation, and
end organ damage.(42, 115, 128) Ischemia/reperfusion injury stimulates mast cell
degranulation.(129) VOC pain is associated with ischemia/reperfusion injury in SCD, and
we simulated VOC-like pain following hypxia/reoxygenation in sickle mice.(120)
Incitement of hypoxia/reoxygenation in sickle mice led to an appreciable increase in
cutaneous mast cells and a significant increase in their degranulation as compared to sickle
mice in normoxic conditions.(130) Increased mast cell degranulation in the skin was
accompanied by a significant elevation of circulating tryptase, p-hexosaminidase, serum
amyloid protein (marker of inflammation), and SP; this finding is indicative of mast cell
degranulation and neurogenic inflammation during VOC. These molecular markers of mast
cell degranulation were accompanied by significantly elevated Evans blue leakage following
hypoxia/reoxygenation as compared to normoxia. Together, these alterations under hypoxia/
reoxygenation suggest an increase in neurogenic inflammation associated with mast cell
degranulation in sickle mice. Consistent with our findings of increased SP after hypoxia/
reoxygenation and neurogenic inflammation, an increase in circulating SP in acute pain
during VOC has been reported in patients with SCD.(131-133) Together, these pre-clinical
and clinical observations support the contribution of mast cells in acute pain during VOC.

[iv] Headache and regional pain syndromes

Acute pain may manifest in different regions of the body in SCD, including headaches and
painful penile erections in priapism.(124) The pathophysiology of these specific regional
pain syndromes is not understood. However, mast cells may have a role in migraine
headaches.(134-137) The frequency of migraine headaches is higher in females than males,
and it has been demonstrated that estrogen-related mast cell recruitment from the spleen and
increased density of dural mast cells and their activation are higher in females than male
rats.(138) This observation suggests that pain should fluctuate with the estrous cycle in
females. The dural layer, which is rich in mast cells, is also highly innervated with
nociceptive afferents and thus may facilitate mast cell-nociceptor interactions because of
their close proximity and sensitivity to environmental cues.(139, 140) SCD female mice and
female patients experience more pain than their male counterparts and is challenging to treat.
(141)

Novel mast cell-targeted therapies for SCD pain

The mast cell inhibitors cromolyn and imatinib reduce hyperalgesia in sickle mice.(7)
Targeting mast cells may improve opioid analgesia in patients with SCD or other pain
conditions in which mast cells are activated. We have also observed that mast cell inhibition
with nociceptin receptor (NOP/R) agonists and cannabinoids have an analgesic effect.(32,
142, 143) The combined NOP/R and mu opioid receptor agonist AT-200 and cannabinoid
CP 55940 were able to attenuate both chronic and acute hyperalgesia in sickle mice.(130,
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144) The anti-nociceptive effects of AT-200 and cannabinoids also inhibited mast cell
degranulation and circulating neuropeptides and tryptase under normoxia and hypoxia/
reperfusion evoked hyperalgesia as well as neurogenic inflammation in sickle mice. Chronic
treatment with AT-200 or cannabinoids did not lead to tolerance, whereas morphine
tolerance and morphine-induced hyperalgesia are thought to occur in several pain
conditions. Morphine promotes mast cell degranulation, and it is likely that in chronic pain
conditions morphine may cause hyperalgesia via the activation of mast cells. Therefore,
analgesic strategies, such as those described herein to target mast cells, may be potentially
beneficial in pain treatment without causing tolerance and/or hyperalgesia. Tryptase and
mast cell markers appear to have a prognostic value in strategizing mast cell-based treatment
strategies. Sickle patients frequently use morphine, and pruritus is a common feature in
sickle patients.(145) Other drugs also lead to pruritus in SCD, including crizanlizumab
therapy, a recently developed and promising new therapy.(146) It is conceivable that co-
treatment with mast cell stabilizing agents along with morphine or other drugs may prevent
and/or reduce the discomforting symptoms of pruritus.

Although the evidence is limited, clinical observations support a role for mast cells in
chronic and acute pain in SCD. In a case report, a patient with SCD having multiple VOCs
per year stopped having VOCs with imatinib treatment.(147) Upon discontinuation of
imatinib, VOCs recurred. No effect was observed on hematologic analysis or HbF levels. We
believe that imatinib’s effect could have occurred via inhibition of mast cells. Therefore,
clinical trials are warranted to test mast cell inhibitory strategies in pain refractory to opioid
therapy. Several naturally occurring and pharmacotherapeutics for mast cell stabilization
have been reviewed, offering the advantage of carefully selecting the agents for preventive
and therapeutic purposes (Table 1).(148)

Mast cells contribute to pain in pancreatic cancer

One of the mechanisms of pain in pancreatic cancer is direct damage to the nerves in
pancreatic tissue, also called pancreatic neuropathy, neurogenic inflammation, and neuritis.
(5) Increased hypertrophy and nerve density, immune cell infiltration in the parenchyma, and
increased release of neurotrophic growth factors have been observed in specimens from
patients with pain in pancreatic cancer, but not in the normal pancreas.(149) TRPV1 channel
expression is activated on pancreatic nerve endings, which are involved in the release of SP
and CGRP.(150, 151) In addition to their contribution in pain conductance directly, these
neuropeptides cause neuroinflammation by activating neutrophils, mast cells, and
macrophages and chemotaxis.(149) Immune cells observed around the pancreatic nerves are
predominantly infiltrated with mast cells in patients with pain, whereas with T-lymphocytes
in patients without pain.(152) NGF, a key contributor to pain/hyperalgesia, and its receptor
tropomyocin kinase receptor (TrkA) mRNA were increased several-fold in the pancreatic
tissue of patients with high pain scores.(149) NGF is involved in neural repair and released
by multiple cell types including pancreatic and immune cells in response to nerve injury and
from mast cells as discussed above.(151) NGF promotes chemotaxis and augments SP and
CGRP release. Thus, it is likely that mast cells contribute to pain in pancreatic cancer and
perhaps other cancers. We found that chronic morphine treatment led to increased mast cell
degranulation and SP in tumors of transgenic mice with breast cancer.(6) SP
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immunoreactivity co-localized with mast cells, indicative of a pro-nociceptive
microenvironment produced by morphine-induced mast cell activation.

We have reviewed above the potential role of mast cells in many painful conditions and their
role is increasingly being demonstrated in pain.(8) However, a recent report elegantly
demonstrates that peripheral sensitization is not mast cell-dependent using a CFA model of
pain in male mice.(153) This could be because the CFA model stimulated responses were
confined to the paw, which contrast with testing in actual disease models with constitutive
mast cell activation and testing paradigms using responses akin to the disease being
examined. We have demonstrated that analgesic responses vary between transgenic mouse
models of SCD or cancer showing the evolutionary spectrum of the human disease as
compared to one time CFA-induced hyperalgesia in C57BL/6 mice.(154)

Skin innervation and itch

The free nerve endings in the basal, spinous, granular and sometimes corneal layers of the
epidermis are essential for itch sensation possibly through a reciprocal synaptic-like
interaction between keratinocytes and nerves.(155) In addition, keratinocytes positive for 8-
endorphin have been reported to be clustered around the terminal ends of unmyelinated
fibers, and these nerves can be activated through the p-opioid receptor.(156) However, it is
not clear whether there are itch-specific peripheral sensory neurons in the skin. They are
probably a subgroup of nociceptive neurons, e.g., similar to those expressing the MrgprA3
receptor in mice.(157) In contrast, nonpruriceptive nociceptive neurons have been identified,
including nociceptors with C- or A-fibers that are activated by mechanical stimuli, heat or
capsaicin. Subsets of mechano-insensitive nociceptive C-fibers respond to histamine and
consequently can release neuropeptides, such as SP and CGRP. The mechano/heat-sensitive
nociceptors do not react markedly to histamine, but react to a cowhage plant protease,
producing stinging itch possibly through protease-activated receptor-2 or -4 (PAR-2 or -4).
However, the nerves express a high variety of receptors and ion channels, and therefore it is
not clear, which combinations of receptors contribute to each type of itch and pain sensation.
Additional complexity is caused by inhibitory and excitatory interneurons, different
spinothalamic tract neurons and the central nervous system in the brain.(155, 158, 159)
Furthermore, inflammation per se produces marked changes to the cutaneous neural
network.

Mast cell-neural interactions and itch in psoriasis

Psoriasis is a chronic inflammatory and scaly skin disease that is aggravated by psychosocial
stress in 40-80% of patients.(160) Another common feature affecting 60-90% of psoriatic
patients is pruritus that can have different forms, such as stinging, pinching, tickling,
crawling, burning or even pain sensations.(161)

Emotional stress leads to the activation of the hypothalamic-pituitary-adrenal (HPA) axis
and consequent release of stress hormones, including corticotropin-releasing hormone
(CRH), adrenocorticotropic hormone and glucocorticoids. In addition, human skin has its
own functional peripheral equivalent of the HPA axis.(162) Other systems activated during
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stress include prolactin, a-MSH, neuropeptides, neurotrophins and the sympathetic nervous
system.(162) This plethora of systems activated during stress means that it is difficult to
pinpoint a specific mechanism that is responsible for pruriception in psoriasis. However, one
major focus in this context has been the concept of neurogenic inflammation where
cutaneous nerve fibers and mast cells interact.(161)

Psoriasis typically presents symmetric cutaneous lesions, e.g., on the knees and elbows,
suggesting an involvement of peripheral nerves. Furthermore, there are clinical cases where
nerve damage has produced clearance of chronic psoriasis, but the lesions reappeared with
the recovery of cutaneous sensation.(163) Several studies have shown that sensory fibers and
neuropeptides, such as SP, neurokinin A and vasoactive intestinal peptide (VIP), are
increased in the psoriatic lesion compared to nonlesional skin.(164-166) In double-staining
experiments, the apparent contacts between neurofilament® sensory nerves and tryptase™
mast cells are more numerous in developing and mature psoriatic lesions than in nonlesional
psoriatic, normal or lichen planus skin.(167, 168) In addition, the contacts between SP* and
CGRP* fibers and tryptase™ mast cells are increased in the psoriatic lesion, but not the
contacts between VIP* fibers and tryptase™ mast cells.(169) This suggests an interactive role
for SPICGRP* sensory nerves and mast cells in psoriasis.

The MCrc-type (tryptase*, chymase™) of mast cell is increased in number in the upper
dermis of psoriatic lesions. However, chymase undergoes partial inactivation during the
lesion development possibly through the action of protease inhibitors, whereas tryptase
retains its activity [reviewed in (170)]. This decrease in chymase activity is interesting, as
chymase can cleave neuropeptides SP and VIP, whereas tryptase can cleave VIP and CGRP,
but not SP.(171-173) The net outcome may be enhanced SP-mediated neurogenic
inflammation. As tryptase can activate PAR-2, the serine proteinase released may further
activate mast cells in a para- or autocrine fashion, which is supported by the finding that the
proportion of tryptase* mast cells expressing PAR-2 is increased in psoriatic lesions.(174)
Further, PAR-2 activation sensitizes TRPV1 resulting in enhancement in SP and CGRP
release (175), and TRPV1 is present in SP™ fibers and mast cells in human skin.(176)
Furthermore, the traditional itch-mediator, histamine, can stimulate sensory nerves and
neurogenic flare.(177) The increased interstitial histamine concentration in the psoriatic
lesion (178) as well as some clinical efficacy of the H1-antihistamine cetirizine (179)
suggest some role for histamine in the modulation of neuronal activity in psoriasis. The
interaction between CRH and its receptor CRH-R1 on mast cells has been suggested to
mediate some of the stress-related neuroendocrine actions in psoriasis.(25) This theory is
supported by findings that the expression of CRH is reportedly increased in the epidermis,
sweat glands and hair follicles in the psoriatic lesion (180), and the proportion of tryptase®
mast cells containing CRH-R1 immunoreactivity is higher in the lesional (53£19%) than
nonlesional (28+£19%) psoriatic skin (unpublished results).

When compared with the non-pruritic-type of psoriasis, the pruritic one has been reported to
associate with the following parameters: the psoriasis area and severity index (181, 182);
increased levels of SP, its receptor NK1R or NK2R, and nerve fibers (166, 181, 183);
decreased levels of SP-degrading neutral endopeptidase (183); increased levels of NGF
and/or its receptor TrkA (181, 183) as well as decreased expression of semaphorin-3A (a
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molecule that inhibits neurite outgrowth) (182, 184) suggesting an imbalance between nerve
elongation and repulsion factors; increased numbers of total mast cells, degranulated mast
cells, and free mast cell granules in close apposition to nerve fibres; increased numbers of
IL-2* cells and strong vascular expression of E-selectin (183); decreased epidermal
expression of dynorphin A and x-opioid receptor, but no change in the p-opioid receptor
(184, 185); and increased numbers of inflammatory cells immunopositive to gamma-
aminobutyric acid and its GABA receptor.(186) Therefore, the psoriatic pruritus is
associated with neural, mast cell and molecular changes in skin lesions.

Mast cell-neural interactions and itch in atopic dermatitis

Atopic dermatitis (AD) is characterized by chronic or chronically relapsing eczematous skin
inflammation, IgE-mediated sensitization to environmental allergens, and epidermal barrier
dysfunction. Itch is a hallmark of AD, and it can be aggravated by a range of pruritogens,
inflammatory mediators, activation of receptors on sensory nerves, skin dryness, heat, sweat
and psychosocial stress. Even the healthy-looking atopic dry skin can be itchy.(187, 188)

Mast cells are crucial in the IgE-mediated skin wheal reaction and its associated itch in AD.
In the lesional AD skin, the number of tryptase* mast cells is increased to some extent, but
the enzyme activity of chymase is decreased, when compared to nonlesional skin.(189, 190)
Partial inactivation of chymase has been detected also in the IgE-mediated prick-test wheal
reaction.(191) A possible explanation for the reduced chymase activity is the localization of
chymase inhibitors in mast cells.(191) The inactivation of chymase may have consequences
to the course of inflammation, as chymase can degrade to a varying extent IL-6, IL-13, TNF-
a, IL-4, IL-5, SP and VIP.(172, 192, 193) For example: the proportion of mast cells
containing the immunoreactivity of TNF-a, IL-4, IL-6 and CD30 ligand is higher in the
lesional than nonlesional AD skin.(190, 194-196) IL-4* mast cells in the healthy-looking
atopic skin correlate with the extent of prick-test wheal induced by cow allergen.(197) Mast
cells generated from CD34* peripheral blood progenitor cells of AD patients exhibit
enhanced IL-6 release in response to Malassezia sympodialis yeast than those of healthy
controls.(198) Dermal tryptase™ and IL-6" mast cells and the severity of itching correlate
inversely with the (pro)filaggrin expression in the epidermis of AD patients.(199) Therefore,
the partial inactivation of chymase may allow prolonged survival of proinflammatory
cytokines and neuropeptides, such as SP, giving rise to enhanced inflammation and itching.

The lesional AD skin is characterized by increased sensory nerve density in the epidermis
and dermis (200-204), which may explain, at least in part, the distressing pruritus in AD.
(187) A plausible explanation for increased nerves is the increased epidermal expression of
nerve elongation factors, NGF and amphiregulin, and decreased expression of nerve
repulsion factors, semaphorin-3A and anosmin-1, in the lesional AD skin.(187, 200, 203)
Mast cells can also be a source for soluble NGF in an IgE-dependent reaction, and NGF
expression is increased in mast cells in AD lesions. Furthermore, mast cells also express the
high-affinity receptor of NGF, i.e., TrkA.(205-207) Thus, the treatment of mast cells with
NGF in vitroresults in increased TrkA expression and tryptase and histamine contents.(207)
Interestingly, tryptase has the capacity to hydrolyze pro-NGF to mature NGF (96), and
thereby it may further enhance the feed-forward loop. The contacts between tryptase* mast
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cells and neurofilament™ fibers are significantly increased in the lesional AD skin, and
probably also so in the nonlesional skin, when compared to healthy controls (204), a finding
which provides the morphologic basis for enhanced mast cell-nerve interaction.
Interestingly, the exposure of patients with AD to acute Trier Social Stress Test (TSST)
resulted in decreased numbers of NGF* and PGP 9.5* fibers and decreased contacts between
PGP 9.5* fibers and tryptase™ mast cells in the lesional skin, whereas, these parameters
increased, rather than decreased, in the nonlesional skin. In addition, a significant positive
correlation between itch and nerve fiber-mast cell contacts in the nonlesional (after TSST) or
lesional (before TSST) skin was noted.(208) In another study, stress induced by video games
or frequently ringing mobile phone increased allergen-induced skin wheal reactions and
serum levels of SP, VIP and NGF in AD patients, but not in patients with allergic rhinitis or
in healthy controls.(209) Therefore, acute psychologic stress is apparently associated with
changes in cutaneous nerve fibers, neuropeptides and mast cells.

The histaminergic itch is induced through H1-receptors on sensory nerves. However, H4-
receptors on nerves can be involved in pruritus as well, and combined antagonism of both
H1- and H4-receptors may be a useful strategy in controlling itch and inflammation in AD.
(177) The nonhistaminergic itch may be associated with several distinct neural pathways.
One of them is PAR-2 as PAR-2* fibers are increased in the lesional AD skin, like is
increased the codeine-induced release of the PAR-2 agonist, tryptase, in the nonlesional AD
skin detected by the microdialysis technique. As a result of the activation of PAR-2* fibers,
SP and CGRP are released leading to potentiation of neurogenic inflammation.(210, 211)
Another pathway to the nonhistaminergic itch is IL-31, a cytokine that is derived from Th2
cells. The expression of the mRNA of IL-31 and its receptor IL-31RA is increased in the
lesional AD skin, but not in psoriatic lesions, and the receptor has been localized in small-
diameter neurons of human dorsal root ganglia.(212, 213) There are differences between
histamine- and IL-31-induced itch in human skin: histamine induces immediate itch starting
within 5 min after skin pricking, whereas IL-31-induced mild itch appears more slowly
starting at 143 min after skin pricking accompanied by a long-lasting erythema.(214) In
addition to pruritus, IL-31 may increase the elongation, branching and density of nerve
fibers in AD, as demonstrated in mouse models.(215) The number of dermal cells containing
IL-31 immunoreactivity is preferentially increased in the AD lesion compared to several
other skin diseases.(216) However, the cell types producing IL-31 may include also other
cells than Th2 cells: mast cells in psoriatic and AD lesions show increased expression of
IL-31 immunoreactivity when compared to normal skin.(217)

Mast cell-neural interactions, stress and itch in animal models

The neuroendocrine signals may travel from the central nervous system to peripheral tissues
and vice versa. The circuitry between mind and mast cells was demonstrated by MacQueen
et al. in 80"s who showed that rats exposed to both audiovisual cue and antigen injection
were conditioned to mast cell protease Il release after reexposure to the audiovisual cue
only.(218) Mast cells can be activated in the brain of mice and rats using an acute non-
traumatic immobilization stress, an effect which is related to CRH.(48, 219) Furthermore,
also cutaneous mast cells in rats can be activated by immobilization stress.(220) A
prolonged sonic stress for 24 hours in mice has been shown to induce mast cell

Immunol Rev. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupta and Harvima

Page 18

degranulation, endothelial changes, increased SP* fibers and their contacts with mast cells,
and increased NGF expression in skin mast cells.(221-223)

The interaction between mast cells and sensory nerves has been clarified in a mouse model
of hapten-induced AD, where lesional skin mast cells express high levels of cell adhesion
molecule-1 (CADM1), a molecule that enhanced sensory nerve—mast cell adhesion and
communication /n vitro.(224) In a mouse model of AD induced by IL-13, itch-evoked
scratching behaviour showed marked association with increased dermal PGP9.5" and CGRP
* nerve density, mast cell number, TRPA1™* (transient receptor potential ankyrin 1) nerves,
and especially with TRPA1* mast cells. In contrast, TRPV1 was not increased in the
inflamed mouse skin. The intraperitoneal administration of TRPA1-specific antagonist
attenuated the scratching behaviour, whereas the H1-antagonist cetirizine did not.
Furthermore, TRPA1* mast cells and nerves and their apparent mutual contacts were
increased in the lesional skin of patients with AD.(225) This study points to the role of
TRPAL in skin inflammation-associated itch, rather than TRPV1. However, pruritus induced
in mouse skin by intradermal injections of p2-microglobulin is related, at least in part, to
TRPV1* primary sensory neurons.(226) In addition, pruritus induced in mice by 1L-31
injections is dependent on both TRPV1 and TRPAL as verified in knockout mouse models.
(213) In another study in mice, itch behaviour induced by PAR-4 activation using
intradermal injections of the selective agonist AYPGKF-NH, was not dependent on mast
cells, even though 32% of the skin mast cells expressed PAR-4 and the cells reacted to the
ligand. Possibly the itch in this model was evoked directly through PAR-4 on gastrin-
releasing peptide-positive pruriceptive fibers. Also, the itch behaviour was diminished by
TRPV1 knockout or antagonism, but unexpectedly it was diminished only by TRPA1
antagonism and not by TRPAL knockout.(227)

The cutaneous nerve fibers and their interactions with mast cells may be influenced by
therapeutic molecules resulting in decreased itch and inflammation. A promising example
from this is the NC/Nga mouse model of AD, where the spontaneously developed dorsal
skin lesions were treated with intracutaneous injections of semaphorin-3A twice a day for 5
days and then were biopsied on day 11.(228) The treatment with this nerve repulsion factor
led to the decrease 1) in the clinical skin score of the treated lesion on day 5, but not
elsewhere in the skin, 2) in the scratching behaviour already on day 3, 3) in PGP9.5* fibers
in the epidermis, and 4) in mast cells, CD4" T cells, IL-4 production and epidermal
thickness.(228)

Summary and Future Perspectives

Mast cell inhibition poses a major therapeutic challenge. Mast cell heterogeneity is
influenced by multiple chemical mediators and inflammatory cells in the tissue
microenvironment, by gender, and by species. Mast cells can act immediately or have long-
term, sustained responses to a whole host of microenvironment stimuli. Recent research has
shown that mast cells have different roles in the pathologic mechanisms underlying different
diseases. Thus, it is paramount to use highly specific disease models and clinical condition
rather than applying findings from one model or clinical condition to another.
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Despite the fact that mast cells have disease-specific functions, several major lacunae remain
to be addressed in the pathologic roles of mast cells. First and foremost is the transmigration
and homing of mast cell progenitors and their differentiation. Next is identifying the process
that is influenced whether it is differentiation, proliferation, and/ or activation. Similarly,
acute and chronic activation are important to consider. Strategies to prevent mast cell
activation may be more effective than strategies to reverse activation once it has been
initiated. Once mast cells are activated, inhibition can pose a major challenge because of
positive feedback loops that continually signal mast cell activation.

Even though experiments in mice and rats provide growing evidence for the intimate
communication between mast cells and sensory nerves in stressful conditions and models of
pruritus and pain, thus far the evidence in human skin and other tissues is still sparse and
indirect. Therefore, controlled and experimental models using standardized stress, pruritus
and pain techniques should be translated in future human studies/clinical trials. Such studies
can form the basis for developing new therapeutic strategies to resolve the unmet clinical
problem, i.e., distressing itch/pain and reducing opioid requirement for pain.
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Figure 1. Origin and differentiation of mast cells
Mast cells are tissue-resident myeloid cells, which originate from hematopoietic stem cells

(HSC) in the bone marrow. HSC differentiate into early or mature myeloid progenitor cells
(MPC) in the bone marrow and transmigrate to different tissues via circulation. In the tissues
MPCs differentiate into mast cells and undergo maturation. During maturation, remarkable
heterogeneity occurs depending upon the tissue, microenvironment, and pathological
condition. In the same species, mast cells from different organs may vary significantly. In the
same tissue, heterogeneity may occur between the pathological and normal condition.
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Figure 2. Different modes of mast cell activation
Mast cell activation involves diverse processes involving the release of mediators and

structural alterations for dissemination of mediators and cell-cell communication. The mode
of activation is highly heterogeneous and depends upon location and chemical and
anatomical stimuli in the surrounding microenvironment and pathological condition.
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Figure 3. Activated mast cells surround nervefibersin the skin of sickle mice
Laser scanning confocal microscopy (LSCM) of 100 um-thick dorsal skin sections

immunostained with 1:200 rabbit anti-c- /¢ (Santa Cruz Biotech., sc-5535), 1:200 goat anti-
tryptase (Santa Cruz Biotech., sc-32473), and 1:1000 chicken anti-Neurofilament H-200
(Abcam, ab72996). Sections were subsequently labeled with the following secondary
antibodies: 1:400 donkey cy2 anti-rabbit (711-225-152), 1:400 donkey cy3 anti-goat
(705-165-147), and 1:400 donkey cy5 anti-chicken (703-175-155) (Jackson
Immunoresearch). Z-stacks of 4 um thickness each were sequentially acquired using an
Olympus FluoView FV1000 BX2 Upright Confocal microscope at 60x magnification.
Rendition of 3D reconstruction of original LSCM image was performed using Imaris 7.5.2
software (Bitplane Inc., Zurich, Switzerland). Image represents reproducible images from 5
different ~5-month old male transgenic HbSS-BERK sickle mice. Note the blue axonal
nerve fiber surrounded by degranulating mast cells (green) loaded with tryptase (red).
Several degranulating mast cells (red arrow) are nesting in the nerve plexus (blue), which
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may be responsible for disruption of the nerve plexus observed in this mouse model earlier.
In addition to degranulation, mast cells are extending pseudopodia clutching the nerve fiber
(white arrow) and interconnecting mast cells around the axon (yellow arrow). Multiple
structures appear like vesicle of different sizes (green arrow) suggestive of exosomes (<150
nm), microvesicles (100-1,000 nm), and large oncosomes (1,000-5,000 nm). Thin sprouting
nerve fibers are seen emerging between the highly dense degranulating mast cells. This
inflammatory pathology caused by mast cell activation may underlie neuropathic pain as a
result of neural injury in SCD.
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Figure4. Mast cell extracellular traps (M CETS) surround cutaneous vasculaturein sickle mice
Laser scanning confocal microscopy of 100 um-thick dorsal skin sections were

immunostained with rabbit anti-Histone H3 (red), a marker of chromatin modification in
traps (citrulline R2 + R8 + R17; 1:1000; Abcam, ab5103), goat anti-F.eRI (turquoise), a
marker of mast cells, and a rat anti-CD31 (green), a marker of blood vessels (both1:200;
Santa Cruz, sc-18916). Secondary antibodies used were from Jackson Immunoresearch:
1:400 donkey cy3 anti-rabbit (711-165-152), 1:400 donkey cy?2 anti-goat (705-225-147), and
1:400 donkey cy5 anti-rat (712-175-153). Images were acquired in zsections of 1 um/slice,
using an Olympus FluoView FVV1000 BX2 Upright Confocal microscope at 240x
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magnification. Image represents reproducible images from 5 different ~5-month-old male
transgenic HbSS-BERK sickle mice. Note red aggregates and spread out arrays (red arrows)
exhibiting MCETSs due to citrullination of histones shooting out from the turquoise FeeRI-
stained mast cells (turquoise arrows). Mast cells in turquoise surround the green blood vessel
(green arrow), and their extravasating citrullinated arrays of traps appear to be penetrating
into the lumen. Sickle cell disease (SCD) is characterized by vascular dysfunction,
vasculopathy, and vascular leakage. This intimate association of degranulating mast cells
and MCETSs suggest that mast cell activation may contribute to vascular dysfunction in SCD.
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Figure 5. Proposed function of mast cellsin neurovascular interactions underlying painor itch
Mast cells release a plethora of substances upon activation that can have direct effects on the

vasculature, nerve fibers in the periphery, spinal cord, and brain. Inflammatory cytokines,
endothelin, histamine, proteases, prostaglandins, and neurotransmitters released from mast
cells can directly activate nociceptors or pruriceptors and microglial cells; this contributes to
neuronal sensitization and leads to pain or itch. In parallel, these substances influence
vascular function by increasing vascular permeability, remodeling, blood flow, and
coagulation; these substances also increase inflammation by releasing cytokines and
neuropeptides and by recruiting and activating neutrophils and other pro-inflammatory cells.
In turn, activated nerve fibers, endothelial cells, and pro-inflammatory cells release several
substances including neuropeptides, which may have a paracrine feedback effect on mast
cell activation. Many substances released by mast cells may act in an autocrine manner, thus
leading to their continuous activation and sustained direct and indirect effects on vascular
and nervous systems. Substances, such as neuropeptides released by nerve fibers, increase
vascular permeability and plasma extravasation and lead to neurogenic inflammation
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accompanied by pain or itch. Together, mast cell activation orchestrates a vicious cycle of
inflammation, neurogenic inflammation, and pain/itch.
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Table 1
Therapeutic strategies targeting mast cells.
Target Pathology Reference
Acupuncture SCD (229)
Quercitin PKCe-dependent activation of Chemo induced neuropathy (230)
TRPV1
Natural flavonoids Stimulated mast cell (231, 232)
Resveratrol Oxidative stress Intestinal ischemia/reperfusion (lIR)-induced acute (233)
lung injury
Propofol Oxidative stress Intestinal ischemia/reperfusion (I1R)-induced acute (234)
lung injury
Cromolyn Mast cell protein SCD, stimulated mast cell (7, 235, 236)
anti-VLA-4 mAbs B1 integrin allergic airway responses (237)
Imatinib tyrosine kinase enzymes Systemic mast cell disease (238)
Corticosteroids Depletion of mast cell Inflammatory bowel disease (239)
R112 IgE-FceRlI signaling pathway seasonal allergic rhinitis (240)
SK1-1 specific SphK1 inhibitor murine model of allergic asthma (241)
Heparin inhibitor of inositol 1,4,5- immediate cutaneous reaction (ICR) and acute (242)
triphosphate (InsP3) receptors bronchoconstrictor response (ABR)
Loratadine and Desloratadine | Hj-receptor antagonist allergic rhinitis and chronic idiopathic urticaria (243, 244)
seasonal and perennial rhinitis and some allergic
skin disorders
salbutamol beta-adrenoceptor agonist stimulated mast cell (245)
terbutaline beta-adrenoceptor agonist exercise-induced bronchoconstriction (246)
simvastatin Mevalonate pathway stimulated mast cell (247)
tHGA LAT axis pathway stimulated mast cell (248)
cedrol stimulated mast cell (249)
Sirtl AMPK- and PTP1B-dependent stimulated mast cell (250)
processes
4p8C Lyn and Fyn stimulated mast cell and passive cutaneous (251)
anaphylaxis
Prostaglandin E2 E prostanoid subtype 2 receptor asthmatic responses (252)
CP55,940 cannabinoid receptor agonist SCD (130)
Palmitoylethanolamide PPAR-a and GPR55 chronic granulomatous inflammation (253)
AT-200 nociceptin receptor agonist SCD (144)
Nilotinib tyrosine kinase inhibitor anaphylactic allergic reaction (254)

Immunol Rev. Author manuscript; available in PMC 2019 March 01.



	Summary
	Introduction
	Origin and heterogeneity
	Mast cells as a “power house”
	Mast cells interact with the nervous system
	Mast cell influence on neurogenic inflammation and peripheral nociceptor sensitization
	Mast cell’s role in central sensitization and neuroinflammation

	Molecular mechanisms of mast cell activation and interaction with nervous system
	Mast cell degranulation
	Release of substances synthesized de novo
	Exosomes/extracellular vesicles (EVs)
	Tunneling nanotubes (TNTs) facilitate transport of mast cell products
	Mast cell extracellular trap (MCET) formation

	Mast cell products that contribute to pain
	Histamine
	Tryptase
	Nerve growth factor
	Sphingosine-1-phosphate

	Mast cell’s contribution to the pathobiology of pain and pruritus
	Mast cell activation disease
	Mast cell activity in pain in sickle cell disease
	[i] Dactylitis
	[ii] Chronic Pain and Requirement of High Dose of Morphine
	[iii] Acute pain
	[iv] Headache and regional pain syndromes
	Novel mast cell-targeted therapies for SCD pain

	Mast cells contribute to pain in pancreatic cancer
	Skin innervation and itch
	Mast cell-neural interactions and itch in psoriasis
	Mast cell-neural interactions and itch in atopic dermatitis
	Mast cell-neural interactions, stress and itch in animal models
	Summary and Future Perspectives
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1

