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Abstract: Mast cells (MCs) are derived from hematopoietic progenitors, mature in vascularized
tissues, and participate in innate and acquired immunity. Neuroinflammation is a highly debated
topic in the biomedical literature; however, the impact of tumor necrosis factor (TNF) and IL-33 on
MCs in the brain has not been widely addressed. MCs can be activated by IgE binding to FcεRI, as
well as by different antigens. After activation, MCs mediate various immunological and inflammatory
responses through TNF and IL-33. TNF has two receptors: TNFR1, a p55 molecule, and TNFR2, a
p75 molecule. This cytokine is the only one of its kind to be stored in the granules of MCs and can
also be generated by de novo synthesis via mRNA. In the central nervous system (CNS), TNF is
produced almost exclusively by microglial cells, neurons, astrocytes, and, minimally, by endothelial
cells. After its release into brain tissue, TNF rapidly induces the adhesion molecules endothelial
leukocyte adhesion molecule 1 (ELAM-1), intercellular adhesion molecule 1 (ICAM-1), and vascular
cell adhesion molecule 1 (VCAM-1) in endothelial cells. TNF causes the chemoattraction of neu-
trophils by inducing several molecules, including CXC chemokines (IL-8). Both MCs and microglial
cells act as a primary barrier against foreign molecules in the CNS, producing pro-inflammatory
cytokines such as IL-33. IL-33 belongs to the IL-1 family, is activated through the ST2L/IL1-RAcP
receptor complex, and mediates both the innate and adaptive immune response. IL-33 is a nuclear
transcription factor expressed in the brain, where it induces pro-inflammatory cytokines (TNF and
IL-1) and chemokines (CCL2, CCL3, CCL5, and CXCL10). Therefore, MCs and microglia in the
CNS are a source of pro-inflammatory cytokines, including TNF and IL-33, that mediate many brain
diseases. The inhibition of TNF and IL-33 may represent a new therapeutic approach that could
complement existing neuroinflammatory therapies.
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1. Introduction

Focal inflammation of the brain is a pathology that is difficult to understand, and the
treatments available today are not very effective [1]. Neurons control the entire human
organism through a complex and still largely unclear mechanism [2]. Tissue inflammation
and inflammation in many brain diseases is the body’s defensive reaction that takes place
in an attempt to oppose damage to the central nervous system (CNS) [3].

Inflammation is a risk factor implicated in neurological diseases such as Alzheimer’s
Disease (AD), Parkinson’s Disease (PD), Multiple Sclerosis (MS), dementia, and stroke, in
addition to many others. In this paper, we focus on the pathogenesis of brain inflammation,
leaving aside the study of the individual disease at a neurological–inflammatory level. Ge-
netic and environmental factors are implicated in the development of neurological diseases,
and the pathogenesis is still unclear. Several published papers have reported that mast
cells (MCs) are involved in brain inflammation. MCs are hematopoietic-derived immune
cells present at the perivascular level in various areas of the brain and in the meninges,
where they express a number of molecules when activated, including the cytokines tumor
necrosis factor (TNF) and IL-33.

Neurological disorders present neuroinflammation mediated by MCs. For example,
MCs were found in greater numbers in CNS lesions in patients suffering from MS and were
found to produce higher levels of tryptase [4]. Experimental autoimmune encephalomyeli-
tis (EAE) is an experimental model that mimics MS in some ways. Animals affected by
chronic EAE show neuropathological dysfunction of the retina and nerves. It has recently
been reported that MCs may play an important role in EAE, although this hypothesis is
controversial. Mouse models with MC deficiency have allowed scientists to study the role
of these cells in MS and EAE in more depth. Recent studies have suggested that MCs can
not only have an inflammatory function but also a protective immune function. However,
mouse models have been very useful for investigating the role of MCs in MS and EAE and
for improving the pathogenetic knowledge of the disease, although many questions still
need to be clarified.

Neuroinflammation involves different immune cells, such as microglia, T cells, neu-
trophilic granulocytes, and MCs [5]. MCs store granular cytoplasmic TNF, which can
be rapidly secreted after activation, and they are also responsible for a later synthetic
release that occurs hours after cellular stimulation. TNF activates MCs to generate other
pro-inflammatory cytokines [6].

MC progenitors, which respond to stem cell factor (SCF), are bone marrow-derived
cells that migrate in vascularized tissue, where they undergo the maturation process [7].
They are found close to the blood vessels, gastrointestinal tract, epithelial nerves, brain,
and other sites, where they act as immune sentinels [8]. Upon IgE FcεRI activation, MCs
generate a spectrum of pro- and anti-inflammatory molecules that participate in different
diseases [9] (Table 1). In addition to allergic diseases, MCs play an important role in
neurological disorders such as AD, PD, and MS, amongst others. This activation causes
the aggregation of receptors, which results in the quick release of preformed mediators
stored in MC granules. In addition, they can be activated by many antigens, including
microorganisms which bind Toll-like receptor (TLR)4 and cause the generation of pro-
inflammatory cytokines and chemokines [10].

MC activation occurs after physical, chemical, or biological damage. It is a defense
process of the body that causes the release of various molecules and chemical mediators,
including proteases, vasoactive amines, proteoglycans, proteolytic enzymes, prostaglandin
D2 (PGD2), and the leukotrienes LTC4, D4, and E4, which are all mediators of inflamma-
tion [11]. In the inflammatory network, the chemokines RANTES and MCP-1 are released
and attract MCs, basophils, neutrophils, monocytes, and lymphocytes [12].

Macrophages collaborate with MCs in inflammatory processes, and they are great
producers of cytokines, which can also activate them [13]. In fact, bacteria, or bacterial
products [such as lipopolysaccharide (LPS)], activate the CD14 macrophage receptor by
binding TLR 2 or 4, leading to the production of cytokines and reactive oxygen species gen-
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eration, along with the consequent killing of the microbe [14]. Phagocytes express several
receptors that can recognize microbes such as TLRs, G protein-coupled receptors, Fc recep-
tors, C3 receptors, and cytokine and interferon-gamma (IFN-γ) receptors [15]. The TLRs
expressed by both macrophages and MCs belong to a family of approximately 10 proteins
and are sequentially named from 1 to 10 (for example: TLR1, TLR2, TLR3, etc.) [16]. Cells
of the innate immune system, such as macrophages, neutrophils, dendritic cells (DCs),
epithelial cells, endothelial cells, and MCs, all express TLRs, molecules that are similar to
the IL-1 and IL-18 receptors [17]. The TLRs of human cells respond to antigens expressed
in microbes and stimulate the inflammatory response to microorganisms [18]. TLR acts
through the activation of nuclear factor kappa B (NF-κB) or the mitogen-activated protein
kinase (MAPK) cascade, which leads to the activation of the transcription factor activation
protein-1 (AP-1) [19]. The TLR response leads to the coding of inflammatory cytokine
genes for TNF, IL-1, and IL-18, as well as for adhesion molecules such as E-selectins and
proteins that are involved in the defense against microbes [20]. TNF secreted by MCs
may have an autocrine effect which, through binding to the TNF receptor of MCs, can
activate NF-κB signal transduction pathways, leading to the secretion of inflammatory
cytokines [21] (Figure 1).

Table 1. Mast cell mediators.

Stored in the cytoplasmatic granules:
Histamine, serotonin (in mice), tryptase, chymase, peroxidase, heparin, chondroitin Sulphates, hydrolases, carboxypeptidases.

Cytokines secreted after appropriate activation:
TNF, IL-1, IL-3, IL-4, IL-5, IL-6, IL-8, IL-10, IL-9, IL-11, IL-12, IL-13, IL-15, IL-16, IL-18, IL-25, TGF-β, VEGF, IFN-γ, GM-CSF,

(and probably many more).

Chemokines:
CCL1, CCL2, CCL3, CCL4, CCL7, CCL8, CCL9, CCL17, CCL20, CCL22, CXCL2, CXCL8, Eotaxin 1 and 3.

Arachidonic acid mediators after activation:
PGD2, PGE2, LTB4, LTC4

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 1. TNF binds to its receptor and activates NF-κB signal transduction pathways, leading to 
the release of pro-inflammatory cytokines. 

2. Mast Cell Activity 
MCs participate in both innate and acquired immunity. IgE is a classic activator of 

MCs, and it mediates immunological responses after binding to their FcεRI receptors, 
promoting acute tissue swelling, local fibrin deposition, and inflammation [22]. Human 
MCs express c-kit, activated by the c-kit ligand, which is the most important growth factor 
receptor [23]. The suppression of c-kit by tyrosine kinase inhibitors causes the apoptosis 
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activated by antigen-specific mediator release, such as the IgG1 TH2 response, by using 
the FcγRIII receptor [25]. Therefore, IgE and IgG1 antibodies participate in the induction 
of the inflammatory reaction. IgE and the antigen-dependent activation of MCs may also 
contribute to cell-mediated immune functions [26]. MCs have hematopoietic origins and 
produce biologically active molecules such as stored mediators, PGD2, LTs, cytokines, and 
chemokines [27]. In addition, they generate caspase-1, which participates in the 
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cells cooperate in the activation and release of several biological compounds, including 
cytokines/chemokines, which recruit specific immune cells to the site of inflammation 
(Figure 2). 

Figure 1. TNF binds to its receptor and activates NF-κB signal transduction pathways, leading to the
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2. Mast Cell Activity

MCs participate in both innate and acquired immunity. IgE is a classic activator of
MCs, and it mediates immunological responses after binding to their FcεRI receptors,
promoting acute tissue swelling, local fibrin deposition, and inflammation [22]. Human
MCs express c-kit, activated by the c-kit ligand, which is the most important growth factor
receptor [23]. The suppression of c-kit by tyrosine kinase inhibitors causes the apoptosis
of MCs and reduces inflammation in several disorders [24]. In addition, MCs can be
activated by antigen-specific mediator release, such as the IgG1 TH2 response, by using
the FcγRIII receptor [25]. Therefore, IgE and IgG1 antibodies participate in the induction
of the inflammatory reaction. IgE and the antigen-dependent activation of MCs may also
contribute to cell-mediated immune functions [26]. MCs have hematopoietic origins and
produce biologically active molecules such as stored mediators, PGD2, LTs, cytokines, and
chemokines [27]. In addition, they generate caspase-1, which participates in the maturation
of IL-1β, a key cytokine in inflammation, pain, and fever [28]. Therefore, MCs are the source
of other cytokines that participate in immune regulation and have potential pro- and anti-
inflammatory activity [29]. They can be activated by different stimuli that act on different
pathways [30]. MCs can crosstalk with other cell types such as DCs, macrophages, B cells,
CD4+ cells, and CD8+ cells. CD8+ cells express many subsets of both TH1- and TH2-type
cells, which generate pro-inflammatory cytokines (such as IFN-γ) and produce cytokines
(such as IL-9, IL-17A, and IL-22), respectively. All the white immune cells cooperate in the
activation and release of several biological compounds, including cytokines/chemokines,
which recruit specific immune cells to the site of inflammation (Figure 2).
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Figure 2. Activated mast cells (MCs) release diverse compounds, including histamine, proteases, cytokines,
and chemokines, which activate different immune cells that participate in inflammatory reactions.

In inflamed allergic tissue, MCs reside near infiltrating T cells, which release several
cytokines, including IL-3, and some chemokines, such as MIP-1α, MCP-1, RANTES, and
growth factors [12]. All these cytokines, chemokines, and growth factors contribute to the
activation and proliferation of MCs. MCs communicate with activated T cells through the
release of inflammatory molecules such as histamine, TNF, and matrix metalloproteinase-9
(MMP-9), which are involved in matrix remodeling and leukocyte trafficking in inflam-
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mation [31]. MC products can influence T lymphocytes in the inflammatory response
and may cause antigen presentation via MHC I or MHC II, promoting T cell migration
through cytokine generation [32]. T cells induce MC activation to produce IL-4 and MMP-9
and facilitate TNF generation, which mediates inflammation [33]. MCs can also release
the leukotriene LTB4, which causes cell aggregation and chemotaxis [34]. The products
released from MCs can upregulate the expression of adhesion molecules such as the se-
lectins intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule
1 (VCAM-1) in endothelial cells [35]. Brain MC activation by neurotransmitters such as
substance P evokes an immunoinflammatory response that results in leukocyte adhesion to
the venular endothelium and the degranulation of MCs [36].

3. Tumor Necrosis Factor (TNF)

Cytokines perform a protective action for the body, but when they exceed physiolog-
ical levels, they are highly inflammatory and can even lead to death. TNF is a cytokine
released by macrophagic cells, lymphocytes, and MCs after activation, and it is generated
in cytoplasmatic granules [37]. TNF is a 26 kDa membrane-bound protein with releasing
steps that are regulated via the protein kinase C (PKC) α-dependent pathway, and p38
regulates the transport of mRNA from the nucleus to the cytosol [38]. TNF is the only
cytokine stored in the granules of human MCs [39]. The granules of antigen-activated MCs
promptly release TNF in seconds or through mRNA after hours [40]. The MC-activated
gene expression of RNA cytokines leads to the generation of pro-inflammatory cytokines
(Figure 3). TNF contributes to the immunological and inflammatory responses, and it is
involved in cachexia, strong cell decay, as well as cytotoxicity. Like some other cytokines
(IL-1, IL-6, and IFN-γ), TNF has a wide range of actions and is produced by the CNS and
peripheral tissues with pleiotropic functions, influencing multiple phenotypic traits [41].
Almost all white immune cells, including MCs, produce TNF; while TNF is produced in
the brain almost exclusively by microglial cells, neurons, astrocytes, and, minimally, by the
endothelial cells of the cerebral microcirculation [42]. TNF interacts with two receptors,
TNFR1 and TNFR2, mediating acute and chronic inflammation, apoptosis, and necrosis,
and it has a homeostatic and immune function against pathogenic microorganisms [43].
The TNF rapidly released by MCs initiates innate and adaptive immune responses against
microorganisms and causes inflammation [44]. Neurons, endothelial cells, and immune
cells primarily express TNFR2, whereas TNFR1 is expressed in all cell types [45]. MCs can
rapidly secrete granular cytoplasmic TNF and are responsible for a later synthetic release
that occurs after stimulation [46]. TNF activates MCs to generate other pro-inflammatory
cytokines; this process allows for the recruitment of neutrophilic granulocytes that ini-
tiate inflammation [47]. On the other hand, under certain circumstances, the TNF that
is expressed by MCs binding to its receptor in an autocrine manner may support TH2
cell production by promoting pathway remodeling and may ameliorate the inflammatory
allergic reaction caused by IgE binding to the FcεRI receptor [48].

TNF released from MC granules in the brain and other tissues rapidly induces the
adhesion molecules endothelial leukocyte adhesion molecule 1 (ELAM-1), ICAM-1, and
VCAM-1 in endothelial cells [49]. Preformed TNF is contained in the granules of MCs and
can be rapidly released after appropriate activation, while de novo TNF protein synthesis
requires several hours [29]. Moreover, MC activation secretes the chemokine eotaxin and
the cytokine IL-15, which induce eosinophil migration and activation that participate in
late allergic responses [50] (Figure 4).

At low concentrations, TNF is important as an immune cytokine against foreign agents,
transformed cells, and cancer cells, while at high concentrations, it is highly inflammatory
and can even be lethal by mediating toxic shock syndrome [51]. TNF can be constitutively
stored in the granules of some MCs, where it can be triggered by substance P, which is
produced by certain neurons [52]. MCs exert bidirectional interactions with certain nerve
cells, which is an interesting effect for physiological and pathological studies of the CNS [53].
For example, brain MCs participate in crosstalk with neurons and can influence neuronal
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activity and calcium fluxes; vice versa, neurotransmitters can act on MC receptors and
activate them to produce inflammatory molecules. The physiological immune protection
of MCs is also exerted by their production of proteases, which can inhibit inflammation
by degrading certain pro-inflammatory cytokines, such as TNF, IL-1, and IL-18, and some
chemokines, such as CCL5, CCL11, and CCL26 [54].
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tory cytokines and chemokines. Additionally, MC activation leads to NF-κB cytokine gene expression,
along with the consequential release of inflammatory cytokines.
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eosinophil to secrete eotaxin, which mediates the allergic response. Moreover, this MC activation
induces the adhesion molecules ELAM-1, ICAM-1, and VCAM-1, which mediate cell-to-cell contact.
TNF-MC receptor binding causes many biological effects, as reported here in this figure.

TNF blockers have been approved as anti-inflammatories for clinical use and also in
CNS disorders, and they are particularly used in inflammatory cases where other drugs
have given poor results [55]. TNF has an active inflammatory function in neurological
diseases including MS and EAE. The biology of anti-TNF in the CNS is very complex, but
its therapeutic efficacy in inflammatory diseases is quite well established, even though it
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can present adverse effects. TNF antagonists represent an important therapeutic option
in inflammatory diseases, and in transgenic mice lacking TNF, there is a reduction in the
progression of EAE. The treatment of autoimmune neurological diseases such as MS with
anti-TNF is gaining traction in clinical practice. However, TNF blockers are still disputed,
and more research is needed.

The production of TNF in the brain appears to be related to the protection and survival
of neurons that can die in CNS diseases [56]. The cerebral protection exerted by TNF occurs
after the activation of the p55 receptor and the secretion of TNF by neurons [57].

MCs produce various growth factors, cytokines, and chemokines and can be potent
mediators of inflammation, but they can also perform beneficial immune actions in host
defense, both after activation with IgE and against some types of parasites or bacteria [58].
MCs activated by IgE or other molecules generate many chemical mediators and inflamma-
tory proteins, such as cytokines, including TNF. In experimental models on mice, it was
reported that MCs produced TNF after activation with bacterial products and the FcεRI
receptor [59]. In the inflammatory response, TNF acts on the migration of DCs involved in
adaptive immunity and recruits immune cells such as neutrophils, an effect that is inhibited
by neutralizing TNF antibodies [60]. The generation of TNF by MCs occurs after antigen or
IgE stimulation via affinity receptor FcεRI, which is an important interaction that can lead
to acute and chronic inflammation.

There are two TNF receptors: TNFR1, a p55 molecule that is expressed in a wide range
of cell types, and TNFR2, a p75 molecule expressed in a limited range of cell types, such as
leukocytes and epithelial cells [61]. TNF regulates adhesion molecules and causes the migra-
tion of inflammatory cells. It causes the chemoattraction of neutrophils by inducing several
molecules, including CXC chemokines, which play an important role in inflammation [62].
IL-8 is a CXC chemokine that induces C-C chemokine activation to recruit monocytes to
the inflammatory site [63]. Blocking TNFR1 inhibits the chemoattraction of neutrophils
and the activity of IL-8 [64]. Moreover, TNF-derived MCs require the endothelial adhesion
molecule E (EAM-E), P-selectin, VCAM-1, and platelet endothelial cell adhesion molecule-1
(PECAM-1) to induce cell-to-cell contact [65]. The PECAM-1 gene is a member of the
immunoglobulin superfamily found on the surface of platelets, monocytes, neutrophils,
and some types of T-cells [66]. It is involved in leukocyte migration, angiogenesis, and
integrin activation [67]. MC-derived TNF regulates the activity of DCs participating in
cell-mediated immunity. MCs express TLRs in their surface membranes, which allow them
to react against microorganisms as a protective immune response. TLR4 or CD48 activation
leads to the secretion of TNF by MCs after antigen binding, an important reaction for
immune cell activation and lymphocyte recruitment [68]. Moreover, the secretion of TNF
by MCs seems to be crucial for developing and protecting the immune response to bacteria
and viruses [69]. Therefore, through the recruitment of DCs, MCs are protective in the
innate immune response and also play a role in adaptive immunity.

The release of TNF from MC granules demonstrates that this cytokine plays a key role
in the pathogenesis of immune and inflammatory diseases. In addition, brain inflamma-
tion, neurotoxicity, and neurodegeneration are mediated by pro-inflammatory cytokines,
including TNF [70]. TNF induces endothelial upregulation, leukocyte rolling, and cell
adhesion, pro-inflammatory effects that can be reversed by several proteins, including
platelet-activating factor (PAF) [71]. Various cytokines participate in the inflammatory
network, including TNF, IL-1β, IL-6, and IL-33, as well as the chemokines CCL2 and
CCL5 [72]. Metalloproteinases (MPs), granulocyte monocyte colony-stimulating factor
(GM-CSF), and glial maturation factor also participate in the inflammatory process, increas-
ing intracellular calcium and activating MAPKs and NF-κB [73]. Together, T lymphocytes,
microglia, astrocytes, neurons, and activated MCs secrete inflammatory factors that mediate
neurodegeneration and, therefore, brain dysfunction [74]. In addition, the breakdown of
the blood–brain barrier (BBB) allows for the passage of inflammatory molecules trans-
ported within the circulatory system, which contributes to the pathological state [75]. BBB
disruption can be mediated by oxidative stress, metalloproteases, microglial activation,
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and immune cell infiltration into brain tissue. The mechanisms of BBB disruption are still
poorly understood, even though this process has been shown to cause the infiltration of
activated immune cells, producing inflammatory molecules, which is the first warning sign
for MS and possibly other neurological diseases. This inflammation is often not inhibited
by the anti-inflammatory drugs available today, and therefore, this mechanism is still being
studied. However, since inflammatory cytokines play an important role in this process,
using anti-inflammatory cytokines as a treatment option should be helpful. Brain T lym-
phocytes that remain in the white matter also produce inflammatory cytokines including
TNF and IFN-γ, an effect that causes the activation of inflammatory cells in the CNS [76].
Moreover, specific antigens of the neuronal system can bind to MCs, causing their immedi-
ate activation with the production of inflammatory molecules, including the TNF stored
in their cytoplasmatic granules [77]. Therefore, in the CNS, MCs and the microcirculation
of inflammatory mediators play a role in the pathogenesis of autoimmune diseases such
as encephalomyelitis.

MCs are recruited through products generated by T cells which, upon activation,
release cytokines, fuel vascular permeability, and upregulate ICAMs [78]. The vascular
permeability observed in wild-type mouse models is controlled by endothelial cells and is
not only mediated by TNF but also by histamine, bradykinin, and serotonin produced by
MCs in the CNS microcirculation [79]. Inflammatory mediators such as histamine, released
by the granules of MCs, spill onto the endothelial surface and activate molecules such as
P-selectin, a type-1 transmembrane protein that functions as a cell adhesion molecule on
the surfaces of activated endothelial cells. In neurological disorders, vascular permeability
can be mediated by various immune cells, including neutrophils, which are recruited
to the CNS and release inflammatory molecules such as reactive oxygen species (ROS),
proteases, and pro-inflammatory cytokines and chemokines [80]. Activated neutrophils
create endothelial cell dysfunction and increased permeability with edema formation [81].
T cells participate in the recruitment of neutrophil granulocytes, and it has been noted that
CD4+ lymphocytes play an important role in increasing vascular permeability. Damage to
endothelial cells leads to abnormal blood flow, increased vascular permeability, probable
clot formation, fluid and protein loss, and tissue and organ dysfunction. MC-derived TNF
can influence cells of the adaptive immune system, as well as non-immune cells. TNF
appears to participate in nerve development through the induction of nerve growth factor
(NGF) in keratinocytes, a reaction that has been noted in inflamed skin [82]. The response of
MCs via LPS, complement, or TLR4 activation molecules leads to the defensive production
of TNF. In an interesting article, it was reported that KitW-sh/W-sh mice engrafted with
MCs indicated that MCs-derived TNF can increase mortality during bacterial infection [83].
Proteases produced by MCs can degrade TNF, inhibiting inflammation and increasing
survival. However, experiments on genetically modified mice deficient in MCs may not
represent the effects seen in humans. Human MCs are genetically different than murine
MCs, but even between the different mice type strains, MCs may respond differently. For
example, it has been reported that 129/Sv, C57BL/6, and 157 129/Sv mice can produce
different levels of histamine [84].

Therefore, inflammatory immune cells and their products are important candidate
elements in mediating cerebral vascular pathophysiology.

4. IL-33

In the brain, active reactions occur in both innate and acquired immunity. MCs, as
well as microglia, are abundant in the meninges, where they act as a primary barrier against
foreign molecules and microorganisms and can mediate inflammatory processes. Activated
MCs express the FcεRI receptor and produce inflammatory mediators including tryptase,
histamine, and serotonin (in mice), but they may also play a protective role [85].

IL-33 (also called IL-1F11 or NF-HEV) is a cytokine that belongs to the IL-1 family
and activates MCs by binding to the ST2L/IL1-RAcP receptor complex by inducing Th2
cytokines [86]. In addition, IL-33, the ligand of the high-affinity receptor ST2, stimulates
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chemokine production and plays a role in adaptive and innate immunity. IL-33 is a nuclear
transcription factor whose full length is confined in the nucleus and consists of up to
270 amino acids which interact with the NF-κB transcription factor p65 subunit [87]. In
the CNS of rodents, IL-33 is expressed in the spinal cord and brain, where it induces other
pro-inflammatory cytokines and chemokines [88]. Microglia activated by IL-33 induce the
cytokines TNF and IL-1 and the chemokines CCL2, CCL3, CCL5, and CXCL10, fueling
the inflammatory state [89]. This cytokine has been described as an “alarmin” molecule,
and it is generated by MCs secreted by damaged or necrotic cells, and it is also associated
with damage-associated molecular patterns (DAMPs). The IL-33 cytokine can also be
generated by other activated cells, including vascular, epithelial, and macrophagic cells.
Both the ST2 receptor and the protein IL-33 are expressed in the CNS by endothelial cells,
neurons, astrocytes, and microglia and are linked to neurological diseases. IL-33 plays
a key inflammatory role in hypersensitivity and infectious diseases but also mediates
protective immune effects [90,91]. Therefore, it can exert a dual function by acting as a pro-
or anti-inflammatory cytokine (Figure 5). T-type immune cells play an important role in the
CNS and can be activated by antigens presented by macrophage, dendritic, or glial cells.
Although IL-33 is a member of the IL-1 family and mediates innate immune responses, it is
mainly involved in Th2-type immune responses. It appears that IL-33 activity is associated
with T regulatory (Treg) cells, and so it is possible to find IL-33 in the CNS even in the
absence of inflammation [92].
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with the activation of anti-inflammatory cytokines or the secretion of pro-inflammatory cytokines
that mediate neuroinflammation.

In addition, IL-33 participates in the inflammatory reaction and plays an immune
role by activating innate lymphoid cell 2 (ILC2) [93]. ILC2 cells mediate diverse processes,
including the generation of IL-4 and IL-13 cytokines, airway remodeling, the stimulation
of IgE production, and the activation of T lymphocytes in the Th2 direction [94]. The anti-
inflammatory cytokines IL-4 and IL-13 are generated by natural killer (NK) cells, Th2 CD4+
cells, ILC2 cells, basophils, and eosinophils after appropriate activation and are promoted
through the phosphorylation of STAT6, which increases the expression of GATA binding
protein 3 (GATA3) [95,96]. However, type 2 cytokines can also be expressed without the
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activation of STAT6 and GATA3, which are transcription factors for the differentiation of
Th 2 cells. In addition to anti-inflammatory IL-10, type 2 cytokines are targetable candi-
dates for the amelioration of type 2 inflammatory brain diseases. Almost all neurological
diseases present an inflammatory state, some with a higher degree, and others with a
lower degree of inflammation. Common neurological disorders include migraine, epilepsy,
encephalitis, meningitis, AD, PD, amyotrophic lateral sclerosis, MS, stroke, and dementia,
amongst others.

IL-33 plays a fundamental role in the initial stages of type 2 inflammation, not only
by acting on ILC2 but also by directly stimulating MCs [97]. In the CNS, IL-33 is highly
expressed by glial cells, activates ILC2, and plays an important role in brain diseases. The
inflammatory IL-33 produced by MCs participates in the activation of astrocytes with high
levels of NF-κB and p38 and the consequent production of inflammatory cytokines [98].
The inhibition of IL-33 can reduce the recruitment of pro-inflammatory cytokines such
as IL-1, TNF, and IL-6 with an improvement in neuroinflammation. In addition, IL-33
acts synergistically with IL-25 to produce IL-5 and IL-13 in ILC2 cells [90]. IL-5, which
acts through its receptor formed by two IL-5Rα sub-units and a β chain, is the cytokine
responsible for the growth and differentiation of eosinophils in the bone marrow, as well
as for their mobilization and survival at the bone marrow level of the bloodstream [99].
IL-5 blockade leads to an eosinophilic non-response after an allergenic stimulus [100].
IL-5 is also implicated in IL-3 signaling and macrophage- and granulocyte-stimulating
factor signaling.

In addition to being present on the surface of eosinophils and their precursors, the
IL-5 receptor is also expressed by basophils [101]. IL-13 is involved in the recruitment of
eosinophils from the bloodstream to tissues. This cytokine increases the expression of both
VCAM-1, which favors the adhesion of eosinophils to the endothelium, and chemokines
such as eotaxin-1 and eotaxin-3, promoting the migration of cells from the vessel to the
inflamed tissue [102]. IL-13 can stimulate mucus cells via Notch2 pathways [103]. The
Notch2 gene encodes a member of the Notch family which is a type 1 transmembrane
protein with an extracellular and an intracellular domain.

The supernatant of activated MCs stimulates TH17 cells to produce the cytokine
IL-17 [104]. This is a response that appears to involve IL-1, since blocking the latter cytokine
inhibits IL-17 production [105]. This effect implicates MCs as immune cells that are involved
in the T cell response. Upon stimulation, TH17 cells, a subpopulation of CD4+ T cells,
produce IL-17, a highly inflammatory cytokine with effects on the cells in many tissues.
IL-17 mediates the pathogenesis of various immune-mediated and inflammatory diseases,
such as rheumatoid arthritis, psoriasis, asthma, and MS [106,107]. The upregulation of
neuroinflammation is due to the increased immune response, the activation of microglial
cells, the activation of ILC2 and ROS, and the dysregulation of cellular metabolism. It is
known that antigen-presenting cells (APCs) crosstalk with the immune responses exerted
not only by T and B lymphocytes but also by ILC2 cells and MCs [108]. These immune
cells are found in the CNS, where they are abundant in the hippocampus and thalamus,
where they produce molecules that mediate brain diseases. The protective and pathological
function of MCs is carried out by ILC2 cells. ILC2 cells (ILC1, 2, 3), along with NK cells,
are part of a group of innate immune cells that express the CD45 receptor [109]. ILC2
cells express numerous surface receptors, including IL7R, IL2R, IL25R, IL4, IL4R, IL9R,
IL10R, and IL33R, and play an important role in inflammatory brain diseases by producing
neuroinflammatory cytokine mediators such as IL-33 [110]. In contrast, IL-33 is deficient
in some neurological diseases, such as in AD, and treatment with IL-33 can improve the
cognitive and pathological symptoms in mouse models [111] (Table 2). In brain diseases,
the ST2 receptor is activated by the consequent production of IL-33, promoting the secretion
of IL-13, which is associated with type 2 inflammation and is an ideal target for inhibiting
the inflammatory response [112].
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Table 2. Some biological effects involving the activity of IL-33 in the brain.

• IL-33 regulates the overexpression of pro-inflammatory molecules in the brain [113].

• In CNS glia, mast cells (MCs) treated with IL-33 produce TNF and the chemokines CCL17
and CCL11 [114].

• In the glial system, IL-33 protein expression is increased by pathogen-associated molecular
patterns (PAMPs) [115].

• IL-33 induces the secretion of IL-1, TNF, and IL-10 in microglia [92].

• In microglia, IL-33 enhances NO synthesis, phagocytic activity, and the synthesis of
chemokines such as CCL2, CCL3, CCL5, and CXCL10 [92].

• IL-33 regulates the levels of inflammatory molecules by acting on microglial
phagocytosis [111].

• IL-33 modulates microglia in the production of NLRP3 and reduces the production of the
cytokines IL-1 and IL-6 [111].

• IL-33 is highly expressed in certain neurological diseases and appears in the plasma of the
peripheral circulation [116].

• IL-33 and its receptor ST2 are elevated in acute and chronic brain lesions of certain
neurological diseases, including multiple sclerosis (MS), where it may inhibit
myelination [117].

At the brain level, the activation of ILC2 cells with IL-33 inhibits the production of
pro-inflammatory cytokines and enhances the pathophysiological effects [118]. Therefore,
the activation of ILC2 cells can improve the inflammatory state in experimental neurological
diseases with a nonspecific pleiotropic effect.

5. Conclusions

Cerebral inflammation, also known as neuroinflammation, occurs in many neurologi-
cal pathologies, including AD and MS, and includes reactions that tend to inflict damage
on the CNS. The function of immune cells that regulate brain physiology is still unclear.
However, in experimental mouse models, ILC2 cells in the aged brain, activated by IL-33,
seemed to improve cognitive function [119]. The protective inflammatory reactions are
mediated by immune cells including microglia and MCs that generate pro-inflammatory
cytokines. Activated MCs generate TNF, IL-33, cytokines, and chemokines that aggravate
the inflammatory process, although IL-33 generated by ILC2 cells can also act by inhibiting
inflammation. The activation of MCs can also produce other inflammatory molecules, such
as members of the IL-1 family, arachidonic acid products such as the prostaglandin PGD2,
and the leukotrienes LTC4 and LTD4.

It is well established that MCs are important effector cells mediating inflammation
through the production of inflammatory cytokines such as TNF and IL-1. A therapeu-
tic strategy that could help in neurological diseases could be to specifically block these
cytokines produced by MCs with other anti-inflammatory cytokines.

In this article, we have reported that neuroinflammation is mediated by TNF and IL-33
that is generated by activated MCs.
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51. Brzezińska-Błaszczyk, E.; Pietrzak, A.; Misiak-Tłoczek, A. Tumor Necrosis Factor (TNF) Is a Potent Rat Mast Cell Chemoattractant.
J. Interferon Cytokine Res. 2007, 27, 911–920. [CrossRef]

52. Theoharides, T.C.; Tsilioni, I.; Bawazeer, M. Mast Cells, Neuroinflammation and Pain in Fibromyalgia Syndrome. Front. Cell.
Neurosci. 2019, 13, 353. [CrossRef]

53. Mittal, A.; Sagi, V.; Gupta, M.; Gupta, K. Mast Cell Neural Interactions in Health and Disease. Front. Cell. Neurosci. 2019, 13, 110.
[CrossRef]

54. Abraham, S.N.; St John, A.L. Mast Cell-Orchestrated Immunity to Pathogens. Nat. Rev. Immunol. 2010, 10, 440–452. [CrossRef]
[PubMed]

55. Tweedie, D.; Sambamurti, K.; Greig, N. TNF-α Inhibition as a Treatment Strategy for Neurodegenerative Disorders: New Drug
Candidates and Targets. Curr. Alzheimer Res. 2007, 4, 378–385. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms21124297
https://www.ncbi.nlm.nih.gov/pubmed/32560266
https://doi.org/10.3390/ijms21041498
https://doi.org/10.3389/fimmu.2012.00120
https://www.ncbi.nlm.nih.gov/pubmed/22654879
https://doi.org/10.4049/jimmunol.0803180
https://doi.org/10.1016/S0161-5890(02)00089-5
https://doi.org/10.3389/fphar.2016.00316
https://doi.org/10.1371/journal.pone.0014525
https://doi.org/10.3390/ijms24054811
https://www.ncbi.nlm.nih.gov/pubmed/36902240
https://doi.org/10.4049/jimmunol.176.4.2114
https://doi.org/10.1016/j.lfs.2003.07.012
https://doi.org/10.1038/346274a0
https://www.ncbi.nlm.nih.gov/pubmed/2374592
https://doi.org/10.1073/pnas.1524845114
https://www.ncbi.nlm.nih.gov/pubmed/28461492
https://doi.org/10.1016/j.jneuroim.2004.09.013
https://www.ncbi.nlm.nih.gov/pubmed/15652402
https://doi.org/10.1155/2014/861231
https://www.ncbi.nlm.nih.gov/pubmed/24966471
https://doi.org/10.1002/path.2287
https://www.ncbi.nlm.nih.gov/pubmed/18161752
https://doi.org/10.1016/j.autrev.2013.06.004
https://www.ncbi.nlm.nih.gov/pubmed/23774107
https://doi.org/10.1186/s12974-014-0215-2
https://www.ncbi.nlm.nih.gov/pubmed/25540015
https://doi.org/10.1111/cpr.12475
https://doi.org/10.1182/blood-2006-09-046128
https://www.ncbi.nlm.nih.gov/pubmed/17197430
https://doi.org/10.1038/ncomms13696
https://doi.org/10.1007/s004240050493
https://doi.org/10.3390/ijms20205147
https://doi.org/10.1089/jir.2006.0158
https://doi.org/10.3389/fncel.2019.00353
https://doi.org/10.3389/fncel.2019.00110
https://doi.org/10.1038/nri2782
https://www.ncbi.nlm.nih.gov/pubmed/20498670
https://doi.org/10.2174/156720507781788873
https://www.ncbi.nlm.nih.gov/pubmed/17908040


Int. J. Mol. Sci. 2024, 25, 3248 14 of 16

56. Kraft, A.D.; McPherson, C.A.; Harry, G.J. Heterogeneity of Microglia and TNF Signaling as Determinants for Neuronal Death or
Survival. NeuroToxicology 2009, 30, 785–793. [CrossRef] [PubMed]

57. Papazian, I.; Tsoukala, E.; Boutou, A.; Karamita, M.; Kambas, K.; Iliopoulou, L.; Fischer, R.; Kontermann, R.E.; Denis, M.C.;
Kollias, G.; et al. Fundamentally Different Roles of Neuronal TNF Receptors in CNS Pathology: TNFR1 and IKKβ Promote
Microglial Responses and Tissue Injury in Demyelination While TNFR2 Protects against Excitotoxicity in Mice. J. Neuroinflamm.
2021, 18, 222. [CrossRef] [PubMed]

58. Theoharides, T.C.; Conti, P. Mast Cells: The JEKYLL and HYDE of Tumor Growth. Trends Immunol. 2004, 25, 235–241. [CrossRef]
[PubMed]

59. Okayama, Y. Mast Cell-Derived Cytokine Expression Induced via Fc Receptors and Toll-like Receptors. Nephrology 2005, 87,
101–110. [CrossRef]

60. Yang, D.; Chen, Q.; Chertov, O.; Oppenheim, J.J. Human Neutrophil Defensins Selectively Chemoattract Naive T and Immature
Dendritic Cells. J. Leukoc. Biol. 2000, 68, 9–14. [CrossRef]

61. Hill, G.R.; Teshima, T.; Rebel, V.I.; Krijanovski, O.I.; Cooke, K.R.; Brinson, Y.S.; Ferrara, J.L.M. The P55 TNF-α Receptor Plays a
Critical Role in T Cell Alloreactivity. J. Immunol. 2000, 164, 656–663. [CrossRef]

62. Namba, S.; Nakano, R.; Kitanaka, T.; Kitanaka, N.; Nakayama, T.; Sugiya, H. ERK2 and JNK1 Contribute to TNF-α-Induced IL-8
Expression in Synovial Fibroblasts. PLoS ONE 2017, 12, e0182923. [CrossRef]

63. Matsushima, K.; Yang, D.; Oppenheim, J.J. Interleukin-8: An Evolving Chemokine. Cytokine 2022, 153, 155828. [CrossRef]
[PubMed]

64. Dri, P.; Haas, E.; Cramer, R.; Menegazzi, R.; Gasparini, C.; Martinelli, R.; Scheurich, P.; Patriarca, P. Role of the 75-KDa TNF
Receptor in TNF-Induced Activation of Neutrophil Respiratory Burst. J. Immunol. 1999, 162, 460–466. [CrossRef] [PubMed]

65. Boyce, J.A.; Mellor, E.A.; Perkins, B.; Lim, Y.-C.; Luscinskas, F.W. Human Mast Cell Progenitors Use α4-Integrin, VCAM-1,
and PSGL-1 E-Selectin for Adhesive Interactions with Human Vascular Endothelium under Flow Conditions. Blood 2002, 99,
2890–2896. [CrossRef] [PubMed]

66. Wang, Y.; Sheibani, N. Expression Pattern of Alternatively Spliced PECAM-1 Isoforms in Hematopoietic Cells and Platelets.
J. Cell. Biochem. 2002, 87, 424–438. [CrossRef] [PubMed]

67. Jackson, D.E. The Unfolding Tale of PECAM-1. FEBS Lett. 2003, 540, 7–14. [CrossRef] [PubMed]
68. Domínguez-Flores, A.; Rodríguez, G.M.; Soria-Castro, R.; López-Santiago, R.; Rodríguez-Cortés, O.; Pérez-Tapia, S.M.;

Chávez-Blanco, A.D.; Estrada-Parra, S.; Flores-Mejía, R.; Chacón-Salinas, R. Brucella Abortus Induces Mast Cell Activation
through TLR-2 and TLR-4. Microb. Pathog. 2023, 176, 106005. [CrossRef]

69. Portales-Cervantes, L.; Haidl, I.D.; Lee, P.W.; Marshall, J.S. Virus-Infected Human Mast Cells Enhance Natural Killer Cell
Functions. J. Innate Immun. 2016, 9, 94–108. [CrossRef] [PubMed]

70. Reyes-Ortega, P.; Ragu Varman, D.; Rodríguez, V.M.; Reyes-Haro, D. Anorexia Induces a Microglial Associated Pro-Inflammatory
Environment and Correlates with Neurodegeneration in the Prefrontal Cortex of Young Female Rats. Behav. Brain Res. 2020,
392, 112606. [CrossRef]

71. Bussolino, F.; Camussi, G. Platelet-Activating Factor Produced by Endothelial Cells. A Molecule with Autocrine and Paracrine
Properties. Eur. J. Biochem. 1995, 229, 327–337. [CrossRef]

72. Dickel, H.; Gambichler, T.; Kamphowe, J.; Altmeyer, P.; Skrygan, M. Standardized Tape Stripping prior to Patch Testing Induces
Upregulation of Hsp90, Hsp70, IL-33, TNF-α and IL-8/CXCL8 MRNA: New Insights into the Involvement of “Alarmins”. Contact
Dermat. 2010, 63, 215–222. [CrossRef] [PubMed]

73. Mege, J.-L.; Gomez-Cambronero, J.; Molski, T.F.; Becker, E.L.; Sha’afi, R.I. Effect of Granulocyte-Macrophage Colony-Stimulating
Factor on Superoxide Production in Cytoplasts and Intact Human Neutrophils: Role of Protein Kinase and G-Proteins. J. Leukoc.
Biol. 1989, 46, 161–168. [CrossRef] [PubMed]

74. Xu, D.; Miller, S.D.; Koh, S. Immune Mechanisms in Epileptogenesis. Front. Cell. Neurosci. 2013, 7, 195. [CrossRef] [PubMed]
75. Candelario-Jalil, E.; Dijkhuizen, R.M.; Magnus, T. Neuroinflammation, Stroke, Blood-Brain Barrier Dysfunction, and Imaging

Modalities. Stroke 2022, 53, 1473–1486. [CrossRef] [PubMed]
76. Xu, Y.-Z.; Nygård, M.; Kristensson, K.; Bentivoglio, M. Regulation of Cytokine Signaling and T-Cell Recruitment in the Aging

Mouse Brain in Response to Central Inflammatory Challenge. Brain Behav. Immun. 2010, 24, 138–152. [CrossRef]
77. Pérez-Rodríguez, M.J.; Ibarra-Sánchez, A.; Román-Figueroa, A.; Pérez-Severiano, F.; González-Espinosa, C. Mutant Huntingtin

Affects Toll-like Receptor 4 Intracellular Trafficking and Cytokine Production in Mast Cells. J. Neuroinflamm. 2020, 17, 95.
[CrossRef]

78. Askenase, P.W.; Kawikova, I.; Paliwal, V.; Akahira-Azuma, M.; Gerard, C.; Hugli, T.; Tsuji, R. A New Paradigm of T Cell Allergy:
Requirement for the B–1 Cell Subset. Int. Arch. Allergy Immunol. 1999, 118, 145–149. [CrossRef]

79. Breil, I.; Koch, T.; Belz, M.; Van Ackern, K.; Neuhof, H. Effects of Bradykinin, Histamine and Serotonin on Pulmonary Vascular
Resistance and Permeability. Acta Physiol. Scand. 1997, 159, 189–198. [CrossRef]

80. Kanashiro, A.; Hiroki, C.H.; da Fonseca, D.M.; Birbrair, A.; Ferreira, R.G.; Bassi, G.S.; Fonseca, M.D.; Kusuda, R.; Cebinelli, G.C.M.;
da Silva, K.P.; et al. The Role of Neutrophils in Neuro-Immune Modulation. Pharmacol. Res. 2020, 151, 104580. [CrossRef]

81. DiStasi, M.R.; Ley, K. Opening the Flood-Gates: How Neutrophil-Endothelial Interactions Regulate Permeability. Trends Immunol.
2009, 30, 547–556. [CrossRef]

https://doi.org/10.1016/j.neuro.2009.07.001
https://www.ncbi.nlm.nih.gov/pubmed/19596372
https://doi.org/10.1186/s12974-021-02200-4
https://www.ncbi.nlm.nih.gov/pubmed/34565380
https://doi.org/10.1016/j.it.2004.02.013
https://www.ncbi.nlm.nih.gov/pubmed/15099563
https://doi.org/10.1159/000087574
https://doi.org/10.1189/jlb.68.1.9
https://doi.org/10.4049/jimmunol.164.2.656
https://doi.org/10.1371/journal.pone.0182923
https://doi.org/10.1016/j.cyto.2022.155828
https://www.ncbi.nlm.nih.gov/pubmed/35247648
https://doi.org/10.4049/jimmunol.162.1.460
https://www.ncbi.nlm.nih.gov/pubmed/9886420
https://doi.org/10.1182/blood.V99.8.2890
https://www.ncbi.nlm.nih.gov/pubmed/11929779
https://doi.org/10.1002/jcb.10321
https://www.ncbi.nlm.nih.gov/pubmed/12397602
https://doi.org/10.1016/S0014-5793(03)00224-2
https://www.ncbi.nlm.nih.gov/pubmed/12681475
https://doi.org/10.1016/j.micpath.2023.106005
https://doi.org/10.1159/000450576
https://www.ncbi.nlm.nih.gov/pubmed/27806369
https://doi.org/10.1016/j.bbr.2020.112606
https://doi.org/10.1111/j.1432-1033.1995.tb20472.x
https://doi.org/10.1111/j.1600-0536.2010.01769.x
https://www.ncbi.nlm.nih.gov/pubmed/20731692
https://doi.org/10.1002/jlb.46.2.161
https://www.ncbi.nlm.nih.gov/pubmed/2545809
https://doi.org/10.3389/fncel.2013.00195
https://www.ncbi.nlm.nih.gov/pubmed/24265605
https://doi.org/10.1161/STROKEAHA.122.036946
https://www.ncbi.nlm.nih.gov/pubmed/35387495
https://doi.org/10.1016/j.bbi.2009.09.006
https://doi.org/10.1186/s12974-020-01758-9
https://doi.org/10.1159/000024052
https://doi.org/10.1046/j.1365-201X.1997.549324000.x
https://doi.org/10.1016/j.phrs.2019.104580
https://doi.org/10.1016/j.it.2009.07.012


Int. J. Mol. Sci. 2024, 25, 3248 15 of 16

82. Takaoka, K.; Shirai, Y.; Saito, N. Inflammatory Cytokine Tumor Necrosis Factor-α Enhances Nerve Growth Factor Production in
Human Keratinocytes, HaCaT Cells. J. Pharmacol. Sci. 2009, 111, 381–391. [CrossRef] [PubMed]

83. Piliponsky, A.M.; Chen, C.-C.; Grimbaldeston, M.A.; Burns-Guydish, S.M.; Hardy, J.; Kalesnikoff, J.; Contag, C.H.; Tsai, M.;
Galli, S.J. Mast Cell-Derived TNF Can Exacerbate Mortality during Severe Bacterial Infections in C57BL/6-Kit Mice. Am. J. Pathol.
2010, 176, 926–938. [CrossRef]

84. Reber, L.L.; Hernandez, J.D.; Galli, S.J. The Pathophysiology of Anaphylaxis. J. Allergy Clin. Immunol. 2018, 140, 335–348.
[CrossRef]

85. Mukai, K.; Tsai, M.; Saito, H.; Galli, S.J. Mast Cells as Sources of Cytokines, Chemokines, and Growth Factors. Immunol. Rev. 2018,
282, 121–150. [CrossRef] [PubMed]

86. Xiao, Y.; Huang, X.; Zhao, Y.; Chen, F.; Sun, M.; Yang, W.; Chen, L.; Yao, S.; Peniche, A.; Dann, S.M.; et al. Interleukin-33 Promotes
REG3γ Expression in Intestinal Epithelial Cells and Regulates Gut Microbiota. Cell. Mol. Gastroenterol. Hepatol. 2019, 8, 21–36.
[CrossRef] [PubMed]

87. Choi, Y.S.; Jeong, A.P.; Kim, J.; Seung-Sik, R.; Park, H.; Young-Myeong, K.; Young-Guen, K. Nuclear IL-33 Is a Transcriptional
Regulator of NF-KB P65 and Induces Endothelial Cell Activation. Biochem. Biophys. Res. Commun. 2012, 421, 305–311. [CrossRef]

88. Gadani, S.P.; Walsh, J.T.; Smirnov, I.; Zheng, J.; Kipnis, J. The Glia-Derived Alarmin IL-33 Orchestrates the Immune Response and
Promotes Recovery Following CNS Injury. Neuron 2015, 85, 703–709. [CrossRef]

89. Zharichenko, N.; Njoku, D.B. The Role of Pro-Inflammatory and Regulatory Signaling by IL-33 in the Brain and Liver: A Focused
Systematic Review of Mouse and Human Data and Risk of Bias Assessment of the Literature. Int. J. Mol. Sci. 2020, 21, 3933.
[CrossRef]

90. Chan, B.C.L.; Lam, C.W.K.; Tam, L.-S.; Wong, C.K. IL33: Roles in Allergic Inflammation and Therapeutic Perspectives. Front.
Immunol. 2019, 10, 364. [CrossRef]

91. Liew, F.Y.; Girard, J.-P.; Turnquist, H.R. Interleukin-33 in Health and Disease. Nat. Rev. Immunol. 2016, 16, 676–689. [CrossRef]
92. Yasuoka, S.; Kawanokuchi, J.; Parajuli, B.; Jin, S.; Doi, Y.; Noda, M.; Sonobe, Y.; Takeuchi, H.; Mizuno, T.; Suzumura, A. Production

and Functions of IL-33 in the Central Nervous System. Brain Res. 2011, 1385, 8–17. [CrossRef] [PubMed]
93. Morita, H.; Arae, K.; Unno, H.; Miyauchi, K.; Toyama, S.; Nambu, A.; Oboki, K.; Ohno, T.; Motomura, K.; Matsuda, A.; et al. An

Interleukin-33-Mast Cell-Interleukin-2 Axis Suppresses Papain-Induced Allergic Inflammation by Promoting Regulatory T Cell
Numbers. Immunity 2015, 43, 175–186. [CrossRef]

94. Zhu, J. T Helper 2 (Th2) Cell Differentiation, Type 2 Innate Lymphoid Cell (ILC2) Development and Regulation of Interleukin-4
(IL-4) and IL-13 Production. Cytokine 2015, 75, 14–24. [CrossRef]

95. Iwaszko, M.; Biały, S.; Bogunia-Kubik, K. Significance of Interleukin (IL)-4 and IL-13 in Inflammatory Arthritis. Cells 2021,
10, 3000. [CrossRef]

96. Junttila, I.S. Tuning the Cytokine Responses: An Update on Interleukin (IL)-4 and IL-13 Receptor Complexes. Front. Immunol.
2018, 9, 888. [CrossRef]

97. Cardamone, C.; Parente, R.; Feo, G.D.; Triggiani, M. Mast Cells as Effector Cells of Innate Immunity and Regulators of Adaptive
Immunity. Immunol. Lett. 2016, 178, 10–14. [CrossRef]

98. Larsen, K.; Minaya, M.; Vaish, V.; Peña, M. The Role of IL-33/ST2 Pathway in Tumorigenesis. Int. J. Mol. Sci. 2018, 19, 2676.
[CrossRef]

99. Pelaia, C.; Paoletti, G.; Puggioni, F.; Racca, F.; Pelaia, G.; Canonica, G.W.; Heffler, E. Interleukin-5 in the Pathophysiology of Severe
Asthma. Front. Physiol. 2019, 10, 1514. [CrossRef] [PubMed]

100. Foster, P.S.; Hogan, S.P.; Ramsay, A.J.; Matthaei, K.I.; Young, I.G. Interleukin 5 Deficiency Abolishes Eosinophilia, Airways
Hyperreactivity, and Lung Damage in a Mouse Asthma Model. J. Exp. Med. 1996, 183, 195–201. [CrossRef]

101. Kusano, S.; Kukimoto-Niino, M.; Hino, N.; Ohsawa, N.; Ikutani, M.; Takaki, S.; Sakamoto, K.; Hara-Yokoyama, M.; Shirouzu, M.;
Takatsu, K.; et al. Structural Basis of Interleukin-5 Dimer Recognition by Its α Receptor. Protein Sci. 2012, 21, 850–864. [CrossRef]
[PubMed]

102. Fukuda, K.; Nishida, T.; Fukushima, A. Synergistic Induction of Eotaxin and VCAM-1 Expression in Human Corneal Fibroblasts
by Staphylococcal Peptidoglycan and Either IL-4 or IL-13. Allergol. Int. 2011, 60, 355–363. [CrossRef]

103. Guseh, J.S.; Bores, S.A.; Stanger, B.Z.; Zhou, Q.; Anderson, W.J.; Melton, D.A.; Rajagopal, J. Notch Signaling Promotes Airway
Mucous Metaplasia and Inhibits Alveolar Development. Development 2009, 136, 1751–1759. [CrossRef]

104. Hueber, A.J.; Asquith, D.L.; Miller, A.M.; Reilly, J.; Kerr, S.; Leipe, J.; Melendez, A.J.; McInnes, I.B. Cutting Edge: Mast Cells
Express IL-17A in Rheumatoid Arthritis Synovium. J. Immunol. 2010, 184, 3336–3340. [CrossRef] [PubMed]

105. Sutton, C.; Brereton, C.; Keogh, B.; Mills, K.H.G.; Lavelle, E.C. A Crucial Role for Interleukin (IL)-1 in the Induction of
IL-17–Producing T Cells That Mediate Autoimmune Encephalomyelitis. J. Exp. Med. 2006, 203, 1685–1691. [CrossRef]

106. Tesmer, L.A.; Lundy, S.K.; Sarkar, S.; Fox, D.A. Th17 Cells in Human Disease. Immunol. Rev. 2008, 223, 87–113. [CrossRef]
107. Zhao, Y.; Yang, J.; Gao, Y.; Guo, W. Th17 Immunity in Patients with Allergic Asthma. Int. Arch. Allergy Immunol. 2009, 151,

297–307. [CrossRef]
108. Schuijs, M.J.; Hammad, H.; Lambrecht, B.N. Professional and “Amateur” Antigen-Presenting Cells in Type 2 Immunity. Trends

Immunol. 2019, 40, 22–34. [CrossRef]
109. Brown, M.A.; Weinberg, R.B. Mast Cells and Innate Lymphoid Cells: Underappreciated Players in CNS Autoimmune Demyeli-

nating Disease. Front. Immunol. 2018, 9, 514. [CrossRef] [PubMed]

https://doi.org/10.1254/jphs.09143FP
https://www.ncbi.nlm.nih.gov/pubmed/19942804
https://doi.org/10.2353/ajpath.2010.090342
https://doi.org/10.1016/j.jaci.2017.06.003
https://doi.org/10.1111/imr.12634
https://www.ncbi.nlm.nih.gov/pubmed/29431212
https://doi.org/10.1016/j.jcmgh.2019.02.006
https://www.ncbi.nlm.nih.gov/pubmed/30831322
https://doi.org/10.1016/j.bbrc.2012.04.005
https://doi.org/10.1016/j.neuron.2015.01.013
https://doi.org/10.3390/ijms21113933
https://doi.org/10.3389/fimmu.2019.00364
https://doi.org/10.1038/nri.2016.95
https://doi.org/10.1016/j.brainres.2011.02.045
https://www.ncbi.nlm.nih.gov/pubmed/21349253
https://doi.org/10.1016/j.immuni.2015.06.021
https://doi.org/10.1016/j.cyto.2015.05.010
https://doi.org/10.3390/cells10113000
https://doi.org/10.3389/fimmu.2018.00888
https://doi.org/10.1016/j.imlet.2016.07.003
https://doi.org/10.3390/ijms19092676
https://doi.org/10.3389/fphys.2019.01514
https://www.ncbi.nlm.nih.gov/pubmed/31920718
https://doi.org/10.1084/jem.183.1.195
https://doi.org/10.1002/pro.2072
https://www.ncbi.nlm.nih.gov/pubmed/22528658
https://doi.org/10.2332/allergolint.10-OA-0247
https://doi.org/10.1242/dev.029249
https://doi.org/10.4049/jimmunol.0903566
https://www.ncbi.nlm.nih.gov/pubmed/20200272
https://doi.org/10.1084/jem.20060285
https://doi.org/10.1111/j.1600-065X.2008.00628.x
https://doi.org/10.1159/000250438
https://doi.org/10.1016/j.it.2018.11.001
https://doi.org/10.3389/fimmu.2018.00514
https://www.ncbi.nlm.nih.gov/pubmed/29619025


Int. J. Mol. Sci. 2024, 25, 3248 16 of 16

110. Yeung, S.S.-H.; Ho, Y.-S.; Chang, R.C.-C. The Role of Meningeal Populations of Type II Innate Lymphoid Cells in Modulating
Neuroinflammation in Neurodegenerative Diseases. Exp. Mol. Med. 2021, 53, 1251–1267. [CrossRef] [PubMed]

111. Fu, A.K.Y.; Hung, K.-W.; Yuen, M.Y.F.; Zhou, X.; Mak, D.S.Y.; Chan, I.C.W.; Cheung, T.H.; Zhang, B.; Fu, W.-Y.; Liew, F.Y.; et al.
IL-33 Ameliorates Alzheimer’s Disease-like Pathology and Cognitive Decline. Proc. Natl. Acad. Sci. USA 2016, 113, E2705–E2713.
[CrossRef]

112. Rao, X.; Hua, F.; Zhang, L.; Lin, Y.; Fang, P.; Chen, S.; Ying, J.; Wang, X. Dual Roles of Interleukin-33 in Cognitive Function by
Regulating Central Nervous System Inflammation. J. Transl. Med. 2022, 20, 369. [CrossRef]
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