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Abstract:

Brain microglia cells are responsible for recogmizioreign bodies and act by activating other
immune cells. Microglia react against infectiougmg that cross the blood-brain barrier and release
pro-inflammatory cytokines including interleukirLf#1f3, IL-33 and tumor necrosis factor (TNF).
Mast cells (MCs) are immune cells also found inliren meninges, in the perivascular spaces
where they create a protective barrier and relpesénflammatory compounds, such as IB;1L-

33 and TNF. IL-B binds to the IL-1R1 receptor and activates a aischevents that leads to the
production of nuclear factor kappa-light-chain-emtex of activated B cells (NkB) and activation

of the immune system. IL-33 is a member of the Harily expressed by several immune cells
including microglia and MCs and is involved in itn@@and adaptive immunity. IL-33 is a

pleiotropic cytokine which binds the receptor SE2ided from TLR/IL-1R super family and is
released after cellular damage (also called "al@mihese cytokines are responsible for a number
of brain inflammatory disorders. Activated II3-1in the brain stimulates microglia, MCs, and
perivascular endothelial cells, mediating variouffammatory brain diseases. I1L-37 also belongs to
the IL-1 family and has the capacity to suppresaplwith ananti-inflammatory property. 1L-37
deficiency could activate and enhance myeloid teffiéation (MyD88) and p38-dependent protein-
activated mitogenic kinase (MAPK) with an increasé_-13 and IL-33 exacerbating neurological
pathologies. In this article we report for thetftimme that microglia communicate and collaborate
with MCs to produce pro-inflammatory cytokines thah be suppressed by IL-37 having a
therapeutic potentiality.

Key words: microglia; mast cells; macrophages; kiytes; 1L-37

1. Introduction

The brain network mediates and controls complexatieins, but despite a huge number of
publications on this subject, much about how braiosk remains a mystery. Brain cells include the

epithelial cells of blood vessels, neurons and ggiés. The latter cells are responsible for the



protection and nutrition of neurons. Therefore,lthein includes resident immune cells such as
microglia cells, which are important for physiologi functions, but also for pathological conditions
(Conti et al., 2019; Tsilioni et al. 2019). Micraaggkepresent the immune cells of the brain thag pla
an important role both in physiological and varioesirodegenerative diseases (Tsilioni et al.,
2019). Microglia cells make up 20% of the totahgtell population of the brain and are the
predominant bodies in the posterior gray and winiééter (Ruiz-Sauri et al., 2019). They are also
distributed in the spinal cord and are respongtni@erforming innate cellular immunity in the
central nervous system (CNS) against damaged neustagues and infectious agents. Microglia
cells recognize foreign bodies and they phagodyetacting as antigen presenting cells (APCs)
(Almolda et al., 2011). The infectious agents ttrass the blood-brain barrier, which protects the
brain, react with microglia cells which, in tuproduce inflammatory cytokines of the Thl type
(Winklewski et al., 2016). The key component ofatenimmunity response is the generation of pro-
inflammatory cytokines produced by microglia resglin the brain. These cytokines contribute to
acute and chronic diseases of the CNS.

Cytokines generated by mast cells (MCs) and micxagglls cause inflammation in the
hypothalamus and amygdala, thus explaining moteo§ymptoms in different brain pathologies
(Conti et al., 2018a). Therefore, the productiopmf-inflammatory molecules aggravates the
subject's pathological state. It has been repaht@idthe neurotransmitter neurotensin (NT) actwate
the immune cells of the brain, including human gtia and the human cell line-SV40
(Theoharides et al., 2015a). The role of cytokirteriactions with neuropeptides in the pathogenesis
of brain inflammation is very powerful (Petra et &015). In addition, the same authors reported
that in microglia, neurotensin increases the gempeession and release of II3-And chemokine
CXCL8, CCL2, and CCL5 (Conti et al., 2018a). Morenun several neurological diseases, the
activation of microglia with increase in MiR-155a%iroRNA) leads to brain inflammation, with a
pathogenesis still obscure (Almehmadi et al. 20TBgrefore, the neurological diseases involve

neuropeptides and cytokines that can be importantents as the target of effective therapeutic



strategy (Caraffa et al. 2019). However, in neugmal diseases therapies are difficult to apply,
since they are not specific and likewise oftenfewfve. Accordingly, an elaborate knowledge of
pathological mechanisms and immune response aessexy for improving the pharmacological
procedure (Glezer et al., 200This article presents new concepts concerningrthibditory role of
IL-37 in the innate response mediated by pro-infratory cytokines produced by microglia and

MCs.

2. Mast cells

MCs are immune cells resident in various areab®btain, located mainly perivascularly near
neurons and hypothalamus, and are mostly tryptagerase positive phenotype (Galli et al. 2005).
MCs in the meninges play an important role in abating to neuroinflammatory diseases and are
a potential therapeutic target (Theoharides, 20h7gddition, MCs are numerous in the meninges
and abluminal side of the blood vessels, where togymunicate with microglia and endothelial
cells, and orchestrate the interaction between mgesi and the immune system (Reuter et al. 2001).
In neurological diseases, there is a cascade otewhich occursyith the production of
inflammatory compounds (Conti et al., 2016), inahgdthe immune response, inflammation,
cytotoxicity, and neuronal and glial cell deathr€8tet al., 2005). MCs play an innate and adaptive
immunoregulatory role, and in pathological casey tlelease proinflammatory compounds
including cytokines (Antonopoulos et al., 2019)abidition, MCs can be activated by
lipopolysaccharides and IL-1 without degranulatiBlume-Jensen et al., 2001), and produce
proteases and chemokines, which mediate immundyrdfammation (Theoharides et al., 2019a)
(Fig. 1). They are expressed on c-kit receptorasa;fand the ERI high affinity receptor (Kd =

101° M) for immunoglobulin E (IgE) (Galli et al., 2005jurthermore, MCs express Toll-like
receptors (TLR) such as TLR-2 and TLR-4, which himdorganisms and their products, and wave
to the activation of a mitogen-activated proteinddge (MAPK) cascade and a phophatidylinositol-

specific phospholipaseyEPI-PLCy) (Galli et al., 2005). These reactions lead toghleancement



of the transcription nuclear factor kappa-lighticheanhancer of activated B cells (NdB), with
consequent generation of pro-inflammatory cytokirteis well known that there is an interplay
between the immune system and the brain, but detbtanderstanding is still not clear (Arac et al.,
2019). Immune cells, including MCs located in thaib, modulate cerebral pathology and create a
protective barrier (Theoharides et al., 2016). Bk@dood vessels contain MCs, that pass through the
meninges and enter the brain, acting as informdili@ns, modulating immune cells. In human, the
meninges, essentially composed of connective tigsoéect the encephalon, and are composed of 3
overlapped membranes that cover the elements @N& namely the brain (Ramachandran,
2018). The function of immune cells residing in theninges is very important for the protection of
the tissue complex. MCs that are not circulatind eside in the meninges, in the perivascular
spaces, play a pro-inflammatory role by generafiHd cytokines that can be different both in
guality and quantity in distinct brain patholog{€®rsythe, 2016). In addition, activated MCs
producing inflammatory molecules also generate ckemes that can recruit other immune
circulatory cells in the brain tissue (Tettamantale, 2018). Brain MCs certainly participate irdan
exacerbate the development of pathologies affettiagCNS by producing inflammatory cytokines
acting by the cross-talk with other immune cellsg@et al., 2019).

Neurotransmitters, including nerve growth factoG, substance P (SP) and neurotensin, trigger
MCs to release pro-inflammatory cytokines (Taravanet al., 2018). In fact, the hypothalamus and
the amygdale interact with MCs, which release pftemmatory cytokines (Conti et al., 2018Db). In
the pathological states, such as stress and aglgehijatric diseases, brain inflammatory genes can
be activated in MCs and microglia with cytokinesase such as ILBland IL-33 (Conti et al.,

2018c). Therefore, some neurotransmitters cangakan triggering inflammation, which increases
considerably in synergy with pro-inflammatory cyiteds also including IL- and IL-33

(Taracanova et al., 2018). Moreover, the stimutatbMCsin vitro with neuropeptides causes the
release of preformed substances stored in the lgantithe cell and pro-inflammatory mediators

such as cytokines and chemokines that are prododed later stage (Kempuraj et al., 2010).



MCs and microglia also interact with and activatet@inase-activated receptor 2 (PAR2),
cytokines and chemokines, such as CCL5 on micreglis (Hendriksen et al., 2017). Immune and
inflammatory dysfunction in brain pathologies irate the presence of markers of cytokines and
chemokines such as tumor necrosis factor (TNFj #dnd MCP-1 (chemotactic protein 1 of
monocytes), the latter being also chemotactic f@sMKritas et al., 2018). In MCs, TNF is the only
cytokine stored in the granules, released immdgiatésequent to stimulation, and it is also
generated after TNF mRNA synthesis (Piliponskyl.e810). The activation of MCs with
production of pro-inflammatory cytokines can caaskular neuronal and glial death, with brain
dysfunction (Skaper et al., 2013). MCs contribatéhie inflammatory state in many CNS disorders
and represent a challenge for the developmentwftherapies. Therefore, the pathogenesis of
neuropsychiatric disorders is mediated by brailammation (Theoharides et al., 2015b).

We believe that the pathological action in braisedises is due to activated microglia, in
collaboration with the immune cells when they ceoss the disrupted blood-brain barrier.

The activation of microglia cells and astrocytedl@ mediator release are therefore crucial in the
development of neuroinflammation (Caraffa et 801&). Thus, the stimulation of MCs with
neurotransmitters such as neurotensin or subsRnoereases the gene expression of cytokines
including IL-13, TNF and chemokines (Theoharides et al., 2010% Jtarts partially through the
activation pathway of myeloid differentiation (MyBBafter receptor stimulation, which can be
inhibited with IL-37 and have a therapeutic actionthe treatment of inflammatory diseases
(Mukai et al., 2018). Thus, the stimulation of M@ish neurotransmitters, such as neurotensin or
substance P, increases the gene expression ofrwsakcluding IL-B, TNF and chemokines
(Oehlke et al., 2005). This starts partially thrbulge activation pathway of MyD88 after receptor
stimulation, which can be inhibited with IL-37 ahdve a therapeutic action for the treatment of
inflammatory diseases (Conti et al., 2019).

Since IL-1R1, the receptor of ILBlis expressed in MCs and microglia and mediatas br

inflammation, blocking IL-B with the new cytokine IL-37 could represent a rdlkierapeutic



strategy, and could be useful in diseases medmtddCs such as autism, migraine, depression and
Alzheimer’s disease (Theoharides et al., 2016)s&lmncepts expressed here are of increasing

interest to the scientific community and in recgedirs many works have addressed these issues.

3.1L-1

IL-1 family is composed of 11 members - which mgipérticipate in innate immunity responses,
but can also contribute to acquired immunity (Dellar, 2018). Among these cytokines are the pro-
inflammatory ones including ILfand IL-33 and the anti-inflammatory IL-37 (Dindcegl2019)

(Fig. 2). These cytokines may promote inflammatofimit inflammation (Gugliandolo et al.,

2019). The cytokine ILf3 plays an immune function, and participates in piraanotes

inflammatory diseases, and its receptor IL-1R1issributed throughout the brain (Theoharides et
al. 2019b). IL-B is produced by competent immune cells, but alsodmgpetent non-immune cells
(Dinarello, 2018b). Human brain produces Igsdhich mediates various inflammatory pathologies
in loco, with the activation of microglia and pescular endothelial cells (Shaik-Dasthagirisaheb et
al., 2016) (Fig. 3). IL-f binds its receptor and activates a cascade otevest leads to the
production of NF«B, gene transcription and activation of immune ays{Dinarello, 2019). IL-1

and its receptor play a key role in the inflammatilbat occurs in many diseases and have the
ability to induce other cytokines and chemokineméello, 2018). The production of ILBlis

induced in macrophages by bacterial infectionsthe@ products can pass through the endothelium
of blood vessels and affect cytokines releasedebstral perivascular blood vessel macrophages
and brain microglia cells (Kaplanski et al., 19983.we reported earlier, ILBlreleases
neurotransmitters that mediate some neurologidalbbagies influencing the behavior through
dopamine and serotonin neurotransmitter produgfi@nacanova et al., 2018). We also mentioned
previously that IL-B and IL-33, together with IL{3, share the IL-1R3 receptor that promotes

inflammation, as well as cytokine and chemokineegation (Hgjen et al., 2019). IL-1 receptor



accessory protein (IL-1RAcP) recruits the adaptotecules MyD88, IRAK1, IRAK4 and TRAF®6,
which activate the downstream MB, p38 and ERK (Lockett, et al., 2008). Therefdkel 3 can

be bound first to the IL-1R1 receptor that chantgesonformation and then to IL-1R3. This
complex leads to the formation of the Toll/intekewl receptor/resistance protein that recruits
MyD88 with the start of the inflammatory processn@ello, 2019). MyD88 stimulates IL-1R-
associated kinases (IRAKs), followed by IKKi? kieas IKKi2 and nuclear factor kappa-light-
chain-enhancer of activated B cells (NB} producing IL-3 mRNA and pro-IL-B which
accumulates in the cytoplasm, being cleaved byasasft and subsequently transforms into mature
IL-13 (Dinarello, 2019) (Fig. 2). In pain involving thiealamus, activated MCs produce histamine,
IL-6, TNF, tryptase, corticotrophin releasing homeqCRH) and neurotransmitters, which induce
the microglia to produce ILfLland CXCL8 (Theoharides et al., 2019).

In neuroinflammation there are alterations of trass-talk between glia cells and neurons, due to
the activation of astrocytes and microglia (Batfteal., 2015). This activation leads to the
stimulation of NF«B and pro-inflammatory cytokine generation of iremahmunity, including IL-

1P that affects neuronal receptors producing prdteiases and neurological disorders (Mattson,

2005). These facts certainly offer a potential @ipeutic approach for neurological diseases.

4.1L-33

IL-33 (or IL-1F11/IL-1R4) is a member of the IL-arhily expressed by several immune cells
including innate lymphoid cells 2, T helper 2 (Th2)ls, and MCs which are involved in
neurological disorders, and innate and adaptiveunity (Rider et al., 2017). IL-33 is a 30 kDa
cytokine which binds and signals through spec#iweptor ST2 derived from TLR/IL-1R super
family (Garlanda et al., 2013). ST2 receptor fomegerodimer with IL-1 receptor accessory protein
(IL-1RACP) that also binds IL-33, a ligand for tfeemer orphan receptor ST2 and associated with
Th2 immune response (Garlanda et al., 2013). lla@Bates immune cells including MCs,

microglia and astrocytes, important cells in thedimgon of neuroinflammatory states (Fattori et



al., 2017). After cellular damage, the mature IL(8Ro called "alarmin") is released from the
immune cells, including the MCs (Varvara et al.12)D IL-33 is a pleiotropic cytokine that derives
from the immature IL-33 cleaved from caspase-lauivates the NkB, p38 and JNK immune-
cascade (Dinarello, 2005). IL-33 is primarily invetl in Th2 cell-mediated diseases, while IL-18
mainly regulates the Thl cellular response (Ronia2€l18a). This cytokine is also involved in the
sensitization of nociceptor neurons and in neutopatain (Romanelli, 2018b). It has been
observed that pro-inflammatory cytokines, suchL.a33 and IL-13 released by microglia,
astrocytes, neurons, T cells and activated MCsjatedeurodegeneration and neuroinflammation
(Kempuraj et al., 2016b). Glia cells, neurons astdogytes cultured with MG vitro interact and
release IL-33, causing neuroinflammation, genegadimew therapeutic target for the treatment of
neuroinflammatory diseases (Corrigan et al., 20b®jbition of microglia leads to an improvement
in the inflammatory state. Therefore, the inhibitiaf these cytokines can certainly represent a

promise of therapeutic approach.

5. 1L-37

As we have described above, cytokines activelyi@pate in the initiation and suppression of
inflammation (Dinarello et al., 2016) (Fig. 3). Tmmate immune response that occurs in
inflammatory processes is regulated principallythey cytokine family of IL-1, among 11 members
of which IL-1B is the most important and studied (Dinarello et2016). IL-37 belongs to the IL-1
family and the first biological activity describ&at this cytokine was to suppresses the activation
IL-13 andstimulate anti-inflammatory cytokines including 16 (Table 1). IL-37b, formerly called
IL-1F7, is a member of the IL-1 family, which binds18Ra receptor and performs anti-
inflammatory action (Dinarello et al., 2016). Taeldive IL-37 isoforms have been discovered,
ranging from "a" to "e", of which the most studiedm is "b", and are generated mainly by
macrophages. In this article we simply call therféb” IL-37. IL-37 is activated after stimulation

of caspase-1 that cleaves the protein (Dinareld.eP016). One part of the cytokine enters the



nucleus, while the other part is released togetiidrthe pro-IL-37 outside the cell. IL-37, that is
lacking in mice, exerts marked anti-inflammatorggerties in neurological diseases by acting on
the inhibition of IL-13 generated by microglia cells, conferring functiopadtection to the tissue
(Dinarello et al., 2016). IL-37 binds to an IL-1Bbing protein (IL-18BP) and to the decoy
receptor 8 (ILR8) carrying out its anti-inflammatactivity (Jiang, 2019). It has been reported that
the transgenic mice expressing human IL-37 areepted from inflammatory diseases and the
administration of recombinant human IL-37 in mieadidates this cytokine for clinical use as a
therapeutic agent (Dinarello, 2019).

Recently, it has been found that IL-37 inhibits thel 3 released by microglia stimulated by
neurotensin and/or lipopolysaccharides, as welll@s stimulated by substance P and/or IL-33
(Tsilioni et al., 2019). It was reported that theatment of human microglia cells with IL-37
inhibits the gene expression of 1I3-And chemokine ligand 8 stimulated with the neuptide
neurotensin (Tsilioni et al., 2019). In fact, songirotransmitters and/or cytokines, including [k-1
and TNF, increase the gene expression of IlLA3itro. Moreover, pro-inflammatory cytokines
such as IL-f, TNF, and chemokine ligand 8 increase in the senamebrospinal fluid, and brain of
many patients with autism spectrum disorder (Tsil&t al., 2019). Therefore, the stimulation of
gene expression and secretion of [k,-and the chemokine ligand 8 from cultured human
microglia, are increased in the brain of childrathvautism spectrum disorder compared to the
control. The increase in ILBlcauses the stimulation of IL-37 in microglia, gsratective response
of brain tissue.

IL-37 deficiency could lead to an increase in thigeilmmatory response with activation of MyD88,
p38-dependent MAPK, and an increase in pro-inflatonyacytokine secretion, exacerbating
neurological pathologies. In fact, MyD88/IRAK/TRAEGMplex, can activate MAPK including
the Jun kinase pathway that leads to the formati@ctivator protein-1 (AP-1) complex and NF-
kB and, therefore, the activation of the transoniptdf genes encoding most innate immune

proteins such as IL£], TNF, IL-33 and chemokines.



The pieces of experimental evidence reported henade a link between microglial cell activation,
MCs and brain inflammation, a pathway that couldnbgbited by the cytokine IL-37, providing an
effective treatment against neuroinflammation.
6. Conclusion

After caspase-1 activation, ILBls secreted in activated microglia, and aggravates
inflammatory brain disorders (Scheiblich et al. 20%cheiblich et al. 2014Natoli et al., 2017).
This is in accordance with our previous study wheeereported that proinflammatory cytokines
IL-1B8 and TNF increase IL-37 gene expression in cultbwedan microglia (Tsilioni et al., 2019),
however, the level of inflammatory cytokines infdrent neuroinflammatory disorders remains to
be determined.
In this article, we provide a plausible pathogenptocess that links the pro-inflammatory
cytokines secreted by MCs to microglia cells witk3[7, which could inhibit the secretion of not
only IL-1B, but other proinflammatory cytokines and some atidgnes. We also underline that IL-
37 is an inhibitor of IL-1 and would certainly bsaiul in brain inflammatory conditions. Therefore,
IL-37 presents a potential therapeutic use inrdllhmmatory pathologies, particularly those
mediated by IL-B. The obstacles presented by IL-37 treatment, asdhe route of administration
and the optimal concentration, could be overcontb further careful studies mtro and invivo.
Since, IL-37 is an inhibitor not only of inflammati, but also of the innate immune response, its
application in humans should be better studiedstadaundesirable side effects.
Therefore, IL-37, by inhibiting the production affiammatory cytokines produced by microglia
cells, can exert a new therapeutic action. Howewerjnhibition of IL-37 on innate immunity
could, for example, cause a defect of phagocytbsitsthis is only a hypothesis as there is no
evidence for this to date.
Here, we highlight the connection between inflamaraaind neuropathologic conditions,
supporting the development of IL-37 as a poteiitiatapeutic agent of neuroinflammation.

Therefore, we provide for the first time on thigsfic subject an update on the biological



properties of pro-inflammatory ILfland IL-33 produced by microglia and MCs, inhibitedIL-
37, a member of the IL-1 family, with a potentia¢tapeutic approach to inflammatory brain
diseases.
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FIG. LEGENDS

Fig. 1. MC activation by non-allergic triggers (e.g., n@uansmitters) can provoke the
degranulation and, therefore, the release of TNPBtdse and heparin, which may inactivate 1L-37.
In addition, the stimulation of MC may induce trengration of inflammatory cytokine/chemokine
and VEGF without degranulation. CXC8= chemokineX<C- motif) ligand 8; P13K=
phosphatidylinositol 3-kinase; mTORC1= mammaliage&of rapamycin complex 1; p7056k=
protein 7056K; Ag= antigen.

Fig. 2. Macrophages activated by lipolysaccharide (LP8)j@rnToll-like receptor (TLR) generate
pro-inflammatory and anti-inflammatory cytokinescluding IL-37.

Fig. 3. Microglia cell induces MyD88 and N&B to produce inflammatory cytokine 1Ly
activated Toll-like receptor (TLR) and IL-1R, indng brain inflammation. IL-37 binds to IL-18R
and inhibits in mast cell, pro-inflammatory IL-Infidly members derived from MyD88 and NiB,

and suppresses microglia brain inflammation. Ndeus:



Table 1. Positive and negative effects of IL-37.

IL-37
I ncreases Decr eases
IL-10 MHC
Treg CD4 CD40
STAT 6 IL-1b, IL-6, IL-5,1L-13, 1L-17
AMPK p38 MAPK
IL-27 TNF
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