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Abstract

The purpose of this article is to study the involvement of inflammatory mast cells (MCs) in depression which may be
inhibited by IL-37. We evaluate mast cells in depression on the basis of our previous experimental data, and using the
most relevant studies reported in the literature. Dysfunction of mood, feelings, and thoughts is a major risk factor for
several metabolic diseases and may influence the physiology of the body leading to depression. Depression, present in
mastocytosis, is an important endogenous process that promotes the activation of meningeal cell receptors through a
low-grade neurogenic chronic inflammation, and MCs. Mast cells are localized along meningeal blood vessels and
connective tissues, as well as between the ganglion cells and nerve fibers. They are present in the hypothalamus of
mammalian brains capable of communication with nerves. MCs are classically activated by binding to IgE cross-link
FceRI high-affinity receptor leading to release a plethora of mediators responsible for the generation of inflammatory
cytokines. Corticotropin-releasing hormone (CRH), produced by MCs, has been found in microglial cells where it
regulates immune cells and contributes to the pathogenesis of neurodegenerative diseases including depression.
Inflammatory cytokines released by MCs aggravate depression and could be partially inhibited by IL-37. A detailed
understanding of the interaction between the immune system, including MCs and depression, is necessary in order to
address an effective therapy which could include IL-37. As a consequence, the concepts reviewed here have treatment
implications.
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Approximately 20 million people suffer from depression in the
USA. Certain neurological diseases (Parkinson’s, Huntington’s,
and others) can cause depression which leads to changes in the
front and temporal lobes and lead to a dysfunction of the execu-
tive activity, personality, emotional control, learning, and mem-
ory [1]; on the other hand, depression can provoke low-grade
neurogenic inflammation [2]. Therefore, inflammation is thought
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4 o o o promote inflammation are still unclear [3].
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Migraine and depression are two neuropathological dis-
orders; in fact, most of the people suffering from migraine
also suffer from depression [4]. Neuroinflammatory pro-
cesses are critical pathophysiologic steps in the develop-
ment of chronic diseases and etiology of persistent depres-
sion. Increased depression associated to inflammation is
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often linked with the early stages of neuropsychiatric dis-
orders [5]. However, the biological origin of depression
remains enigmatic and elusive.
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The role of immune cells in modulating the neurological
diseases and trafficking in the brain [6] is very important, even
though this factor is still understudied.

In recent years, considerable evidence has accumulated
showing that depression is one of the major endogenous nox-
ious processes that can provoke persistent activation of men-
ingeal nociceptors and dorsal horn neurons in several neuro-
logical pathways [7]. Depression is frequent in mastocytosis,
but the initial phase in the development of depression is still
unclear. Depression is an important endogenous process that
promotes the activation of meningeal cell receptors through a
low-grade neurogenic chronic inflammation mechanism in-
cluding immune cell activation [8]. Depression may stimulate
and activate the sensory system and migraine pain pathway,
often the cause of adult disability, and is a major risk factor for
several metabolic diseases [9]. Therefore, depression is also
linked to a broad spectrum of pathological diseases, including
neurodegenerative disorders [10]. Moreover, the activation of
caudal nucleus, which processes the afferent nociceptive sig-
nals, may lead to depression. This pathological condition may
initiate a cascade of inflammatory events, for example, tissue
damage and/or immune cell infiltration in the cerebral menin-
ges, which represent an anatomical barrier that protects the
central nervous system (CNS) [11].

Several lines of evidence indicate that the generation and
release of cytokines can influence mast cell (MCs) develop-
ment and function [12, 13]. Cytokines may exert either pro-
inflammatory or anti-inflammatory activities and exhibit a
wide range of functions including cell proliferation, angiogen-
esis, immunity, inflammation, vascular homeostasis, and body
weight homeostasis (the dysfunction of which often occurs in
depression) [14, 15]. The presence of depression may promote
inflammatory cytokine formation which induces MC activa-
tion [16].

Mature MCs do not circulate, but are resident in the brain
and other tissues [17, 18]. MCs are cellular sensors recognized
to be involved in immunity and inflammation [19-21]. In the
brain, MCs can significantly contribute to the key features of
neurological pathology that may be characterized by
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infiltration and activation of other immune cells, such as
granulocytes and macrophages, which also contribute to in-
flammatory states. In proximity to nerve fibers, MCs facilitate
the nerve-immune cell cross talk [22]. They are associated
with sensory nerves and increase in lesional psoriatic skin, a
disease worsened by acute stress, which often provokes the
exacerbation of depression [23] (Fig. 1).

Stress activates the cerebral cortex and stimulates the hy-
pothalamus where corticotropin-releasing hormone (CRH) is
released and activates pituitary receptors [24]. CRH, generat-
ed by MCs, circulates with plasma and activates adrenal cor-
tex receptors, an effect that provokes the release of cortisol
into the circulation [24]. Both cortisol and CRH are involved
in depression. In addition, CRH mRNA and its protein are
also increased in limbic brain regions where CRH-receptor
antagonists show anti-depressant activity [24]. IL-1, a
multipotent cytokine, activates postcapillary venules and
MCs to release several inflammatory molecules including in-
tercellular adhesion molecule 1 (ICAM-1) and the CC chemo-
kine MCP-1, and CXC IL-8 [25].

The inhibition of inflammatory molecules by an IL-1 an-
tagonist, such as IL-37, can be an anti-depressant mechanism
that may cause clinical remission and reverse the pathological
condition of depression (Fig. 2).

Cortex, hippocampus, and amygdale are the brain regions
particularly associated with stress responses and mood disor-
ders, including depression. MCs have been observed in vari-
ous brain structures such as hypothalamus, brain side of the
blood-brain barrier, thalamus, entorhinal cortex, hippocam-
pus, and leptomeninges which are located around the ganglion
and connective tissues and are capable of communication with
nerves [26]. MCs circulate as immature cells then mature after
they settle in a tissue and in the developing brain [27]. MCs
are involved in both innate and adaptive immunity and are
activated by binding to IgE cross-link FceRI, resulting in a
variety of responses, including the immediate release of potent
inflammatory mediators that provoke hypersensitivity reac-
tion [28]. Human MCs express a functional TrkA receptor
tyrosine kinase involved in MC development and/or
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Fig. 2 TLRs may play a role in host defense and neuroinflammation, and are implicated in the pathogenesis of neurological disorders

maturation in humans [29]. FceRI high-affinity receptor
(Kd = 10""" M) MC binds IgE leading to receptor aggregation
with an intracellular signal [30]. This cross-linking of FceRI
with IgE or antigen initiates several phosphate transfer reac-
tions through the activation of Src, Syk, and Tec (tyrosine
kinase proteins). These phosphorylation events lead to the
activation of phospholipase Cy (PLCy) which is an important
mediator for the intracellular calcium release and protein ki-
nase C (PKC) activity [30]. The formation of inositol triphos-
phate (IP3) leads to the activation of GTPase which regulates
mitogen-activated protein kinase (MAPK), extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase
(JNK), and p38, which are involved in a plethora of transcrip-
tion factors determinant for the cytokines/chemokines, growth
factors, and arachidonic acid product generation [30].

MC activation involves nuclear factor kB (NF-kB) and
AP-1 stimulation, leading to IL-33, TNF, IL-6, IL-5, 1L-4,
IL-1, IL-13, and GM-CSF, and various chemokines including
MIP-1alpha, MIP-1beta, and MCP-1 [31].

TNF, like biogenic amines and enzymes, also can be stored
in the granules and rapidly released after MC receptor activa-
tion [32-34]. Therefore, stimulated MCs result in the de novo
synthesis and release of cytokine/chemokine and lipid-derived
mediators, such as prostaglandin D2, an arachidonic acid cas-
cade inflammatory product [35].

Immediate hypersensitivity reactions occur within seconds
after antigen MC activation, leading to dilated blood vessels,
edema, and swelling, as a result of leakage of plasma [36], while
the late-phase reaction appears at 2 to 20 h later with in situ
infiltration of Th2 cells, eosinophils, macrophages, and neutro-
phils, and may lead to chronic inflammatory diseases [30-37].

MCs stimulate nociceptors, and in particular, C fibers, out-
side the CNS [38]. These C fibers are small non-myelinated
peripheral nerves that survey harmful stimuli. The fibers of the
C signals are processed by the CNS and cause the activation of
preganglionic neurons and also produce inflammatory clinical
effects [38].

Over the past years, a large body of clinical evidence has
been presented indicating that depression is correlated to vas-
cular functions that may be linked to the painful phase of
migraine [39].

In depression, there is a marked depolarization of neuronal
and glial induced in the cerebral cortex in experimental ani-
mals or those individuals who have suffered trauma cortical
and/or cerebral hemorrhage [40].

Dysfunction of mood, feelings, and thoughts may all influ-
ence the physiology of the body and lead to depression [41].
Relaxing leads to a decrease in blood pressure; therefore, the
body may emerge from depression and the immune system be
restored [42]. Current consensus holds that the way we think
and feel can increase the population of disease-fighting im-
mune cells and lower the level of the hormones that raise
blood pressure, such as angiotensin II, which also provokes
vasoconstriction, sympathetic nervous stimulation, and in-
creases aldosterone biosynthesis [43]. In depression, the brain
can generate epinephrine and cortisol; and undergo immune
changes associated with decreased blood flow [44]. In fact,
depression may induce TLR4 in macrophages, a receptor that
recognizes bacterial lipopolysaccharide (LPS) and is localized
on CNS microglia [45, 46], inducing neuroinflammation (Fig.
2). Therefore, depression is a noxious stimulus that can acti-
vate the meningeal sensory system and the migraine pain
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pathway and may increase c-FOS expression [47]. The acti-
vation of TLR4 causes the production of TNF and the release
of IL-1 by promoting neuroinflammation [48]. TLR, a family
of evolutionary conserved pattern, is expressed by a variety of
cell types of the innate immunity and its activation pathways
result in the production and release of various cytokines/
chemokines including IL-1, TNF, IL-6, and the chemokines
MCP-1 and RANTES [48, 49].

Activation of MCs by IL-1 or TNF induces an NF-kB
signal through their respective specific receptors leading to
neuroinflammation (Fig. 3).

In depression and other neurological diseases, there is like-
ly to be a low concentration of the serotonin released by MCs
and a dysfunction in its transport [50]. In addition to the sero-
toninergic disorders, it is possible to have hormonal and Na™,
K*, and ATPase dysfunction [51].

Another neurotransmitter that might also be involved in
depression is CRH, which is produced by MCs [52]. CRH
is a neuropeptide consisting of 41 amino acids and plays a
determinant role in mental diseases including stress [53]
and chronic fatigue syndrome. Hypothalamus expresses
CRH receptor-1 (CRH-R1) along with microglia cells,
and the peptide regulates the behavioral and immunologic
challenges in stress and depression [54]. CRH binds
CRH-RI in the brain and it has been found in murine
microglial cell line where it regulates immune cells, and
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the endocrine system [54]. In addition, CRH regulates
several neural activities under both physiological and
pathological conditions. Activation of microglia cells by
CRH may contribute to the pathogenesis of neurodegen-
erative diseases and glia cell degeneration in neurological
disorders such as stress and depression [55].

The two receptors CRH-R1 and CRH-R2 derive from two
diverse genes and CRH act biologically through the G protein-
coupled receptors via specific binding [56]. CRH-R1 is
expressed in brain stem, cerebellum, and cerebral cortex, while
CRH-R?2 is predominantly expressed in microglia cells [57].

When activated by CRH through CRH-R1, microglia cells
release some bioactive molecules, which have biological ef-
fects in the brain and mediate several neurological disorders
[58]. CRH can provoke either neurotoxic or neuroprotective
effects and is implicated in the regulation of neuronal cell
survival [59]. It also stimulates the production of the pituitary
adrenocorticotropic hormone (ACTH) triggers cortisol secre-
tion involved in the regulation of neuronal cell survival and
growth, an effect that may have therapeutic consequences
[60].

CRH regulates the generation of inflammatory IL-1 family
members released by MCs, leading to an autocrine effect [61].
The upregulation of these cytokines is due to CRH by en-
hancement of the intracellular reactive oxygen levels in
microglial cells [62].
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Fig. 3 IL-1 and TNF bind their respective receptors on mast cells and provoke a cascade reaction leading to neuroinflammation, an effect which can be

inhibited by IL-37
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In addition, stress molecules include CRH and neurotensin
(NT) secreted in response to the metabolic burden, and may
act in an autocrine manner through MCs [63].

Therefore, the activity of brain MCs is increased by multi-
ple stimuli including cytokines, chemokines, growth factors,
CRH, catecholamines, and substance P, which in contact with
MCs cause degranulation, an effect increased in acute stress in
mice [64]. CRH can increase the activity of brain MCs even if
its physiological role remains unclear.

Neuropeptides can activate MCs in a receptor-independent
manner by directly activating G proteins [65]. IL-1 family
members include IL-33, which is a pleiotropic
immunostimulatory cytokine expressed by microglia and as-
trocytes and a variety of cell tissue types and involved in brain
diseases [66]. The body may react to depression similarly to
infection and produce inflammatory mediators which can up-
regulate genes that code for inflammation, one of the greatest
drivers of aging [67, 68]. Moreover, depression may decrease
the immune system by reducing the telomerase, the enzyme
that repairs and maintains telomeres, and shortens the life span
[69]. In addition, shortening telomere plays an important role
into immune system problems and other diseases.

Depression may lead to stress (and vice versa) that can
augment the cellular damage from highly reactive oxygen
atoms such as free radicals [70].

Several cytokines can influence MC development and
function by interacting with its receptors [71, 72]. MCs inter-
act with CNS by generating and secreting an array of potent
numerous mediators including cytokines/chemokines, lipid-
derived factors, and neurotransmitters which are secreted up-
on receiving an appropriate signal and influence neuronal ac-
tivity and vascular permeability of CNS [73]. Stress can
strongly influence the number of brain MCs, although in some
cases of social stress, isolation of the number of MCs in the
brain can be decreased [74]. In depression, there may be an
increase in sympathetic tone leading to chronic stress with an
augmentation of both MC inflammatory compounds released
immediately, and later-released products such as cytokines,
chemokines, prostaglandins, and leukotrienes [75].

Therefore, the activity of brain MCs can be stimulated by
multiple stimuli including chronic stress, psychological
stressors, and neurotransmitters such as CRH and substance
P (SP).

SP is an undecapeptide, neurotransmitter, belonging to a
group of proteins termed tachykinins. SP is an activator of
MCs and is a mediator of pain, stress, depression, and other
neurological disorders [76]. SP in contact with fibers causes
swelling, headache, and inflammation. SP is a potent activator
of MCs where it induces the release of VEGF, cytokines/
chemokines, and promotes the generation of a number of in-
tracellular molecules such as stored enzymes (i.e., chymase,
phospholipases, kinogenases, carboxypeptidase A, and cho-
linesterase) [76]. Neurotransmitter SP binding MC receptor

provokes degranulation, an effect increased in acute stress in
mice [77]. It also induces on MCs the release of certain cyto-
kines such as IL-1, TNF, and IL-33. Pro-inflammatory cyto-
kines, such as IL-1, TNF, IL-6, and IL-33, regulate intracellu-
lar communication and are often elevated in a number of neu-
rological conditions [78, 79]. IL-1 regulates IL-6 release and
induces generation of several chemokines from neuroendo-
crine cells, demonstrating that products of the immune system,
such as cytokines, may affect neuroendocrine activation, cell
proliferation, and inflammation [80].

IL-33 (or IL-1F11) plays an important role not only in
asthma, but also in neurological diseases [81]. IL-33 is an
IL-1 inflammatory family member synthesized as a peptide
precursor cleaved by caspase-1, which acts by binding its
receptor T1/ST2, Toll-IL-1 receptor, an orphan member of
the IL-1 receptor family [82]. IL-33 activates NF-kappa B
and MAP kinase pathways [82]. It is abundantly expressed
by endothelial cells and mediates several pathological effects
in the brain, provoking and increasing MC numbers without
causing degranulation [74]. We previously reported that IL-33
is a strong activator of human MC lines (LAD II cells) with the
capacity to stimulate the release of MCP-1, IL-8, TNF, and
VEGEF at the transcriptional and translational level, an effect
that can be seen in neurological diseases, including depression
[74].

Depression may also cause migraine and headache through
the caspase-1 activation from neurons and NF-«kB activation
in astrocytes [83]. The inhibition of this cascade abolishes
depression-induced MC activation and degranulation and
therefore headache. Depression may induce neuronal channel
opening and promote activation of nerves via inflammatory
cascade joining glia limiting membrane [84]. This is the path-
way that triggers when neurons are stressed. Depression can
lead to an increase in the number and the activation of brain
MCs, suggesting that these cells, as well as being immune
cells, can also mediate neuropsychiatric inflammatory dis-
eases and can be regarded as an important target for the man-
agement of depression [85].

Stress also causes a series of reactions involving the hippo-
campus, the amygdala, and hypothalamus, and may lead to
depression [86]. On the other hand, depression through stress
may stimulate the release of CRH from the hypothalamus,
provoking the stimulation of the anterior pituitary gland and
therefore the release of ACTH and secretion of cortisol [87].

Neurons contain many neuropeptides, such as neurotensin,
angiotensin II, SP, and CRH, substances capable of influencing
the response of immune cells, including MCs [88]. ACTH pro-
duced by the pituitary gland acts on the adrenal cortex, which
releases glucocorticoids, immunosuppressive and anti-
inflammatory compounds, stimulating the cytokines IL-10, IL-
4, IL-1 receptor antagonist (IL-1RA), and lipocortin and
inhibiting the transcription of inflammatory cytokines, including
IL-1, TNF, IL-6, and IL-33 [89, 90]. However, IL-10
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augments both the number and the size of MCs grown in
vitro from precursors isolated from infected mice in the
presence of IL-3 and IL-4 [91, 92]. Therefore, IL-10 in-
hibits Thl-released immune functions and is one of the
most important cytokines capable of affecting MC devel-
opment and differentiation [78, 93].

These studies reveal a novel role for MCs and their medi-
ators in modulating brain inflammation and neurological dis-
eases, such as depression and migraine, and hold much prom-
ise for therapeutic intervention.

IL-37, MCs, and depression

Some decades ago, we reported that IL-1 plays a crucial role in
a broad spectrum of inflammatory diseases including various
infectious, neoplastic, and immunologic challenges, and in-
flammatory disorders. It has been reported that IL-1 stimulates
IL-6 and mediates inflammation without degranulation and
releasing protease tryptase in normal human umbilical cord
blood-derived MCs [94]. In fact, in experimental animals, it
appears that IL-6 is significantly high immediately after de-
pression. Therefore, stress and depression induce inflamma-
tion in the periphery, a response that may be transient.

In addition, IL-1 induces its own gene expression and may
be part of a self-amplification or an autocrine growth factor in
inflammatory disorders [95]. Specific therapies that inhibit IL-
1 help to better understand the pathological role of inflamma-
tion mediated by this cytokine.

1L-37, formerly termed IL-1 family member 7 (IL-1F7), its
precursor form has a caspase-1 site and is similar to IL-1 and
IL-33 [96]. IL-37 shares critical amino acid residues with IL-
18 and binds low-affinity IL-18R. It protects the experimen-
tal animals against LPS challenge which is a strong activator
of' mast cells. IL-37 is a natural inhibitor of immune responses
and inflammation and acts as a cytokine with intracellular as
well as extracellular functionality.

A large body of evidence has emerged linking cytokine/
chemokine profile, stress, and depression. Stress and depres-
sion lead to an increase of the number of inflammatory cells,
including MCs, with the release of IL-1, IL-6, TNF, and the
chemokine monocyte chemoattractant protein (MCP)-1,
eotaxin, and RANTES [97].

Since IL-1 activates MCs mediating inflammation in many
disorders including stress and depression, we propose that IL-
37, a strong inhibitor of IL-1, may exert an anti-inflammatory
effect and a therapeutic function in these disorders.

Reduced inflammation may also be associated with de-
creased leukocyte recruitment and the decrease release of IL-
13 and TNF«, and an increase of IL-10, which is also an anti-
inflammatory cytokine.

IL-37 applied in the inflamed tissues shows marked reduc-
tion of inflammation, and has a therapeutic potential for the

@ Springer

regulation of stress and depression-induced inflammatory re-
sponse, and for protection against tissue injury.

Here, we report for the first time that depression may lead
to MC activation and inflammation mediated by IL-1 and
inhibited by IL-37. However, the function, the tolerability,
and the safety of this new anti-inflammatory cytokine remain
to be determined.
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