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ABSTRACT

Activation of microglia, tam@Encesadedt i
| evedrdondfl ammat ory cyt ohkaieeesn arnedptadrhaaattstkii m eps
Autism Spectrum Disorders (ASD); hewer the stimulus isnknown. hflammation of
the brainin ASOc o u | d r erssstdlkibetweenomcroglia nd ma MC) g eltlhe (
uni que i mmune callllesrgiecpamdiibhnSEBomasbriyspil
associ agteente twaitdithom® gul at ocyepasiohgiastivati or
phosphat i-3ky Iniamedié¢tPeIB K¢ nt mammal i an target
(MTORi)gn,aldmdyse Imowsiinpngan ezrin/radixin/ mc
cyt btekle protein. |l ncalemwsiedd M@IT & R dr aact hi i nkoectyyt ei s
proliferatiadn,errge wlsttiarsg hioma i, Ssm@mMm@0 1 ina snio g

having chil.dren with ASD

Weh ardeported the el evat edurscetreums ihre v(eNTs) o
pati ents with W&SHhypothasized thad aberrard activandiuman
microglia, MC and keratinocytes response to peptides or cytokines will depend on
PI3K/mTOR signalingand will beinhibitedby the novel flavonoid methxgluteolin. We
investigated the involvement of PISK/mTGQiRtivation inneuropeptide or cytokine
stimulated cel using specific inhibitors artie natural flavonoisl luteolin and

methoxyluteolin

Thgene expressi opriamfdl anmaetaasney rosf t he
i ncrea(Sae)lAaCKCL8, CCL2 andre@@gLbafsbobmmml ated



L P % bINF, CXCL8 and VEGFfromMG t i mul at e darbdyIL(6lcT) or SP
CXCL8 and VEGF from human keratinocyted i mul at.8dt bgx ¥ N&t eol i n
attend®Redcmanwdatmrdcdh ammat ory medi ator expre
sti mul aWe ds htceERMisgwate human MC mediator release, and speculate

that kinases downstream of mMTOR prommoi@esin phosphorylatigmvhich isalso

inhibitedbyme t gbut eol i n.

NT-induced human microglia stimulation awtiich included cell proliferation
were mediated via its receptor NTR3/sortilin, which is secreted extracellatatly
uniquelyelevated in the serum of ASD patier®su r f irredsriermads N€Ena s alt he |
stimulus for andtcirwathitan banftf il haugmndarkdber am n i n
ASD. Tarfgetirsg NTR3/sortilin and/or usinmgethoxyluteolin mayrovideimportant
novel therapeutic optiorfer ASD, andother inflammatoryisorderdanvolving abnormal

activation ofMC and keratinocytes.
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Chapter 1: Introduction

Introduction

An overview of the role ofiuman microglia, mast cells and keratinocytes in the
pathogenesis of inflammatory diseases @meatments targeting mTOR signaling



Chapter 1: Introduction

1.1.Cytokine and Chemokine Networks Orchestrate mflammation

Defining Inflammation: Role of Cytokines &hemokines

The hallmarks of acute inflammati were initially described over 2000 years ago
by the Roman writer Coatius Celsus by the four cardinal signs: redness, swelling, heat
and pain(Tracy, 2006;Rivas, 2010Mowever, he major understanding of the processes
involved in inflammation only began in the™@&entury, and are owed to the milestone
discoveries by Rumlph Virchow, Julius Cohnheim and Elie Metchink{ytycz and
Seljelid, 2003) It is has now become clear that the immune system shares mediators and
their receptors, with the neuroendocrine system to regulate tissue homeostasis and
inflammatory processe especially those during trauma, infection and injury. These
mediators encompass various cytokines and chemokines, which are small signaling
peptides (8L1 kDa) produced by both immune and epithelial cells to modulate cellular
processes, such as growshyvival, migration and differention, as well as participate in
immunosurveillance and immune responggisas, 2010)

Cytokines includeinterleukins, interferons, growth factors and chemokines, with
pro-inflammatory [tumor necrosis facttk ( TNF) , i nt e rof)er oinn tgearnneau
(IL) -1 b ,-6, NIL¥12, IL-17, IL-15, IL-17, chemeattractants [E8/CXCL8, monocyte
chemotactic proteii (MCP-1/CCL2), regulated on activation, normaktéll expressed
and secreted (RANTES/CCLY5), angiogenic molecules, such as vascular endothelial
growth factor (VEGF) ] or antinflammatory (-4, IL-10, IL-13 and transforming
growt h f act or Prinflamnm@terh Jytokineststimalatesboth cellular and

humoral responses, i.e. activation, adhesion and aggregation of neutrophils, mast cells
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(MC), lymphocyte proliferation and antibody production in B c@\lsdoszytko, et al.,
2014)TNF and I-1 b  aodueed pluring early cellular responses to bacterial
pathogens/endotoxins, such as lipopolysaccharide (LPS), which further promote the wave
of secondary inflammatory cytokines (d.and I-17). Chemotactic mediators, such as
CXCLS8 (IL-8), CCL2 and CCL5 detmine the chemical gradient for lymphocyte

infiltration towards the site of inflammatidiNedoszytko, et al., 2014)

Disruption of Skin-Blood & Blood-Brain Barriers in Inflammation

The skin is a critical defensive barrier composed of epithelial c#dl®iasts in
the dermis and keratinocytes in the epidermis), endothelial cells and an array of skin
resident immune cells, includingells, macrophages, dendritic cells and MC localized
near blood and lymphatic vessels. Stimulation by pathogens, chemiadtraviolet
radiation can lead to release of pnflammatory cytokines and chemokines from both
epithelial and immune cells, leukocyte infiltration and vascular permeability, resulting in
cutaneous inflammation. These processes and cytokines dieaienin the
pathogenesis of several skin diseases, such as atopic dermatitis, psoriasis and MC
disorders, including systemic mastocytgdigckoloff, et al., 2007;MichalalStoma, et
al., 2011;Nedoszytko, et al., 2014;Theoharides, et al., 2015d)

Thereis also strong evidence for the existence of a neuroimmunoendocrine
circuitry for communication routes between brain and skin immune systems, which has
been invoked in several diseases, including those with cutaneous inflammation
(Scholzen, et al., 1998;Bs, et al., 2006)Stress is a key stimulus to activate the
hypothalamiepituitary-adrenal (HPA) axis for the secretion of corticotrepteasing

hormone (CRH), adrenocorticotropic hormone and glucocorticoids, as well as an array of

3



Chapter 1: Introduction

neuropeptides, includg nerve growth factor (NGF), neurotensin (NT) and substance P
(SP)(Scholzen, et al., 1998;0'Connor, et al., 2004;Theoharides, et al., 2004a;Paus, et al.,
2006;Chapman and Moynihan, 2009;Theoharides, et al., 20I6&ct, both the
circulating levels ad skin expression of these neuropeptides is elevategsbnmass and
atopic dermatitigSingh, et al., 1999;Theoharides, et al., 2010a;McGonag, et
2010;Vasiadi, et al., 2012asiad, et al., 2012p while the aberrant activation of the
skin-resident MC (Harvima, et al., 2008nd keratinocyteAlbanesi, et al., 20014 also
implicated inthedisease progression. Importantly both Mibnelan, et al., 2006;Kulka,
et al., 2007;Cochrane, et al., 2011;Asadi, et al., 28@&)keratinocytefDallos, etal.,
2006;Moura, et al., 2014)xpress receptors of CRH, NT and SP, stimulation of which
could lead to the release pirdlammatory mediators, including VEGF that increases
vascular permeabilitgTheoharides, et al., 2010a;Li, et al., 2014b;Marina, et al.,

2015;Theoharides, et al., 2016a)

Until recently the central nervous syst
privilegedo, as a-bminbasier BB that ®rves &s atshiell bl oo d
between the CNS and periphery. The BBB is composed of tigttigms and specialized
endothelial cells, the integrity of which can become compromised in the presence of pro
inflammatory cytokines and chemoking&emple, et al., 2010;Ramesh, et al.,
2013;Stuart, et al., 2015)ogether with activation of the braresdent astrocytes,
microglia, other glia and MC, as well as the infiltration of peripheral immune cells, the
BBB can be compromised, resulting in neuronal damage and focal inflammation of the

brain. This has been implicated in several neurodevelopmestatldrs, such as Autism
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Spectrum Disorders (ASOJAngelidou, et al., 2012;Hagberg, et al., 2012;Theoharides, et
al., 201&Bauman, et al., 2014;Le Belle, et al., 2014;Theoharides, et al.,
2015c;Theoharides, et al., 20)&ad neurodegenerative diseddesor, et al.,

2014;Ramesh, et al., 2013;Hong, et al., 2016)

Recent studies have also shown a strong correlation between several autoimmune
diseases (including psorias(§esundheit, et al., 2018) mothers and the increased risk
of ASD developing in theichildren(Croen, et al., 2005;Kotey, et al., 2014;Zerbo, et al.,
2015;Lyall, et al., 2015;Chen, et al., 2013ajerestingly, the serum levels of the pro
inflammatory peptiddT is elevated in botASD (Angelidou, et al., 2010;Tsilioni, et al.,
2014)andin psoriasigVasiadi, et al., 2012aNumerous pranflammatory cytokines and
chemokines that could derive from MC and microglia have been reported to be elevated
in ASD patientfZimmerman, et al., 2005;Vargas, et al., 2005;Li, et al.,
2009;Tonhajzerovaet al., 2015)while those which could derive from MC and
keratinocytes have also been shown to be increased in ps{ivladialak-Stoma, et al.,
2011;Nedoszytko, et al., 2014;Li, et al., 2016#3nce ,understanding the underlying
mechanisms, which cdead to the activation of the braiasident immune cells, such as
MC and microglia or skiresident cells, including MC and keratinocytes is important to

provide therapeutic insighter these inflammatory diseases
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1.2.Microglia and M ast cells(MC)

Microglia: Origins & Expanding Roles in the Bain

Microglia were initially discovered by Pio Del Ridortegain 1919who
revolutionized the study of neuroglia by improving metallic impregnation techniques,
which allowed him to study the morphology of these unigaénresident immune cells.
I n his book ¢ hapt@itologgantl CetlularePdthology dfither o gl i a 6
Nervous Systenedited by Wilder Penfield, 1932)el RioHortegafirst described the
morphology of microglia abranched and ramified withinghmature brain, while
phagocytic invading microglia were more amoeboid (Fig 1.139veral studies using
genetic tools have revealed that microglia have a distinct lineage and molecular
signaturegSalter and Beggs, 20X 4picroglia arise from the yolk saas primitive
macrophages during embryonic development, where the cells enter the rudimentary brain
via the leptomeninges and lateral ventricles by E9.5 and distribute into the CNS even
before astrocytes and oligodendrocyettenmann, et al., 2011;Casaand Peri,
2015;Ginhoux and Prinz, 2013)nder the influence of the brain microenvironment,
these amoeboid macrophages differentiate into highly ramified microglia cells (Fig. 1.1)
which penetrate into the cerebral cortex via the pial surface, ventiadeshoroid plexus
(Tay, et al., 2016)

Populations of mature microglia are maintained by-sziewal processes in the
healthy CNS (~20 % of cells), where they are crucial for neuronal survival, formation of
dendritic spines angruning of synaptic coatts, i.e. clearance of leastive neurons or

apoptotic cellgPaolicelli, et al., 2011;Hughes, 2012;Squarzoni, et al., 2014;Salter and
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Beggs, 2014;Casano and Peri, 201®padulthood, ramified microglia are highly plastic
and contribute to the mainter@nand remodeling of the neuronal circuiifughes,
2012;Salter and Beggs, 2014;Chen and Trapp, 2@\®r the course of aging,

microglial phenotypes can further diversify (Fig. 1.1B and C) to include rggiarmated,
primed and senescent states in ttheltthuman brain, which may potentially contribute to
synaptic loss and cognitive decline. Moreover, dysfunction of microglia has also
increasingly been associated with the etiology of several neuropsychiatric and

neurodegenerative diseagBsinz and Prler, 2014;von, et al., 2015;Reus, et al., 2015)

Due to their myeloid lineage, microglia have been described to acquire the
classical M1 activation, when stimul ated b
inflammatory mediators, such as-1Lb , -6, TNF, CCL2, reactive oxygen species and
nitric oxide. These mechanisms for mediator release inthetmlciumdependent and
lysosomalregulated exocytosis, as well as secretion xieaeellular membrane vesicles
involving both exosomes and ectosorffesda, et al., 2013Microglia can also undgo
analternative activation Mphenotype, which counteracts with the M1 by secretion of

the antiinflammatory cytokine 1E10.

Hence, activation of microglia is also considered important for neuroprotection,
since it promotes neurogeimeand suppresses inflamationvia release of It4, IL-10
and TGFb (Butovsky, et al., 2014;Chen and Trapp, 2015¥act, the imbalance of M1
vs. M2 polarized microglial phenotypes within the CNS has recently been implicated in
the pathogenesis of neuropsychiatric diseéidakagawa and Chiba, 2014hd

neuroinflammatior{Cherry, et al., 2014)
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Figure 1.1. Discovery of microglia and their distinct phenotypeqA) Microglia were
discovered by Del Riblortega (18821945) by using a silver carbonate staining method.
Phot omaipchrsogiraken by hi m amnceglip(ef with lorigardl her e:
rough prolongations taken from the mature brain; and microglial phagocytic activity
(right) with short prolongations and enlarged cell body are shown. (B) It is now known
that migoglia have multiple phenotypes during development, adulthood and aging. (C)
During development, a characteristic increase in the proliferation of immature microglia
in the CNS is evident. As microglia mature, their number of processes increase and the
cels develop into ramifiednorphologiesgrucial for maintaining neuronal survival and
connectivity. Mature microglia can exist as several phenotypes:-agtieated and

primed microglia that are associated with neuroinflammation, while senescent microglia
are present in the aging braidapted and modified frorfKettenmann, et al., 2011;Tay,

et al., 2016)
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However, it should be noted that classifying microglia in either M1 or M2 polarized
states might be an oversimplification, since multiple immune gigpas of microglia
with both M1 and M2 properties have been observed in diseased human brains (Walker

and Lue, 2015).

Phenotypic heterogeneity can readily be observed in rodent and human microglia
obtained from differing anatomical brain regions (cortegpbcampus, cerebellum,
striatum and spinal cord), which show characteristic differences in surface expression of
multiple immuneregulatory proteins, such as cluster of differentiation protein 11b
(CD11b) or integrin UM, C Dalclum bindibgfsmteinICD8 0,
(Ibal), F4/80 and triggering receptor expressed on myeloid cells 2 (TREMND, et al.,
2011) The expression of thesearkerproteins, such as Ibalis associated with activation
of rodent microgligNikodemova and Watters, 201 But itdoes not reflect the pro
inflammatoryphenotype ohuman microgligWalker and Lue, 2015Recent studies
have further revealed that the expression of receptors for inflammatory stimuli, such as
| FNo and LPS in human mcompacedtbiodent misroghae r y |
(Smith and Dragunow, 20143uggesting intespecies related differences between

microglia.

Human microglia express membrane receptors for several neurotransmitters and
neuropeptides, thus allowing communication with neu(®esock and Kettenmann,
2007;Kettenmann, et al., 2011;Kettenmann, et al., 2013;Pannell, et al., 28tidgytes
(Pascual, et al., 2012nd MC(Skaper, et al., 2012a;Frick, et al., 2013;Skaper, et al.,

2014a;Skaper, et al., 2014Brosstalk between MGnd microglia is now also
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considered important in inflammation of the brégkaper, et al., 2012a;Skaper, et al.,
2014b;Dong, et al., 2014b)
Mast cells: Regulators of Inflammation andnmunity

Mast cells (MC) together with basophilsere first charaerized by the Nobel
prize winning immunologist Paul Ehrlich in 1878 (Blank, et al., 2013) MC have
distinct histochemical and morphological properties, including the striking presence of
cytoplasmic granules (Fig. 1.2A), with cell sizes ranging freh2 uM (Beaven, 2009)
Human MCoriginate from hematopoietic precursors (CD8D117)i n t he bone
marr ow, whi ch c¢ andmatdrean vasculanzedttissBodevialdl,ctdl.,
1996;Chen, et al., 2005a;Williams and Galli, 2000;Galli, et 808B;Theoharides, et al.,
2012a) Mature MC strategically reside at sites encountering environmental stimuli
(antigens, allergens, peptides, and endotoxins), such as upper dermal skin, respiratory
mucosagastrointestinal tract and on the brain side efBBB (Theoharides, et al.,
2012hSilver and Curley, 2013)

Althoughtraditionally considered ingotant for their role in immunoglobulin type
E (IgE)associated allergic processes via ciloggng of their high affinity surface
recept o (Gsll {983cWedemayer, et al., 2000;Rivera, et al., 2008;Galli and Tsai,
2012;Galli, 2016;Modena, et a2016)(Fig. 1.2B), numerous studies have revealed that
MC are involved in both innate and acquire immuK@glli, et al., 2005;Galli, et al.,
2008a;Cardamone, et al., 20,183 well as in inflammatiofLawrence, et al.,
2002;Harvima and Nilsson, 2011; Thewides, et al., 2012Dong, et al.,

2014b;Theoharides, et al., 2015d)

10
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Figure 1.2. Electron microscopic images of isolated tisshdC and schematicof MC
stimuli and mechanisms of mediator releas€A) Note the presence of the prominent
and numerous cypdasmic granules the resting MC (left). Upon degranulation, MC
release their granular contents (right), which contain varying compositions-stopeel
mediators(B) Stimulation of MC by various stimuli, as shown produce a vast array of
mediators, whah include biogenic amines, cytokines, enzymes, lipid metabolites,
neuropeptides, growth factors and ATPigure adapted from Theohades laboratory
(unpublished)
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Activation of MC is denoted as biphasic responses: (a) MC degranulatien OF9

characterized by the immediate release of granular contents, inchidtagiine,

proteoglycans (heparin, chondroitin sulfate and hyaluronic acid), proteases (tryptase and
chymase), lipiederived mediators (leukotriene B.TB,), LTC,, prostaglandin Pand

platelet activating factor)(Boyce, 2007;Metcalfe, 2008) anespoeed cytokine, tumor

necrosis factor (TNHZhang, et al., 2012afb) MC release ofle novosynthesized

mediators (84 h), including cytokines [interfered (-UFN i nt et b ey kin (I 1
IL-4, IL-5, IL-6, IL-9, IL-10, IL-13,IL-17, granulocytanacrophage colongtimulating
factor(GMCSF) , transforming gr owt blaréndothelialr b ( T
growth factor (VEGF)] and chemokines fCmotif) ligand 2 (CCL2), CCLS5,

CXCLS8](Theoharides and Cochrane, 26804seoharides, et al., 2015dyhich can be

occur selectively without degranulati@meoharides, et al., 2007B)g. 1.2B).

Theability to release multiple mediators allows MC to actively interact with other
cell types in their surrounding environment, and participate in the induction and/or
propagation of various immune and inflammatory responaésiormal activation of MC
is nowimplicated in several diseases, including mastocy(d&etcalfe and Akin,
2001;Petra Al, et al., 2014;Theoharides, et al., 2QEsihmgGalli and Tsali,
2012;Sismanopoulos, et al., 20,1&8)opic dermatitis;Vasiadi, et al., 2012 psoriasis
(Sismanopalos, et al., 2013;Maurer, et al., 2003;Cast@(6;Theoharides, et al.,

20128 and autism spectrum disorders (ASDheoharides T.C., et al.,

2013& Theoharides T.C., et al., 209)6

12
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Presently,hie only clinically available MC stabilizer, disodium croghycate
(cromolyn) is ineffective for inhibition of human M©ka, et al., 2012;Vieira Dos, et al.,
2010) while cromolyn treatment in patients can lead to sesideeffects, such as
tachyphylaxigTheoharides, et al., 1980) contact dermatitifCamaasa, et al.,
1997;Kudo, et al., 1988Another MC stabilizer and histamine receptor 1 (H1R)
antagonist that has been used to relieve symptoms of irritable bowel syr{#éilooieer,
et al., 2010pnd fibromyalgigAng, et al., 2014)which involve MC activaon, only
weakly inhibits histamine and prostaglandin release and is associated wigiffsads,
such as weight gain, irritability and increased Aoleeds. Other inhibitors of MC
mediators, which include artiNF biologics and histamine or proteasdeukotriene
antagonists are associated with increased risk of infections, and more recently blood
malignanciegFinn and Walsh, 2013Hence, understandirige regulation of MC is
crucial for identifying novel molecular targets and therafitesvima, etal., 2014)for
inhibition of MC.

CommunicationbetweerMicroglia and MC: Relevance to Inflammation of the iain

There is substantial evidence that indicates that in vertebrates, including humans,
MC are present in the brain, on the brain side of the BBBimthe leptomeninges,
thalamus, hypothalamus and in the dura m@eopp, 1976;Dropp, 1979;Theoharides,
1990;Silver, et al., 1996;Florenzano and Bentivoglio, 2000;Kandere, et al., R001ip
in close proximity to the basal side of brain blood vessaatl are able to communicate
with other brairresident cells, such as neurons, astrocytes and mic(8girar and
Curley, 2013;Nakao, et al., 201®)espite their considerably smaller numbers than

neurons and microglia, activated MC have the abilitmtalulate the BBB permeability

13
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(Ribatti, 2015) while mature MC can also migrate from the blood to bf&ilver, et al.,
1996;Silverman, et al., 200 everal MC mediators, such as histamine, serotonin,
matrix metalloproteinasesitric oxide, calcitonirgenerelated peptidevasoactive
intestinal peptidand cytokines, including TNF and VEGF can increase vascular
permeability, leading to BBB disruptiditheoharides, et al., 2012hong, et al., 2014b)
In fact, these MC effects on vascular permeabilitydoeked by the MC stabilizer
cromolyn and are absentMC deficient Kit" """ mice (Theoharides, et al., 2005)
Crosstalk between MC and microglia is now considered important in
inflammation of the braigSkaper, et al., 2012;Skaper, et ab12;Skaper, et al.,
2014gDong, et al., 2014bMC-derived histamine not only regulates the BBB
permeability(Gross, 1982)but can also stimulate the activation of microglia via its
histamine receptors H1R and H4R to releasetammatory IL-6 and TNHDong, et
al., 2016) Similarly, MC-derived tryptase can cleave and activate protaeseated
receptor 2 (PAR2) on microglia (also resulting in upregulation of purinergic receptor
P,Xsand release dirainderived neurotrophic fact§BDNF) from microglia (Yuan, et
al., 2010) while microgliaderived IL.-6 and TNF upregulates PAR2 expression on MC
and TNF releasg&hang, et al., 2016hinplicated in neuroinflammatid¢@u, et al.,
2015) Bidirectional crosgalk between MC and microglia can occur via numsrou
mediators and mechanisms involving the (a}lik# receptors (TLR2 and TLR4), (b)
purinergic ATP receptors ¢§R and RY), (c) histamine receptors (H1R and H4R), (d)
proteaseactivated receptor 2 (PAR2), (e) complement component 5a receptors (C5aR)
and(f) chemokine (EX-C motif) receptor 4 (CXCR4) (See Table(Skaper, et al.,

2012;Skaper, et al., 20Iver and Curley, 2013)

14
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TABLE 1.1. Potential avenues for mast cell-microglia communication

Effector

Toll-like receptors
(TLR2/TLR4)

ATP receptors
(P,X and P,Y)

Histamine receptors
(H1R/H4R)

Proteinase-activated
receptor 2 (PAR2)

Cb5a receptor (C5aR)
Cb5a and TLR4 cross-talk

CXCR4 receptor
/CXC12 chemokine

Biological Actions

Mast Cells (MC)

Microglia

Upregulation of cytokine/chemokine
release; CCL5/RANTES induces pro-

inflammatory microglia; recruitment of

immune cells to site

IL-33 binds to MC and induces
expression of IL-6, IL-13 and CCL2,
which in turn modulates microglial
activation

Microglia-derived IL-6 and TNF
induces expression of histamine and
cytokines in MC

Microglial-derived IL-6 and TNF up-
regulate MC expression of PARZ2,
resulting in MC activation and TNF
release

C5aR up-regulated upon MC
activation;

Cba peptide is a strong MC
chemoattractant

CXCR4 acts as a MC chemotaxin

Release of IL-6 and CCL5 affects
surface expression of TLR2/TLR4 on
MC

ATP stimulates IL-33 release from
microglia pre-activated with PAMPS
via TLR

MC histamine activate microglia via
H1R and H1R to release TNF and
IL-6

MC tryptase cleaves and actives
PAR2 on microglia resulting in P2X4
upregulation and BDNF release

C5aR up-regulated upon microglia
activation; Release C5a peptide

CXCR4 promotes microglia
activation and migration;
CXCR4/CXC12 is upregulated

PAMPS; pathogen associated molecular patterns
(Adapted and modified from Skaper, et al. 2012; 2013)

In vivostudies have further revealed that M@uced activation of microglia is

blocked by cromolyn or is absent in MCfideent Kit
2016)while in another study cromolyn treatment in rats inhibited activation of brain MC

that induced microglial release of-B.and TNF and decreased neuronal damage, as well

W-sh/Wrsh

mice (Dong, et al.,

as improved cognition function in thesrimal¢Zhang, et al., 2016aJhese recent

studies further provide evidence that brain MC can now be evoked in the activation of

microglia, all of which is implicated in neuroinflammatidrhe endogenous

neuroprotective lipid mediator-Nalmitoylethanolenine,which is synthesized and

15
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hydrolized by microglia has been reported to deegulate activation of MCSkaper, et
al., 2013). Hence, theharmalogical attenuation of microglial and MC activation is

emerging as an attrae¢ therapeutic avenue for infltanation of the brain.

1.3.Autism Spectrum Disorders (ASD)
Implications of MC and Microglia Activation in ASD

Considerable evidence indicates that inflammation of the brain during fetal and
perinatal life(Angelidou, et al., 2012;Hagberg, et al., 2012;Hagbetr@l., 2015)
contributes to the pathogenesis of neurodevelopmental dis¢@leagarria and Alcocer
Varela, 2004;Jones and Thomsen, 2013;Hong, et al., 28U@) as ASTheoharides,
et al., 2013 Le Belle, et al., 2014)or instance, circulating autmtibodies for fetal
brain proteins have been detected in maternal hldmdmerman, et al.,
2007;Braunschweig and Van de Water, 2G##) in some ASD patien(Rossi, et al.,
2011) suggesting that a disruption of the fetal BBB may occur during pregnancy
Moreover, the presence of atfigial brain antibodies in ASD patients was shown to
significantly correlate with allergic symptor{iglostafa and AlAyadhi, 2013) implying
the activation of MC. M@lerived mediators, such as VEGF could disrupt the BBB, thus
contributing to inflammation of the brain and the pathogenesis of @8Boharides, et
al., 20132).

In fact, modeling maternal infection in mice via administration of LPS or the viral
doublestranded RNA poly (I:C), described as MIA results in offspriritp wnmune

dysregulation and ASIhke behavior(Hsiao and Patterson, 2011;Hsiao, et al.,

16
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2012;Garay, et al., 20130 MIA, the increased levels of maternal6l(Smith, et al.,
2007)or IL-17A (Garay, et al., 2013)ave been identified as the key mediator
yielding the core behavioral and neuropathological ABB symptoms. Importantly,
targeting inhibition of T helper 17 (I7) cells, which predominantly secrete1IZA or
using antibody blocked of HL7A activity in pregnant MIA mice is protective agst
behavioral abnormalitig€Choli, et al., 2016)Iinterestingly, MC also secrete-IL7A
(Chen, et al., 2015byhile MC-derived I6 and TGFD promotes t he
Thl7 cells(Ye, et al., 2014)In addition, MGderived TNF can promote,I7-dependent
neutrophil recruitmeniNakae, et al., 2007)

The abnormal activation of microglia has also been reportediins of patients
with ASD (Vargas, et al., 2005;Rodriguez and Kern, 2011;Morgan, et al., 2010;Morgan,

et al., 2014;Edmonson, et al., 201Microglia are important during the healthy brain

devel opment because tPadioell 6. r20la;8chafenetalr al ci

2012;Casano and Peri, 201B)icroglia not only regulate neurogenesis and synaptic
maturation at perinatal and postnatal stg@emiarzoni, et al., 2014but also clear
synaptic traffic during brain developmdiilimoria and $evens, 20150 maintain
proper neuronal functiofChen and Trapp, 2019pysfunction of microglia may result in
chokingodo of normal synaptic traffic and |
from a recent transcriptome analysis of human Wrssue from patients with ASD,
which identified gene clusters associated with increased microglia activation and
decreased neuronal functi@@upta, et al., 2014)

Numerous pranflammatory cytokines and chemokines, which could derive from

MC and microgk, such as It1 b , -6, TNF, CXCL8 and CCL2 have been reported to

17



Chapter 1: Introduction

be elevated in the brain and cerebrospinal fluid of ASD pat{&ntenerman, et al.,
2005;Vargas, et al., 2005;Li, et al., 200@0oreover, the increased plasma/serum levels
of IL-1 b ,-6, CXCL8, CCL2 and CCLS5 in children with ASD were reported to be
positively correlated with impaired communication and aberrant beh@asbmwood, et

al., 2011;Masi, et al., 2015)s a result, microglia are now considered an important
component in the patlgenesis of ASTakano, 2015;Koyama and Ikegaya, 2015;Kern,
et al., 2015;Young, et al., 2016)

Elevated neurotensiiin ASD, a potential stimulus for activation of microglia and MC

Previously, our laboratory reported the elevated levels of serum neunofi§iiy)

a gut and brain peptid€arraway and Leeman, 1973;Dobner, et al., 1987;Dobner, 2005)
in children with ASD(Angelidou, et al., 2010;Tsilioni, et al., 2014) the CNS and

brain, NT is primarily secreted from neurdiobner, et al., 19879nd astocytes

(Vincent, et al., 1994)NT can modulate the dopaminergic and glutamate/GABAergic
neurotransmitter systems in the C{&-Gelais, et al., 200@nd can increase vascular
permeability(Donelan, et al., 2006vhich has been implicated in pathogesegiASD
(Ghanizadeh, 2010;Boules, et al., 2014)

Intriguingly, NT receptors in the human brain transiently increase after birth
(Zsurger, et al., 1993nd are more concentrated in the hypothalafNagmi, et al.,
2014)and the amygdal@d_antos, et al.1996) which regulate behavior associated with
the symptomatology of ASD. NT responses are mediated through three receptors: NTR1
and NTR2, which belong to the G proteioupled receptor familgVincent,
1995;Vincent, et al., 199@ndNTR3/sortilin (~110kDa), a type | sorting receptor

belonging to the vacuolar protein sorting 10 pro{®ips10p domainfamily(Petersen, et
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al., 1997;Westergaard, et al., 20080rtilin is a multifaceted receptor/ceceptor
implicated in neuronal survival and apoptddykjaer and Willnow, 2012)
Interestingly NTR3/sortilin is mainly expressed in the CNS during embryonic
developmen{HermansBorgmeyer, et al., 1999and has been found to be the only NT
receptor expressed in murine microdlscou, et al., 2004and anmmortalized human
microglia cell line(Martin, et al., 2005)

The extracellular domain of sortilin (termed soluble sortilin ~26 residues) is
released by proteolysis from the cell surface of neuf@Ghsen, et al., 2005k@nd other
cell types(Carlo, et &, 2014) A recent study reported the increased serum levels of
sortilin in patients with depression, which were associated with increased serum levels of
BDNF and VEGHButtenschon, et al., 2015}ortilin serves as (a) a scavenger receptor
in hepatocyte and adipocytes and is implicated in cholesterol metabolism and obesity
(Dube, et al., 2011)b) a sorting receptor, regulating intracellular BDNF and its
secretory pathway in neuro(Shen, et al., 2005b;Wilson, et al., 20544 (c) a single
transmembane receptor or emeceptor for ligands, such as NWavarro, et al., 20019r
apolipoprotein ECarlo, 2013)

Several studies have also shown that MC can be activated Qyalddrus, et al.,
1977a;Lazarus, et al., 1977b;Kulka, et al., 200NT stimulaés rodent peritoneal MC to
secrete histamin@arraway, et al., 1982;Feldberg, et al., 1998;Barrocas, et al., 4899)
has been shown to induce the expression of CRH reegpionuman MC, through
which NT synergistically with CRH stimulates VEGF reled#@ (Donelan, et al., 2006)

MC express the NT receptor 1 and synthesize precursor NT peftioesane, et al.,
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2011) as well as MC degrade NPiliponsky, et al., 2008)ndicating their role in the
regulation of circulating NT levels.
ASD and its Assciated Risk Factors

ASD are a heterogeneous group of pervasive neurodevelopmental disorders
characterized by stereotypic or repetitive behaviors and deficits in language, intelligence
and social communicatigfrombonne, 2009;Lai, et al., 2014;Volkmar andPartland,

2014) In the US, ASDOs now estimated to be 1 in 45 childri@evelopmental

Disabilities Monitoring Network Surveillance Year 2010 Principal Investigaiersters

for Disease Control and Prevention (CDC), 2014;Zablotsky B and et al., 2@1ife) the

global prevalence of ASD remains to be determifigsiabbagh, et al., 2012)he lack of

reliable biomarkers for ASD diagnogRuggeri, et al., 2014r knowledge in distinct

mechanisms for disease pathogeneswi | | sey and h8sthanperedtdeW, 2015
development of ASD treatmeni@hosh, et al., 2013Hence, ASD is a major public

health problem, resulting in a total annual economic burden cost of $268 billion in 2015

and projected healthcare costs to reach $416 billion in @2§h and Dy 2015)

I nitially described by KanneKannern t he 19
1943) researchers believed that this disorder was a consequence of emotional deprivation
and a psychiatric condition. This notion has now been discarded, and r&ibas Aow
recognized to involve immune and neuronal dysfungi@mmerman, et al., 2005;Li, et
al., 2009;Rossignol and Frye, 2012;Bauman, et al., 2014;Estes and McAllister,
2015;Young, et al., 201paswellas nf | ammat i o(nHaogfb etrhge, bertaian . |,
2012; Theohar iagdlelse o hear iad e s In addtidn3aatious 201 5c)

environmental factors have also been implicated in the risk of developind Mi8D, et

20



Chapter 1: Introduction

al., 2008;Herbert, 2010;Goines and Ashwood, 2012;Rossignol, et al., 2014;Wong, et al.
2015)

In fact, administration of LPS or the viral dousttanded RNA poly (I:C),
results in offspring with immune dysregulation and Al#® behavior(Hsiao and
Patterson, 2011;Hsiao, et al., 2012;Garay, et al., 2&E)ent studies have also shown
the strong associations between several maternal autoimmune diseases (including asthma,
allergies and psoriasigbesundheit, et al., 2018phd ASD(Croen, et al., 2005;Zerbo, et
al., 2015;Lyall, et al., 2015;Kotey, et al., 2014;Chen, et al., 20Hsajce accumulating
evidence indicates that immune dysfunction in the brain and periphery could contribute to
the pathophysiology of AS[Estes and McAllister, 2015)

ASD is also known to involve a complex genetic basis, including rare copy
number variants andrngle-gene mutations that account for ~15% of ASD cases
(Kelleher, Ill and Bear, 2008;Shen, et al., 2010;Schaaf and Zoghbi, 20%ipset (1
5%) of these singlgene mutations in tuberous sclerosis complex (TSC) 1/2,
neurofibromatosis 1 (NF1) and phostds®e and tensin homolog (PTEN) can lead to
syndromic forms of ASD with tuberous sclerosis, neurofibromatosis, or macrocephaly,
respectivelyKelleher, 11l and Bear, 2008;Bourgeron, 2009;Hoeffer and Klann,

2010;Sawicka and Zukin, 2012)
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The encoded TSC1/T2, NF1 and PTEN proteins negatively regulate the
mammalian target of rapamycin (mTOR) signaling, which is activated by the
phosphoinositide kinase (PI3K) pathway (Figure 1.®)terestingly,Ptenknockout
mice exhibitASD-like behavior withcognitive inpairmens and deficits in social
interactiongKwon, et al., 2006)More recently, aysregulated downstream mTORC1
translational controlevident inEif4ebp2knockout micenasalsobeen linked to an ASD
like phenotypdGkogkas, et al., 2012;Wang and Doey;i 2013) implicating hyper

active mTOR signaling in ASD pathogenesis.

1.4. Mammalian target of rapamycin (mTOR) signaling
Structure and Function of mTOR Kiase

The phosphatidylinosited-kinase (P13Kjdependent mammalian target of
rapamycin (mMTOR) i& crucial signaling hub, integrating environmental stimuli with
cellular processes for normal homeostéisaplante and Sabatini, 201 2yhile
abnormalities in this pathway result in severe defects in brain developmental processes
(Lee, 2015;Lipton and ®&, 2014) mTOR serves as the catalytic subunit in two large
complexes: (a) mMTORCL1, consists of six known protein components (MTOR, Raptor,
mLST8/ GbL, DEPTOR, PRAS40, tel 2 and tti) a
control by phosphorylation of dowmeam substrates, the ribosomal S6 kinases (S6K1/2)
and the eukaryotic initiation factor 4&nding proteins (4EBP 1/2/3), and (b) mTORC2 ,

consists of seven known protein components (INTOR, Rictor, Protor, DEPTOR,
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mLST8/ GbL, mS | N1 atedtineyto8keletan deorganizat)raplantenp | i ¢
and Sabatini, 20123Fig. 1.3)

Many insights into mTOR signaling have come from investigations using the
action of rapamycin (sirolimus), a bacterial macrolide and allosteric inhibitor that binds
FKB12 receptr (Fig. 1.3A), after which the kinase was nanfledghdal and Schwartz,
2007;Laplante and Sabatini, 201Rapamycin has had diverse clinical applications as an
anti-fungal, immunosuppressant and asdgncer drugSehgal, 2003;Paghdal and
Schwartz, 2007 However, rapamycin only potently inhibits phosphorylation of the
S6Ks, but is resistant in blocking 4EBP1 phosphorylation and hencdepapdent
protein translatioffChoo, et al., 2008;Thoreen, et al., 200%) counteract this,
rapamycin is often combad with the ATPcompetitivePI3K inhibitor, LY294002
(Takeuchi, et al., 2009)r clinically available duaPI3K/mTORinhibitor PF-04691502
(Yuan, et al., 2011Recently, a new generation of potent dual nMTORC1/mTORC2
inhibitors, including KU 0063794Garce-Martinez, et al., 2009PP242 and Torin
1(Zhou, et al., 2010have been employed to decipher the functional roles of mMTORC1

versus mTORC2 signaling.

23



Chapter 1: Introduction

Neurotrophin
Glutamate  eg., BDNF NGF Insulin, IGF-1
NMDA
receptor {TrkB receptor Insulin, IGF-1 receptor
N c | 1] L L]
lul-lulM A J l - L \}A @

C:.f) -

anaoa P
Serd73 Q —
mTORC2
mTORCZ Mitochondrial
CMLST8> epl;)r) function
Rho GTPase Autophagy
v mTORC1
Dl S \Tm@ ‘ Lipid

B)

Cytoskeletal synthesis

T Tet ST
re @ ®® ; dynamics a7 @ B) Serss
g ; sm@
S6K Q4E-BP1Y AR Tnmg@ Tnms%‘rmo
Ser 236@ %Se ==

Translational control

Figure 1.3. Domain structure of the mTOR kinase, its protein components and

regulation of the signaling pathway. (@A) Domain organization of the mTOR kinase,

showing HEAT repeats, which mediate protein interactions with Raptor and Rictor;
FKB12-rapamycin binding domain (FRB), the site for binding to rapamycin to inhibit

MTORC1,; PIKK kinase domain thatmains the Ser/Thr catalytic activity, the site for

inhibition mediated by Torin 1 and PP242. (B) The components of mTORC1 and

MTORC?2 include: mTOR, the catalytic subunit; Raptor, scaffolding protein essential for
MTORCL1 activity and rapamycin sensitiviBRAS40 and DEPTOR, the inhibitory

MmTORC1 proteins; mLSTB/ GblL; Rictor, scaffo
mSIN1, crucial for AKT phosphorylation; Protor. (C) mTORCL is activated by receptor
signaling via the PI3K/AKT pathway. mTORCL1 regulates prosgimhesis via its

downstream substrates, the 4EBP 1/2/3 and S6K1/2. mTORC2 regulates actin
cytoskeleton dynami cs AdapteedddmodifiedfRms e and P
(CostaMattioli and Monteggia, 2013;Lipton and Sahin, 2Q14)
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Hyper-active mTOR &naling and Aberrant Activation of Microglia, MC and Skin
resident Keratinocytes

The differentiation, proliferation and activation of immune cells, such as
neutrophils, dendritic cells, macrophag8semann, et al., 20Q9))- and B lymphocytes
(Goh, etal., 2013;Delgoffe and Powell, 2009;Xie, et al., 2044d MC(Kim, et al.,
2008a;Smrz, et al., 2011;Kuehn, et al., 2011;Halova, et al., 2012;Weichhart and
Saemann, 20083 regulated by the PISBK/mTOR signaling pathway. The mTORCL1
signaling has been reped to regulate the cytokine expression in cultured murine
microglia in response to the bacterial endotoxin (B&llo, et al., 2009)while inhibitors
of mTOR prevent the induction of the amtflammatory M2 activation phenotype
(Zhong, et al., 2012;Liskt al., 2014)In a rodent model of neuroinflammation, mMTOR
signaling has been shown to promote theipflammatory M1 phenotype and4L b

releasdLi, et al., 2016a)

The PIBK/mTOR signaling pathway is also important for the normal homeostasis
of human MC(Kim, etal., 2008ap nd t hos e f-médiatedvalieryigredpandeR |
(Smrz, et al., 2011 Moreover, recent studies have further shown that while mTORC1
primarily regulates normal human MC homeostasis, mMTORC2 mediates the survival and
proliferation of neoplag MC in diseased stat¢Smrz, et al., 20113nd is crucial for
MC chemotaxigKuehn, et al., 2011;Halova, et al., 201&)C derived from TSC1
deficient mice, with increased mTOR activation have impaired degranulation and release
increased levels of pimflammatory IL6 and TNF i n smedaggcdbnse to F

allergic stimulation(Shin, et al., 2012) Moreover, deficiency in PTEN, also increases
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activation of MC(Furumoto, et al., 200@nd can lead to a mastocytekke state,

resulting from increased@liferation of MC(Furumoto, et al., 2011)

In addition, the PIBK/AKT/mTOR pathway also plays a pivotal role in the
proliferation of epidermal keratinocytédlitra, et al., 2012and keratinocyte activation
in response to NG&Zhang and Ma, 2014y thellL-17A and IL-22 cytokinegDatta, et
al., 2013;Raychaudhuri and Raychaudhuri, 2@é4¥gulate expression of VEGF and
angiogenesis. In fact, piaflammatory cytokines produced by the polarized subsets of
Tcell s and MC, whi c-h7A,lLR22, IL{23have DedrFassodiatéds o ,
with the onset of psoriasis by inducing the aberrant activation of keratingbigstte, et
al., 2009;Grozdev, el.a2014) The expression of phosphorylated mTOR and its
downstream substrates S6K is also elevated in lesional psoriati€sian et al.,
1997;Buerger, et al., 2013;Raychaudhuri and Raychaudhuri, Z0it#her suggesting a
role of mMTOR signaling in #1pathogenesis of psoriasis. In fact, the dual PISBK/mTOR
kinase inhibitor NVPBEZ235 has potent antnitotic effects on keratinocyte
(Raychaudhuri and Raychaudhuri, 20243 on MC proliferation and activatigBlatt, et
al., 2012)may provide a treatmenoption for psoriasis. Recently it was also shown that
the clinically available mTOR inhibitors, sirolimus and everolimus block proliferation of

keratinocytes and alter pinflammatory cytokine productiofDeTemple, et al., 2016)
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1.5.Ezrin-Radixin-Moesin (ERM) Cytoskeletal Proteins
Discovery of ERM and tissuspecific functions

The ezrin, radi xin and moesin (ERM) bel
proteins that provide a r egaultaitne di nl itnhkea gcee |
and naennebrproteins ot At lge asunrr f @¢ e adf ,cdlPDOg8; [

1999; Tsukita and Yonemur.a,Thl $9 9 ;eTgsud jaittead aartc

Factin to the plasma membrane is essenti al
i ncl uvedtienrgmidnati on of cell shape, polarity a
motility, phagocytosis, as well as for the

trafficking and Snmeanibfrearn e ettr aans porh@0 9 ; Br et s
and Alcover, 2006; Fehon, et al ., 2010; Nei s

2015; Tachi banaMarey iansi gfRt0st5)nt o ERM funct.i

in | ower orgabiesngp hwhiacth eésartbloe s a singl e
encoded protein moesin that is éBsenhschkrfo
al . ,. 210®2mammal s, ERM are encoded by three
protein, which maintain a high)degree of s
Ezrin was initially identified as a com
microvilli and membr dmBe erntsfcthleavh i il 8B idti lxe In
| ater charaazdteirn zeap @aisn@nprotei n, i sol ated

(Tsukita and Mbieesdian,, 1v9e89y) cl osely rel ated t
protein that binds t o Lhaenpkaersi,n ,eta agll.y, c 01s9a9n3i;

Furthmayr ERM98@te widely expressed, but the
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di fferent tissues, with at | east two prote
ezrin is found priBarnymanmn,n eihiidllhee maobedsdidne li
predominant ERM i n dnmMddktahmulriag; Neatle dats.r,,a ol 9eot5
1996; Nakamur ande(Mail,. ,etl 9&89I29r)j n12a@8d) moesi n ¢
proteins feoxupnrde stsoe d ei ncohuman monocytes/ macr
Il 'y mphddythes , et Halhce, 2ERMM) caihl pftedubeanun
the regulation of cellular processes.
Structural Organization and Ativation of ERM

ERM are structurally related by virtue of their shareteNninal Band fowpoint
one, ERM (FERM), where ~300 residues are implicated in binding to thmala
membrane protein&hishti, et al., 1998;Yonemura, et al., 19884 ~80 residues of the
C-terminal end are involved in association witaétin (Frame, et al., 201QJig. 1.4A).
Several Xray structures of the isolated FERM of ERM have been sohdspendently
(Fehon, et al., 2010;Frame, et al., 2Q1@)ich show that the FERM domain is composed
of three sullomains arranged like a clover leaf. Conversely stucture fullength
insect noesin revealed that thet€rminal domain has an extendedisture and is
c o mp o s e d-strand and sixehelibal regions capable of binding to the FERM surface
(Fehon, et al., 2010Yherefore, in the inactive/dormant state, ERM undergo
intramolecular association, forming honoo heteredimers of the proteins Byridging
the FERM domain of ERM to the-términal ERM association domain£RMAD)

(Gary and Bretscher, 1995;Gary and Bretscher, 1993;Tsukita, et al.,(E827).4B).
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Figure 1.4. Structure of ERM family proteins and model for activation.

(A) Schematic depicting the structure of ERM, with percentage of homology of each
protein to ezrin shown. The domains involved in inémad intermolecular interactions of
ERM proteins, including NERMAD (N-terminal ERM association domain) aned C
ERMAD (C-terminal ERM association domain) are also shown. Faeti binding
domain and the conservedt€minal Thr sites for phosphorylation are also denoted. (B)

ERM proteins exist in a 6dormantdé state,
andan O6actived state, in which the protein
with membrane proteins and the cytoskeleto

requires binding of phosphoinositides to the FERM domain and by phosphorylation of
thecritical CGterminal Thr residues. Activated ERM patrticipate in cytoskeleton
membrane linkage via direct association with transmembrane proteins, such as CD43,
CD44 (hyaluronan receptor) and ICAM (intercellular adhesion molectept

indirectly throughscaffolding proteins, including EBP50 (ERbINnding phosphoprotein)
[Adapted and modified frofCharrin and Alcover, 2005)

Transit.i

bi

ndi

ng

oni

of

ng ERM into an 6active stated

p h o s pphasphatglisositbl 4,8bésphesphate (PP to a s

the FERM domain, which renders the conser/edresidues o&€-ERMAD of ERM
(T567 in ezrin, T564 in radixin and T558 in moesin) to be more accessible to

phosphorylatior{Matsui, et al., 1998;Nakamura, et al., 1998vEt, et al., 2004;Ben
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Aissa, etal.,2012) Hence, this mechanism not only un
membrane proteins on the FERM domain, but also thosedotifr on the EERMAD
domain of ERM.This enhanced phosphorylation of T558 of moesin wasnalig
shown to be important for activationpfl a t(eNaektasmur a,, eandl ., 19909
subsequently for al/l ERM RMAAD cfho rr etdhuec eFSE RaM
d o mandmegulatetheir heaeto-tail associatior{fMatsui, et al., 1998)

Activated ERM poteins participate in cytoskeletonembrane linkage by
mechanisms involving the direct association with transmembrane proteins, including the
hyaluronan receptor CD44, CD43 (leukosialin) and intercellular adhesion mole8ule 1
or indirectly through scabiding proteins, such as the ERdhding phosphoprotein
(EBP50) (Fig. 1.4B)ERM phosphorylation/activation is evidently important for neuronal
func(tbeaomb, et al ., 1997; Paglini, etanad ., 1¢
for actmveatoghi afduri ng(MoansetamalDren br ain i n.

response to LP&ashimoto, et al., 2013)n addition, ERM phosphorylation has been

shown to be important for regulationdfC act ( $aegbart, et al ., 1
Mann, 1988; &k ng, 1999; Correia, et al., 1996
al ., 2009; Hal ova, et.Nadworthy, rRuiglexyroSirie sitesefor, et

phosphorylation on ezrin (Tyr145/Tyr353) have also been iden{iRadhesh, 2004)
Convergly, ERM inactivation can occur ljephosphorylation of the criticaFERMAD

Thr residugWestphal, et al., 1999;Shi, 2009hile in MC phosphorylation o8er56/74
and/or Thr66 residues within the FERM domain of moesin have been associated with
inhibition of mediator releagg€orreia, et al., 1996;Wang, et al., 1999;Kempuraj, et al.,

2005) Therefore, ERM are effectors of several intracellular signaling pathways.
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ERM Proteins as Signal Transducers

ERM proteins function as signal transducers via diregidirect interactions
with the PIBK/AKT/mTOR pathway and serve as substrates for several kinases
downstream of mMTORC2 signalif@isukita and Yonemura, 1997;Bretscher,
1999;Bretscher, et al., 2002;McClatchey, 20ERM can interact with the upstream
inhibitory mTOR protein TSC1/hamartin to modulate Rho signéliagnb, et al.,
2000;Rosner, et al., 2008yhile indirect association of ERM with PTEN, at the plasma
membrane has recently been shown to be mediated $naitt®lding protein EBP50
(Zheng, et al.2016a) In fact, PTEN the upstream inhibitory mTOR protein, and a
phosphatase could regulate levels of PIP2 consequently activation of ERM. Moreover,
ezrin has been shownitateract with PI3K and AKT to regulate epithelial cell survival
(Gautreau, et al1999) Interaction of Akt and phosphorylated moesin was also shown to
be required for neuronal growth in response to N@&n, et al., 2010)

At least three known kinases downstream of mMTORC2 signaling that are
implicated in cytoskeleton rearrangemgsdrbassov, et al., 2004;Saci, et al.,
2011;Gulhati, et al., 2011;0h and Jacinto, 20kidludingthe Rho family(Matsui, et al.,
1998;Hall, 2012) pr ot ei n ki nRAK®@ iCs qFARrto@gnaah) etaln d
1998;Bretscher, et al., 200@3ve been shown to phosphorylate moesin or ezrin on the
conserved Thr residue for activation of ERM. InterestinBlyoA (Gulhati, et al., 2011)
and RaciSag, et al., 2011}hat have been shown to associate with mTORC2, regulating
its kinase activity, have aldzeen reported to regulate MC exocytq8isown, et al.,

1998) suggesting that ERM activation is important for MC activation and mediator

release.
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1.6. Mast cells and Keratinocytes

Communication between MC and keratinocytes: Relevance to inflammation of the skin
MC are critical regulators of skin immunity for host defe(Galli, et al., 2005)
and wound healin@Willenborg, et al., 2014{p maintain lhe regulation vascular
permeability of skirblood barrier and angiogene¢Metcalfe, et al., 1997MC reside in
the upper dermal layer of the skin proximal to sensory nerve endings and blood vessels
(Harvima and Nilsson, 2011puring chronic skin inflamtmation, as irpsoriasis, the
infiltration of MC (Harvima and Nilsson, 2018nd &normal activation has been
denotedMaurer, et al., 2003;Castells, 2006;Harvima, ¢t2808; Theoharides, et al.,
2004;Sismanopoulos, et al., 201B)C can be activated byarious stimuli, such as
cytokines, chemokines and neuropeptiderelease multiple mediators with potent
vasodilatory, inflammatory and pruritic propert{@heoharides and Cochrane, 2004)
including histamine, 1t6, CXCL8, TNF and VEGHeading to local/ascular activation
and subsequent immune cell recruitm@fdgcanson, et al., 2009mportantly,MC are
the only immune cells that store preformed T{¥Rang, et al., 2012ayvhich could
stimulate keratinocyteSedger and McDermott, 2014;Grine, et 2015)
Keratinocytes that reside in the epidermal skin layer are a source-of pro
inflammatory cytokines and growth factors, including stem cell factor (P@EKer, et
al., 1995) which is a ligand for the MC KIT receptor and essential for the growth,
migration and survival of MGGrabbe, et al., 1996;Enomoto, et al., 20KBratinocytes

are considered fully immunocompetent and capable-df i, -6, IL-B, TNF and VEGF
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secretion, in response to immune and endocrine trigBarsado, et al., 2012;Canavese,

et al., 2010;Slominski, et al., 2013)

Communication between MC drkeratinocytes is important in the pathogenesis
of psoriasis, a chronic, inflammatory and autoimmune skin condition, characterized by
increased keratinocyte proliferation and a disease pathology that involves the presence of
skin lesions, plagques, rednessl itching(Ozdamar, et al., 1996;Harvima, et al.,
2008;Nestle, et al., 2009;Eberle, et al., 20P&}ivated keratinocytes could also produce
IL-1b6, which stimulates MC release of TNF th
release a number of other inflammatory mediators-dé@Gved proteases stimulate
PAR2 receptors on keratinocytgchechter, et alL998) while histamine induces
expression of H4R and CXCLB8A8 in keratinocytegSuwa, et al., 2014nd stimulates
keratinocyte proliferatiogGlatzer, et al., 2013)n addition, MCGderived histamine
increases NGF production from keratinocyi@sonebeg, et al., 2005)which in turn
stimulates histamine release from MC, generating a positive feettigrianda and

Watanabe, 2005Fig. 1.5).

Recent evidence further shows that MC releasg&7A (Suurmond, et al., 2011)
and IL-33(Hsu, et al., 2010which also stimulates keratinocyte activatigiirkham, et
al., 2014;Li, et al., 2015;Muromoto, et al., 201l&)addition, activated MC could induce
T cell activation via TNKKempuraj, et al., 2008)n fact MC can function as
immunomodulatory cell§Galli, et al., 2008aand are important for the maturation of
Thl7 cells, which are recognized as key cells in autoimmune disorders by releasing IL

17A and I-22 (O'Connor, Jr., et al., 20LAYIC-derived TNF can stimulate 1B3 release
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from keratinocyte¢Balab, et al., 2012)Moreover, our studies has shown thaBR.

augments SBtimulated VEGF release from human mast cells33lgene expression is

also increased in lesional skin of Ps pati¢mtseoharides, et al., 201.8nd elevated

serum IL-:33 levels havalso been reportegditsui, et al., 2015)Hence, crostalk

between MC and keratinocytes may exacerbate inflammatory processes in psoriasis (Fig.

1.5).

Allergic, immune, infectious triggers

Mast

?
Keratinocytes = 11 - cell

TNF, VEGF, IL-6, Histamine, TNF, IL-6, IL-8,
IL-8, IL-17, IL-33 IL-17, IL-33, PGD,, VEGF

~ 7

N . T Keratinocyte proliferation and
stlmule.ltlon Skin inflammation
—> =secretion

Figure 1.5.A depiction of crosstalk between MC and keratinocytes involved in

chronic skin inflammation and psoriasis.Multiple stimuli, including NT or SP and

TNF could stimulate synergistic activation of MC and keratinocjetivated
keratinocytesreleasedL. b, whi ch sti mul ates MC -1786 secr e
and IL-33. These cytokines caufurther stimulate MC and keratinocyte release of

CXCL8 and VEGFand keratinocyte hypsgaroliferation, contributing to inflammation of

the skin and psoriasjgigure adapted from Theoharides laboratory (unpublished)].

In addition, the increased levaléneuropeptides, especially CRMasiadi, et al.,
2012, NT(Vasiadi, et al., 2012@ndSP(Remrdd, et al., 200Have been reported in

psoriasis. These peptides could stimulate activation of keratindBaéss, et al.,
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2006;Shi, et al., 2013;Shi, dt,&2011)and MC(Singh, et al., 1999;Donelan, et al.,
2006;Kulka, et al.2007;Theoharides, et al., 20168ience heuroimmunoendocrine
interactions involving neuropeptides, keratinocytes and MC could be important for the
pathophysiology of psorias{§chdzen, et al., 1998;Paus, et al., 2006;Theoharides, et al.,
2004b;Theoharides, et al., 2016a)
Currently Available Treatments for Psoriasis

The prevalence of psoriasis in the US is ~8#&Imick, et al., 2014)and is
considered a major public health plerin due to ineffective lorterm treatments that
resulted in the annual economic burden amounting to $11 billion in(@@&t®ierpuye
Org, et al., 2015;Brezinski, et al., 20193ecent studies on the pathogenesis of psoriasis
have revealed a genetic prambsition(Kaffenberger, et al., 2014;Tsoi, et al., 2048
the role of immune dysfunctidihi, et al., 2016b)as a consequence of an imbalance in
polarized Fhelper subsets (I-T,2-Th17)Nestle, et al., 2009;Eberle, et al., 20&6)
activation of keatinocytegAlbanesi, et al., 2007;Harvima, et al., 2008;Eberle, et al.,
2016) skinresident and infiltrating MQToruniowa and Jablonska, 1988;Paus, et al.,
2006;Harvima, et al., 2008;Metz and Mau09;Theoharides, et al., 2QJdhd other
immune cel, including dendritic cells and macropha@esng, et al., 2016)

Thus, the increased levels of thejmmlammatory cytokines TNFEOlivieri, et al.,
2009;Sedger and McDermott, 2014;Grine, et al., 20B50 , -1 IfMickoloff, et al.,
2007) IL-6(Hunter and Jones, 2013)-17A (Kirkham, et al., 2014)IL-22, IL-23
(Coimbra, et al., 2012;Raychaudhuri, et al., 1998;Suzuki, et al., 2084} -33
(Theoharides, et al., 20;Ealato, et al., 2012ps well as VBEF (Marina, et al., 201%ye

all implicated in psoriasis. Moreover, the elevated levels of the pe@ileqVasiadi, et
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al., 2013, NT (Vasiadi, et al., 2012@ndSP(Remrod, et al., 2007¢ould activate
keratinocytegDallos, et al., 2006;Shi, et a013;Shi, et al., 201nd MC(Singh, et
al., 1999;Donelan, et al., 2006;Kulka, et a0Q7;Theoharides, et al., 2Q16lence, the
interactions amongeuropeptides, keratinocytes and MC could be important for the
pathophysiology of psorias{§cholzen, eal., 1998;Paus, et al., 2006;Theoharides, et al.,
2004a;Theoharides, et al., 20)6b

The conventional treatments for the management of mild psoriasis include the
topical application of glucocorticosteroids and Vitamin D analogs, both of which regulate
epidermal keratinocyte immune respon@éstor, et al., 2003;Nestle, et al., 2009)
Moderate psoriasis is typically treated with a combination of these and phototherapy,
such as ultraviolet A/B to inhibit epidermal keratinocyte proliferation. Severeapsor
resistant to topical drugs or phototherapy, are usually treated with a combination of
retinoids with eithemethotrexate or cyclosporine, which aremunosuppressant drugs.
Newer and more costly biologics, among which are inhibitors for TNF (e&pterc
adalimumab, infliximabjKotsovilis and Andreakos, 2014;Cohen, et al., 20015)12
and IL-23 (GomezGarcia, et al., 201qustekinumab) and EL7A (secukinumab)
(Ryoo, et al., 20163ignaling pathwayare available and soomewhat effectilvat are
associated with the increased risk of infections and cardiovascular ¢Véinterfield, et

al., 2005;Kaffenberger, et al., 2014;Deng, et al., 20Laéble 1.2.).
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TABLE 1.2. Summary of anti-psoriatic therapies

Adverse side-effects

Drug Mechanism of Action Efficacy and common
deficiency
Glucocorticosteroids  Inhibition of inflammatory ++++ Skin atrophy and loss of
reactions, efficacy with rebound
DNA synthesis, vasoconstriction effects; only treat mild
and immunosuppression disease
Vitamin D analogues  Inhibits epidermal keratinocyte +++ Mild discomfort
hyper-proliferation via blockade Fail to have rapid on-set
of PI3BK/mTOR (Mitra A, et al., of activation
2013)
Phototherapy Inhibits epidermal keratinocyte +++ Skin premature aging;
(UVB, UVA) hyper-proliferation via blockade skin cancer
of PI3BK/mTOR,;
Shifts Th1 to Th2 type cytokines
Methotrexate Immunosuppression + to ++ Liver fibrosis;
cirrhosis
Cyclosporin Immunosuppression ++ to +++ Hypertension;
malignancies; infections
Etanercept Blocking TNF pathway + to +++ Infections; malignancies
Type: Fusion protein
human TNFRp75 with
Fc of IgG1
Infliximab Blocking TNF pathway +++ to Infections
Type: Chimeric mAb A+
of human & murine
sequences
Adalimumab Blocking TNF pathway +++ Infections; lupus-like
Type: Fully human syndrome; malignancies
mAb
Ustekinumab Blocking IL-12/IL-23 signaling +++ Infections
Type: Fully human (Gomez-Garcia, F et al., 2016)
mAb
Secukinumab Blocking IL-17A signaling +++ to Respiratory infection;
Type: Fully human (Ryoo J, et al., 2016) T+ migraines

mAb

Global assessment: six levels for estimating efficacy
Good

Poor

—+-[-+ ++ +++ ++++

[Adapted and modified from (Winterfield L, et al., 2005;Kaffenberger B, et al., 2014; Deng Y, et al.,

2016)]
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1.7. Recent Therapeutic Avenues for Inflammatiofrelated Diseases

Inhibitors of MTOR signalng as Potential Treatments for ASD & Psoriasis

The PIBK/AKT/mTOR signaling cascade which regulates cellular metabolism,
proliferation and survival is frequently dsyregulated in a variety of caficaptante and
Sabatini, 2012) and has reaentl pyiemeltgedebsvant t a
neurodevel opmental dSalirder201l2nEhnmidnggr A&
2011; Lipton and -Bahrato?28nid aMeiomakseez 2016)
(Jegasothy, et al., 1992;0rmerod, et al., 2005;Frigerio, et 8l7;l20ang, et al.,
2014;Eberle, et al., 201Gnterestinglly, inhibitors of mMTOR signaling have also been
shown to suppress activation of theqprimmatory M1 microglia phenotyp@ ateda, et
al., 2016;Li, et al., 2016aand the activation of M(Kim, et al., 2008b;Smrz, et al.,
2011) and keratinocyte@Mlitra, et al., 2012;Zhang and Ma, 2014;DeTemple, et al.,
2016)

Rapamycin (sirolimus) has had diverse clinical applications as afuagsl,
immunosuppressant and anéincer drugSehgal, 2003;Paghdahd Schwartz, 200 Has
been tried for the treatment of psorig€smerod, et al., 2005)and more recently for
treatment of tuberous sclerosis (TSC1/2) ASdD (Ehninger and Silva, 2011Although
structurally similar tacyslosporine and tacrolimug,does not inhibit the clamodutin
calciumdependent phosphatase required for nuclear factor of activatetfi tb block
transcription of interleukins/cytokines (i.e. a calcineurin inhibi(egghdal and

Schwartz, 2007) Instead, rapamycin interacts e family of intracellular binding
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proteins, the most relevant being FKBP12, which blocks mTOR acti@egyhdal and
Schwartz, 2007)

Sirolimus is poorly absorbed orally with a bioavailability of 15 % andlifalis
~62 h, with maximal blood concenti@ns reached at ~2(fPaghdal and Schwartz, 2007)
. Hence, aalogs of sirolimus, such as everolimus have been created to enhance the
pharmokinetic and phamacodynamic profiles, as well as solubility. Everlimous, also
immunosuppresive has been tried fortieatment of TSC1/2, where it improved
seizures and behaivoral deficftdwang, et al., 201&nd is currently being tried for
psoriasigFrigerio, et al., 2007;Wei and Lai, 201%)owever, several cutaneous adverse
effects have been associated withdheical use of these allosteric mTOR inhibitors
(Macdonald, et al., 201%)nd patients are prone to infections due to the
immunosuppresive properties of the drugs. Acute renal failure has also been observed in
some TSC1/2 patients treated with everlim@gratolo, et al., 2016)Thus, there is a
cruicial need for the development of new clinical inhibitors for PI3K/mTOR signaling.
Intriguingly, numerous flavonoids, natural phytochemicals have been reported to inhibit
the PI3K/AKT signaling cascade in infnmatory skirdisordergLeo and Sivamani,
2014)and inflammation of the braifLeyvaLopez, et al., 2016without adverse effects.
Flavonoids as Potential Therapy for Inflammatory Disorders

Flavonoids are naturalgccurringphytochemicalsn green plats and seeds
(Middleton, et al., 2000;Taylor and Grotewold, 2Q0&ith manybeneficial actions
occurringin awide range of structural diversifpgati, et al., 2012and beneficial
actions.The six major subclasses of flavonoids include the flavones (e.g

apigenin Juteolin), flavonols (e.g., quercetin, myricetin), flavanones (e.g., naringenin,
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hesperidin), catechins or flavanols (e.g., epicatechin, gallocatechin), anthocyanidins (e.g.,
cyanidin, pelargonidin), and isoflavones (e.g., genistein, daid#ass and Kasum,

2002) Flavonoids possess favorable amtidant, antinflammatory, antiallergic and
anti-proliferative properties for the treatment and prevention of dial@sds, et al.,

2013) cardiovascula(Basu, et al., 2016rancerMiddleton, Jr. and Kandaswami,
1993;Middleton, et al., 200@nd neurodegenerative diseaGkmes, et al., 2012)

Importantly, flavonoids are modulators of inflammatory cytokifiesva-Lopez, et al.,
2016)and chemokines by targeting signaling pathways to suppréammatory
processeg¢Tunon, et al., 2009)

Luteolin(3 6 , 4-tétrattydrokyflavone) inhibits M@nediated allergic
inflammation(Kritas, et al., 2013)LPSstimulated pranflammatory responses in
murine microglia(Jang, et al., 200&nd keratinocytactivation(Weng, et al., 2014)ia
mechanisms involving suppression of the nuclear factor kappa®(®BF acti vati on
gene expression of piaflammatory mediator§Seelinger, et al., 2008).uteolin, not
only inhibits MC degranulatio(Kimata, et al. 2000a)and cytokine releag@sadi and
Theoharides, 2012put also MGinduced Tcell activation(Theoharides, et al.,
2007a;Kempuraj, et al., 2008)uteolin is also considered as a neuroprotective agent
(Dajas, et al., 2003;Nabavi, et al., 2015)

In fact, luteolin triggers global changes in the murine microglial transcriptome,
resulting in a neuroprotective phenotyjerscherl, et al., 2013nd opposes MIA
activation, reversing ASihke behavior in micg€ParkerAthill, et al., 2009) Our
laboratory eported that a luteolnontaining dietary formulation had beneficial effects in

reducing ASD symptom@heoharides T.C., et al., 20¢Zaliou, et al., 2013)and could
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even protect against memory I¢3$ieoharides, et al., 2015@)herapeutically, lutealiis
generally saf¢Formica and Regelson, 1995;Kawanishi, et al., 2005;Harwood, et al.,
2007;Li, et al., 201Q)and can even proteagainst drugnduced hepatotoxicity
(Domitrovic, et al., 2009and nephrotoxicityfDomitrovic, et al., 2013)
Structural aalogs of luteolin, such as the ®Bydroxyflavone, a pro
neurotophic compound, which mimics BDN#nd is a tyrosine kinase receptor agonist
has also shown promising therapeutic efficacy for neurodevelopmental dig@densd
Hill, 2015;Liu, et al., 2@6). Interestingly, 7,8lihydroxyflavone was reported to
attenuate releaseofiLb and TNF from muri nesBmi crogli a
activation(Park, et al., 2014} uteolin and its structural analogs can also directly block
activation of the toHike recetors(Zhao, et al., 2011 )yuggesting another mechanism for
flavonoid mediated inhibition of LRStimulated pranflammatory responses.
Recent studies in our laboratory have focusedrmther structural analog,
3 0, 4tétrarBeth@xyluteolinrhethoxylteolin), which is more lipid soluble and more
potently than luteolin, inhibits prmflammatory cytokine and chemokine release from
cultured human MG@Weng, et al., 2015)This mechanism of action afethoxyluteolin
was speculated to involve blockade mfacellular calcium influx and/or induction NF
9 B Interestingly, the PI3BK/mTORathway is upstream &fF-HUB and coul d r egu
activation of the latter transcription fac{@an, et al., 2008;Laplante and Sabatini, 2013)
Evidencealsoindicates thalmTOR activatiorpromotes the prinflammatory M1
phenotype of microgliéLi, etal.,2016apand t he pr ol i-fmedinteadt i on and
allergic responses of M(Kim, et al., 2008a;Smrz, et al., 2011) addition, the

PISK/mTOR pathway also regulates praldggon of epidermal keratinocytéMlitra, et
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al., 2012)and keratinocyte activatig@hang and Ma, 2014;Datta, et al.,

2013;Raychaudhuri and Raychaudhuri, 20Mreover, in human oral keratinocytes

stimulation via the tollike receptor activates mMTOR@&NFa B , resulting in i
cytokine productiorfZhao, et al., 2010)Thus, it is important to determine whether

luteolin and methoxyluteolin can inhibi3K/mTOR activation in stimulated microglia,

MC and keratinocytes for beneficial treatment.

Figure 1.6. Structure of the flavonoids luteolin and methoxyluteolinThe structure of

the flavone backone, with its numbering scheme is shown (top), and the differences in
the chemical structures of the flavonoldteolin (3 6 , 4-tétrattydrokyflavone)rad its
structur al -tatnamaethoxglutedlibriethdxylubeoliiare also shown. The

four additional methyl groups on methoxyluteolin, as compared to luteolin increases its
hydrophobic character, and hence its solubility, absorption and metstadiitty.

[Adapted from Theoharides laboratory (unpublished)]
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