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Abstract

Transglutaminase 2 (TG2) is a calcilependent protein crosslinking enzyme activated in
misfolding diseases and it is implicated in multiple disorders linked to calcium dysregulation,
including neurodegeneratiorin \itro, TG2 has been involved in the generation of toxic
amyloidi 0! i 0 2f A JFt@anslIatiNgal modificatial? @TM), and literature data
adz33Sald GKIFIG ¢DH A& FOGAGFHGSR Ay RAASIEAS
TG2 is also involvernh celtmatrix dynamics and has been suggested to be a cargo of
extracellular vesicles (EVs) in cancer and tissue fibrosis. EVs have been implicated in the
ALINBIFRAY3I 2F LI GK23aASYyAO LINROSAYaAa Ay ySdz
represent a newield of research in dementia. The aims of this study are to: i. investigate
the role of extracellular TG2 in neurgia crosdalk in the context of neurodegeneration;

ii. explore substrates of TG2 PTM in a cell mauelulatingAD; iii. evaluate TG2 as
potential marker of dementia. To this purpose, both primary cells (embryonic rat brain cells)
and biological samples from dementia patients were analysed. We found that when raised
at levels compatible with inflammatory states, extracellular TG2 caardigt increased

basal calcium concentration ([€R in hippocampal neurons, affecting calcium
homeostasis, which is at the basis of neuronal functions. This effect was mediated-by TG2
driven membrane depolarisation, which may be caused by the interactiohG2 with
plasma membrane ionic channels [i.e. Voltage Operated Calcium Channels (VOCCs) an
Na'/Ca* exchanger (NCX)]. We confirmed previous evidence showing that astrocytes are a
rich source of extracellular TG2 in brain and showed for the first imeTG2 is released

as a cargo of astrocytic EVs. Simulation of AD pathology in primary hippocampal neurons
a0 A YdzZ I (Sied b thé iMentifidation of 11 TG2 substrates (TG2 transamidome)
dzaAy3 | 3JFt2o0tt ljdzk yGAGlF G AMBMS pIN@OIGR YThes® |
included proteins involved in ion transport [Plasma Membran& Tansporting ATPase 2
(AT2B2) and Transmembrane Chadie Protein 5 (TMC)], which could be involved in
TG2mediated alteration of calcium homeostasis in pathology. We also found that a
number of neurotrophic proteins involved in neuronal growth and pipsis were
significantly decreased upon TG2 inhibition, suggesting that TG2 might play a dual role in
neuronal survival during neurodegeneration. Finally, analysis of plasma from 45 dementia
patients and healthy controls by an optimised ELISA assay eevealsignificant changes

in TG2 between the study groups. Our preliminary data suggest that quantitation of TG2

should be performed in plasrrderived EVs for a more accurate and sensitive evaluation.
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1.1 Cells of the Central Nervous System

The Central Nervous System (CNS) comprises the spinal cdschamdtructures. The brain

is the most complex organ of the human body, with functions that are based on the passage
of electrochemical signals between its constituent cells. The main cell types that form the
brain are neurons and glial cells, which tdgatare organised in the gray matter (the outer
layer mainly made of neuronal cell bodies and glia), and the white matter (internal area
made of oligodendrocytes and nerve fibers) (Watson et al., 2010). This section will focus on

these cell types and themain characteristics

1.1.1 Hippocampal neurons
The hippocampus (or hippocampus proper) is located under the cerebral cortex in the
temporal lobe and together with dentate gyrus (DG) and subiculum is part of the

hippocampal formation (Witter and Amaral, 200&atson et al., 2010Fg. 1.).

CAIdzNE momd { OKSYIF GAO NBLINB A S VK Si AKRAYLILZTO |
62N KALILIRZOI YLJza LINRPLISND Aad RAGARSR AYy o
RSy GlFGS 3eNdHz o65D0 | yYR oOi{203S GKKSING 4G A1yKa GiAKIS
F2NXYIFGA2yd ¢KA& AYIF3IAS gl a 3ISYSNIGSR gAdl
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The most abundant neuronal cell type of the hippocampus are pyramidal neurons, which
present a cemmon basic morphology but differ in length and organisation according their
localisation (Kandel et al., 2012). Pyramidal cells are multipolar neurons characterised by a
conical cell body, a basal axon and dendritic tieé an apical dendritic tree, botrery rich

in dendritic spinesKig. 1.2A. Other neuronal cells localised in the stratum pyramidale are
basket neurons, which are a heterogeneous population characterised by dendritic trees
less rich in spines compared to pyramidal cells (Witter and Anr208#4) Fig. 1.2B. Basket
neurons, together with other cell types present in the hippocampus like bistratified
neurons and @M cells, are defined interneurons and form thick local circuits in constant
communication. Neurons communicate through synagt@nsmission and can either

excite or inhibit their target cell.
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1.1.2 Glial cells

Glia are nomeuronal cells which play a fundamental support role in the CNS and, unlike
neurons, they cannot propagatection potentials. Their name comes from the Greek word

s <> h g3y gKAOK YSlIya Gadaolz 3ftdsSéx 6KAOK
can be classified as miecrand macroglia according to their structure and functions, i.e.
microglia ae immunocompetent cells with phagocytic activity (Kettenmann et al., 2013),
while macroglia consist of oligodendrocytes (responsible for axon myelination), ependymal
cells (which produce the cerebrospinal fluid) and astrocytes, the most abundant category
in the CNS and characterised by a star shape. The focus of this section will be on astrocytes

the main kind of glial cells which were utilised in the course of this project.

1.1.2.1Astrocytes

Astrocytes, also referred to as astroglia, are the most abundantygedl in the CNS and

they are estimated to be about 1.5 teféld more than neurons (Nedergaard et al., 2003;
Hamby and Sofroniew, 2010). Their main function is to act as multifunctional housekeepers,
providing a structural scaffold for neuronal growth, popting neurotransmitters
metabolism, maintenance of the blodatain barrier (BBB), synaptogenesis and balance of
extracellular ionic and pH conditions (Verkhratsky and Nedergaard, 2018). They can be
classified in two main categories with distinct funcsand morphology: protoplasmic and
fibrous astrocytes (Oberheim et al., 2006; Barres et al., 2008). Protoplasmic astrocytes are
present in the gray matter, where they wrap around synapses and blood vessels, promoting
neuronal functions. Fibrous astrocytese located in the white matter and are less
branched, presenting a more elongated shape extending alongside myelinated fibers, for
which they provide metabolic support (Oberheim et al., 2006; Barres et al., 2008). Two
additional categories of astrocytesve been described in human brain: interlaminar and
polarised (Oberheim et al., 2006). Atrocytes can be either quiescent or in a reactive state
following brain injury, which has been shown to promote myelination (Nash et al., 2011).
Reactive astroglia prest enhanced production of extracellular matrix (ECM) proteins and
immune system molecules, which together with prominent morphological changes lead to
the formation of the glial scar, one of the most severe responses to CNS insults (Kindy et
al., 1992; Zananian et al., 2012).

Especially in the hippocampus, each astrocyte can support thousands of synapses, and

about 50% of synaptic sites are in proximity of an astrocyte (Ventura and Harris, 1999).
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Astrocytes, together with the preand postsynaptic membraes, form structures called
GONRLI NIOAGS aeéyl Ldaestdrial carnunichtioniaBdng all 5aRs (Fekea 0 /
et al., 2009)Kig. 1.3. In physiological conditions, one of their most important functions at
synapses is the regulation of GABA andaghate concentrations (Coco et al., 1997, Oliet

et al., 2001). Indeed, glutamate needs to be rapidly removed from the extracellular space
to avoid neurotoxicity and astrocytes are able to uptake it through the I5aid GLAST1
transporters (Rothstein et al 1996). Glutamate is then converted into glutamine by
astrocytic glutamine synthetase (Hallermayer et al., 1981), released and used by neurons
to synthesise new glutamate (Verkhratsky and Nedergaard, 2018). Another means of
communication between astrocgs and neurons is the release of gliotransmitters, that is
neurotransmitters originating from astrocytes. These include ATP, glutamate and GABA
(Verkhratsky and Nedergaard, 2018). Interestingly, astrocytes are characterised by both
spontaneous and neurotremittersdriven calcium oscillations, which participate to the

modulation of gliotransmitters release (Nett et al., 2002; Fiacco and McCarthy, 2006).

Astrocyte

Pre-synapse
+] Q@
t [Caf 1_' ePo ©

®e Synaptic cleft

0 "‘""7

@ Neurotransmitters © Gliotransmitters Post-synapse

Figure 1.3. Schematic representation of a tripartite synaybased on Perea et al., 2009).
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1.2 Calcium homeostasis in neurons

Calcium is a critical player in most cellular functions, as it is the main second signalling
messenger which mediates a variety of activities in all eukargetls. The modulation of
Ca&*homeostasis is particularly fundamental in neurons, which synaptic activities are based
on calcium fluctuations, including synaptic plasticity. Moreover, dysregulation of calcium
homeostasis has been associated with neurodegation, having profound deleterious
effects on neuronal survival (Marambaud et al., 2009). Indeed, the regulation of neuronal
CZO2yOSYUGNYGAZ2Y A& Yy AYGNAOIGS LINROSaa
membrane and intracellular channelgumps, receptors, sensors and buffering system
(Brini et al., 2014). This section will be focused on the main effectors that are involved in

this complicated mechanism.

1.2.1 Voltage Operated CaChannels (VOCCs)

Voltage Operated CaChannels (VOCGse themain channels responsible for the release

of neurotransmitters and are also involved in the modulation of synaptic plasticity
(Catterall and Few, 2008; Catterall, 2011; Brini et al., 2014). They can be classified accordin
to the physiological propertiesf the currents they mediate (L, N, P/Q, R, argpe) or by

their subunit composition (G4, Ca2 and C&). They are composed of 5 subunits in total
6hm YR HX 13 13 10X 6KSNB hwm AdomeénéafurelLd2 N.
(Brini et al.2014) Fig. 14).

al/a2/B. Iy, ./6

s Type
L: Cav1 2to01.4

P/Q: Ca 2.1
'N: Ca2.2
"R: Ca 2.3
T: Ca3.1t03.3

Figure 14. Schematic representation of VOCCs (Brini et al., 2014).
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L-type VOCCs-MOCCs) are mainly expressed at dendrites and in the cell soma, hence they
are thought to be responsible for mediating secretion and affect gapeession (Catterall,
2011; Brini et al., 2014). It is possible to identify 3 subtypes in brail.@&la4), which
present different subcellular localisations and functions (Brini et al., 2014). The modulation
of LongTerm potentiation(LTH and LongTem Depression(TD is one of their most
prominent functions (Navakkode et al., 2018)VQCCs open in response to glutamate
driven cell depolarisation and promote local increase of calcium concentration, which in
turn induces the release of €drom the intracellular stores (endoplasmic reticulum, ER).
Increase in [C4)i leads to the activation of a series of proteins, including protein kinase C
(PKC) and adenylate cyclase (AC), which downstream effect is the enhancement of AMPAF
function and LTP. At treame time, modest and slow increases of'@alow LTD induction,

with consequent activation of phosphatases like protein phosphatase 1 (PP1) and
calcineurin (CN) (Navakkode et al., 2018). DysregulatiorW@CCs has been reported in
various neurodegenaeative diseases and also as a common process that accompanies aging.
In fact, it has been shown that agelated neurodegeneration mostly affects the CAL1 field

of the hippocampus, which neurons present the highest expressiof/@CCs (Wang and
Mattson, 2A.4).

N-, R and P/Qtype VOCCs (3 are mainly present at prgynaptic terminals and are
responsible for inducing exocytosis of neurotransmitteositaining synaptic vesicles. Their
function is implemented by direct interaction and activation of SN ptor proteins
(SNARE complex), composed of syntaxin, synaptosomal-asseeiated protein 25 (SNAP

25) and synaptobrevin (VAMP) (Sudhof 2004). Additionally, they are regulated by
interaction with Gprotein pathways (Catterall, 2011). These VOCCs areeajz@ssed
along dendrites where they promote calcium transients (Catterall, 2011; Brini et al., 2014).
T-type VOCCs (¢3 are less widespread and are characterised by rapid vetlagendent
inactivation, hence they are particularly efficient at maintag the repetitive firing of
action potential typical of cardiac myocytes and thalamic neurons (Catterall, 2011; Brini et
al., 2014). They are involved in the generation of rhythmic bursts of action potentials in

thalamic circuits that are associated wileep states (Lee et al., 2004; Catterall, 2011).
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1.2.2 Receptor Operated CaChannels (ROCCs)

Receptor Operated aChannels (ROCCa)e channels that mediate the passage of
calcium upon binding to a specific ligand, e.g. neurotransmitters. This is theotase
glutamate receptors (Glulrand purinergic receptors (Brini et al., 2014).

GluRs are classified in 2 major groups: ionotropic (iGIuRs) and metabotropic (mGIuRS)
(Kandel et al., 2012). lonotropic glutamate receptors serve as ion channels and directly
mediate the influx of positively charged ions in response to glutamate binding, always
eliciting a depolarisation. These are theméthykD-F & LI NI F 6 S NB OSLJi 2 N
amino-3-hydroxy5-methyl4-isoxazolepropionic acid receptors (AMPARS) and Kainic acid
receptors (KARs) (Kandel et al., 20E2y.(15A).

NMDARs are permeable to €aNa and K, however, to allow the passage of ions the
binding to glutamate is not sufficient; they also need the presence of extracellular glycine
as cofactor and membraneegolarisation to remove a Mgion plugging the channel
(Kandel et al., 2012). These receptors are selectively blocked by the eaogn@5-
phosphonovaleric acid (AVP). Interestingly, also a type ofneeomonal cells called
astrocytes or astroglia haveebn shown to express NMDARs (Fellin et al., 2004). Excessive
activation of NMDAR by glutamate has been associated to neurotoxicity, which is thought
to be caused by abnormal increase of cytoplasmic calcium levels (Budd and Nicholls, 1996)
AMPA receptorsire prevalently permeable to Nand K and, to a lesser extent, alsoTa

which passage is regulated by the GBIRubunit (Burnashev et al., 1992). One of the most
used antagonists of AMPAR isyanag7-nitroquinoxaline2,3-dione (CNQX), which can
selectively block also kainic acid receptors (Kandel et al., 2012).

KARs areery similar to AMPAR, in the sense that they present common structural features,
conduct the same cations and are inhibited by the same drugs. However, they have been
shown to have distinct functions and they are not as concentrated at the excitatory post
synaptic terminals as NMDAR and AMPAR (Contractor et al., 2011). Indeed, KARs ar
expressed at the prgynaptic membrane and play an important role in the modulation of
neuronal excitability and synaptic transmission (Contractor et al., 2011).

The glutamag metabotropic receptors are-Goupled receptors that trigger an intracellular
cascade and modulate channels through second messengers (effectors), such as inosito
1,4,5trisphosphate (IP3) or adenylyl cyclase. As such they can mediate either EPSP or IPS

depending on the ionic currents that they regulated. 15B). mGIluRs can be selectively
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activated by ACPD (traif$S,3R)L-amino-1, 3cyclopentanedicarboxylic acid) (Kandel et al.,
2012).

A lonotropic glutamate receptor
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N +
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Metabotropic glutamate receptor
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The purinergic ionotropic P2X receptors (P2XRs) bind extracellular ATP released by glia
cells or damaged neurons and indwucealcium influx, which have been shown to modulate

various processes, including synaptic plasticity (Pankratov et al., 2009).
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1.2.3 Store operated C# channels (SOCCs)

Store operated Cdchannels (SOCCxE responsible for the influx of calcium in response

to ER calcium depletion, in a process called Store Operated Calcium Entry (SOCE). SOC
are constituted by ORAI protein subunits and interact with Stromal interaction molecule
proteins (STIM), which are calcium sensors located in the ER membrane (Blin2ei4;
Venkiteswaran and Hasan, 2009). WheA*@areleased from the ER, STIM interacts with
ORAI to induce calcium influx from the extracellular milieu and together with the sarco
endoplasmic reticular CaATPase pump (SERCA) promotes reconstitofieiR CA stores

(Venkiteswaran and Hasan, 2009).

1.2.4 Plasma Membrane CaATPase (PMCA) and N@a?* exchanger (NCX)

ThePlasma Membrane €aATPaseRMCA andthe Na/Ca* exchangerNCXare the main
mediators of calcium extrusion and are thus responsible for maintaining cyt@astiat
physiological concentrations (Brini and Carafoli, 2011). The PMCA pump is characterised by
high affinity but low capacity for €zand is ubiquitously expressed in most cell types. It is

a Rtype pump able to selphosphorylate an aspartic residue (D) located within the enzyme
and form an intermediate phosphkenzyme with hydrolysed ATP (Brini et al., 2014). PMCA

is regulated by a vaty of molecules (e.g. ATP and PKC) and interacts with cytoplasmic
proteins such as calmodulin, which is able to activate the pump upon binding (Brini and
Carafoli, 2011). Defects in PMCA have been associated with a variety of pathologies
especially linkd to oxidative stress such as brain ischemia and diabetes, or other conditions
linked to alteration of neuronal calcium signalling (Brini et al., 2014).

NCX is a low affinity but high capacity calcium channel, which mediates the influx of three
Na" ions inexchange for the efflux of one €aworking against the calcium gradient
(Blaustein and Lederer, 1999). Three main isoforms have been characterised (NCX1, 2 an
3) and they are all cexpressed in neurons. Interestingly, NCX channels have been shown
to work in reverse mode and allow €&ntry (and Naexit) when[C&*]i increases in the

low puM range, which is usually the case in neurons during the calcium spikes the
accompany synaptic transmissifBlaustein and Lederer, 1999). NCX is hence regulated by
both C&* and N& concentrations, but also by other molecules, including ATP, PKC and

redox agents (Brini and Carafoli, 2011).

10
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These two proteins work in conjunction, as PMCA is able to mediate calcium efflux even
following low increases of calcium, wheseBCX activates only upon large"Gariations

and is responsible for transporting higher amounts of*@ms.

1.2.5 C&*binding proteins

The activation of calcium transport across the plasma membrane and cell organelles is
often prompted by cytoplasmisensors which detect alterations in cytoplasmic calcium
levels and in response activate specific signals for either clearance or influ¥*dbCa
reconstitute physiological concentrations (Brini et al., 2014). One of the most well
characterised sensors talmodulin (CaM), which is involved in the modulation of PMCA
and also VOCCs (James et al., 1998; Lee et al., 1999; Chin and Means, 2000; Catteral al
Few, 2008). Upon binding to €aCaM undergoes prominent conformational changes and
re-localisation, lmding to other secondary effectors such as Ca/@dendent kinases,

AC and phosphatase calcineurin (Chin and Means, 2000; Brini et al., 2014). Other proteins
such as parvalbumin (PV), function as*Qeansporters or buffers which activate in
response taC&* rise and modulate its rapid sequestration (Schwaller et al., 2003; Brini et
al., 2014). Finally, a family of&hinding proteins particularly expressed in the CNS is that

of the Neuronal Cd sensors (NCSs), among which NdS the most describedyeing
involved in the regulation of synaptic plasticity and release of neurotransmitters (McFerran
et al., 19981999; Tsujimoto et al., 2002; Sippy et al., 2003).

11
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1.3 Neurodegeneration

Neurodegenerative diseases (NDs) are a group of heterogemenattions that affect the

CNS and are characterised by the progressive deterioration of brain activity and
functionality. The pathophysiology and progression of these diseases is extremely complex,
especially because they are rarely caused by singlerfaatal indeed they are classified as
multifactorial pathologies, where the convergence of several elements, both genetic and
environmental, contributes to the disease insurgence and progression (Sheikh et al., 2013;
Kovacs, 2016). Although the differenseases present specific characteristics, they share
some common features, such as the chronic activation of the immune system leading to
prominent neuroinflammation, bioenergetic defects deriving from oxidative stress and
mitochondrial dysfunction, and theccumulation of abnormally modified and misfolded
proteins, which is the reason why most NDs are also defined as proteinopathies (Sheikh et
al., 2013; Kovacs 2016). Here are briefly introduced the most relevant NDs of this PhD

project.

1.3.1 Mild cognitive Impairment

Mild cognitive impairment (MCI) is a condition characterised by minor decrease in memory,
which on one hand is beyond the expected decline that comes with aging, but on the other
hand is not severe enough to be defined as dementia (DeCarli). 200 e most cognitive
functions do not significantly differ from those of healthy controls (CTR), memory deficit is
the discriminating factor which allows the distinction between MCI, CTR and subjects
affected by mild AD (Petersen et al., 1999). Notablygitudinal studies have shown that

MCI patients are characterised by a more rapid cognitive decline compared to CTR, and a
slower rate of decline compared to AD subjects, revealing that they could be considered as
a possible phase of transition betweerormal aging and dementia (prodromal AD)
(Petersen et al., 1999; DeCarli, 2003). However, although most MCI patients progress into
AD pathology (up to 80% in 6 years from diagnosis), not all of them do and might stabilise
as MCI without developing dementjRetersen et al., 2001).

There is a keen interest in the characterisation and stratification of MCI patients, especially
to predict which ones are more likely to convert to AD. This is mainly because any disease
modifying drug would be more effective did early stages of disease as opposed to the

treatment of the advanced stages, when it would be too late to positively affect a more
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severe and widespread neurodegenerative state (Gailanza et al., 2009; Das et al.,
2001; Blennow et al., 2010).

1.32 Alz'SAYSNRa 5AaSkas

1.3.2.1 General characteristics and aetiopathogenesis

AD is the most common form of dementia in the elderly population and to date, no
effective treatment to cure the disease has been developed. According to a report
LJdzo f A AKSR o0& (Becktyin 2014 dbdukBS0j000eukieiwere affected with
dementia in the UK at the time, and more than 44 million worldwide (Prince et al., 2014).
This chronic disease is characterised by a progressive deterioration of cognitive functions,
which resultsn impaired language skills, memory loss and a general deficit in basic skills
GKFEG FTFFSOG GKS LISNB2Y QA | 0 AKbvads,&2016).2ThelLIS N
pathology initiates with neuronal degeneration and synapses loss in the hippocampus,
which then spreads to other parts of the brain, leading to cerebral atrophy (Terry et al.,
1991). AD is generally classified in two categories: familial AD (fAD) and sporadic AD (SAD
fAD is driven by genetic mutations and is typically characterised by an esdy (@efore

65 years). Only about 5% of AD cases are of genetic origin, and up to now more than 450
causative mutations have been identified 3ngenes:amyloid precursor proteinAPB,
Presenilinl (PS) andPresenilin2 RS2 (https://www.alzforum.org/mutations; April 2018
update). On the other han@AD is caused by multiple risk factors, of which Apolipoprotein

E APORt4 allele is the most established. Sporadic forms are characterised by a late onset
and account for the laye majority of all AD cases (Betram and Tanzi, 2005; Blennow et al.,
2015). The main hallmark of AD, either familial or sporadic, is the accumulation of two
misfolded proteins, namely hyperphosphorylated tau-T@u) forming intracellular
neurofibrillary ta/ 3t Sa o0bC¢0 6Y2aA1 S FfdX mMdpyco
extracellularly and forms amyloid plaques (Glenner and Wong, 1984). Decades of research
on the aetiopathogenesis of AD gave rise to different theories trying to elucidate the
mechanismanderlying the insurgence of the disease. One of the most accepted theories
is the amyloid cascade hypothesis (Hardy and Selkoe, 2002; Blennow et al., 2015), whict
Ll2addzA I 1Sa GKFEG GKS FfGSNIXGA2yYy 2F ! iFig LINR |
16).!' 1 LISLIWNIARS Aa FT2NNSR-USANNAY 48 TIR2-Se APY 0O R
Of S @Ay 3 Syl & ¥&retase).0Thid |éadsmo tieNyknération of a soluble N
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GSNXYAYFE FNIAYSY(d oa!l tt -G0S NMWAR/ H YFEROEIN SYS]
i -CTF is then target dfirther cleavage by a mulsubunit complex comprising PS1, PS2,
Nicastrin, presenilin enhancer (PEN2) and anterior phadgi&ctive (APH1), collectively

NB ¥ S NNIsecreiase. Thisistep generates the amyloid IntratsliDomain (AICD) and

I ASNASa 2F i LISLI ARSA -secfetase procesSingBwhich afeS y
released in the extracellular miligBlennow et al., 2015)The most studied peptides are

| 140, which is the most abundant among the rel8a@ ¥ NJ 3 Y SyfilesSprebeyitR !
but more prone to aggregation and therefore the main constituent of amyloid plaques
(Wang et al., 1996). Overall, the amyloidogenic pathway leads to the formation of a
KSGSNRIASyYyS2dza LJ2 LJdzf | { A 2pstholagical tonditidniS adacknilS &

' Y2dzyda 2F 'i FNB NBfSFaSRZ tSFRAy3a (2
plaques, which differ in composition among patients (Di Fede et al., 2018). Cerebrospinal
FEtdzZAR 6/ { CO | YR ik Ik hatio sgedfigafly), toget®eF with totalp !
Tau and Neurofilament Light (NfL) correlate with AD and are used nowadays by clinicians
02 KSftLI gAGK LI GASYdaQ RAIFIIy2ara 6bl 1 Ydz
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lf 6K2dAK GKS NRfS 2F I ] Ay !'5 LINPINB&aA
evidences of its neurotoxic effect on neuronal functionality (Wang et al., 1996; Lacor et al.,
2007), the topic is still idely debated, especially after the discovery that the oligomeric
F2N¥a 2F i INB Y2NB ySdaNRG2ZEAO O2YLI NBR
et al., 2002; Campioni et al., 2010). Moreover, no correlation has been found between the
amount of plagues and the severity of cognitive impairment, as plaques appear several
years before clinical symptoms become evident (Dickson et al., 1995; Perrin et al., 2009;
Benilova et al., 2012). In this scenario, amyloid plagues could have a beneficiabgffect
reducing the amount of free oligomers, at least in the initial stages of the pathology, before
the activation of an inflammatory response which ultimately would lead to neurotoxicity.

An alternative to thel Y&t 2A R OF a0l RS K& LREIKSBK A ANE 3
postulates that the major trigger of neurodegeneration is the dysregulation éf Ca
homeostasis in the brain (Green and LaFerla, 2008; Berridge, 2010). Increased leVéls of Ca
have been observed in neurons of AD mouse models, and wagmups have theorised

that this effect could be mediated by i G KNR dzZAK F2NXI A2y 27
interaction with calcium channels like ROCCs and VOCCs, or the promotion of ER stress ar
consequent leakage of calcium from the intracellular stofKawahara and Kuroda, 2000;
Mattson et al., 1992; Price et al., 1998; Tu et al., 2006). The two theories are closely related
and equally controversial, as the details of the mechanisms underlying the

neurodegeneration process have not been completelicielated.

1.3.2.2 Diagnosis

AD diagnosis in the memory clinics is based on the National Institute of Neurological

Disorders and Strok@lzheimer Disease and Related Disorders (NINSDISDA) criteria

(McKhann et al., 1984; Dubois et al., 2007). These consignimtalisciplinary approach

which relies on cognitive assessments together withwstablished biomarkers (Blennow

et al., 2010). The main criteria are as follow:

- Presence of a memory impairment lasting for at least 6 months, verified by objective
tests, such as the widely used MiMental State Examination (MMSE) (Folstein et al.,
1975)

- Measurement of medial temporal lobe atrophy (in the hippocampus, entorhinal cortex
or amygdala) by Magnetic resonance imaging (MRI) (Frisoni et al., 2009).

- Positive CSFdinarkers (low Aicaz, high total/ptau), generally assayed by ELISA
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- Positron Emission Tomography (PET) measuring either an increased bindihg of A
ligands (e.gt'Glabeled Pittsburgh compound B;RiB) or a reduced glucose metabolism
in bilateral temporaparietal regions
- Presence Alzausing mutation (fAD)
Although these criteria are commonly accepted, research has been focused on the
identification of less invasive biomarkers, such as bldedved biomarkers (Zetterberg
and Burnham, 2019). Among thesdagma levels of NfL, as well as circulating microRNAs

and extracellular vesicles (EVs) have been characterised.

1.3.3 Frontotemporal Lobar Degeneration

1.3.3.1 General characteristics and aetiopathogenesis

Frontotemporal lobar degeneration (FTLD) is a term comprising a heterogeneous group of
neurodegenerative disorders, which differ at the genetic, molecular and clinical level and
develop a clinical condition defined as Frontotemporal dementia (FTD). fidsiscond

most represented dementia after AD that affects subjects younger than 65 years of age
(Ratnavalli et al., 2002). The pathology is characterized by focal atrophy of the frontal and
temporal lobes of thecerebral cortex leading to the progressivdecline of functions
associated with these areas (Ratnavalli et al., 2002; Ikeda et al., 2004; Seelaar et al., 2011)
Specifically, the disease can be classified in two subcategories according to the brain
regions that are mostly affected by atrophy anidetpredominant clinical symptoms:
behavioural variant (bvFTD) and primary progressive aphasia (PPA). bvFTD, where the
frontal lobe is mainly affected, is characterised by changes in behaviour and personality,
while PPAdistinguished by the impairment tdnguage and comprehension skills, presents
greater atrophy in the temporal lobes. PPA can be further divided in progressivitueoi
aphasia (PNFA) and semantic dementia (SD) according to the specific atrophied lobar
region and language impairment (Neatyal., 1998; Gorndempini et al., 2011; Rascovsky

et al., 2011). Another classification of FTD is based on neuropathological features,
specifically on the composition of the aggregates that characterise protein deposition.
Indeed, similarly to other pteinopathies, also FTD is associated with the aggregation of
abnormally modified proteins and specifically four different kind of inclusions have been
described: Tau, transactivator regulatory DNA binding protein {A3)PFused in sarcoma

(FUS) and ubigtin proteasome system (URBdsitive inclusions, which refer itmknown
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ubiquitinaded proteinsIn the case of no detectable inclusions, the terminology FiLD
have been used (Mackenzie et al., 2010).

Up to 50% of FTD cases have been associated withiby faistory of disease, suggestive

of a strong genetic background (Rademakers and Roielatux, 2009) and to date three
main causative genes have been identified for familial FTD (fMIAP)T progranulin GRN

and chromosome 9 open reading frame T[€9af72). Additionally, genes variants
associated with an increased risk of developing FTD have been identified, includidd TDP
(TARDER Ubiquilin 2 UBQLNZP triggering receptor expressed on myeloid cell§REM,
FUSnd Sequestosome SQSTM)(Goldmaret al., 2007; Rademakers et al., 2012; Rubino

et al., 2012; Borroni et al., 2014). However, the majority of cases is still sporadic (SFTD),

without a clear genetic cause (Rademakers and Roveetux, 2009).

1.3.3.2 Diagnosis

The diagnosis of FTD is particiyachallenging because of the wide heterogeneity of the
diseases which, although characterised by some specific features, often present
overlapping phenotypes(Mackenzie and Neumann, 2016). Diagnosis is generally
performed by amultidisciplinary teamaccordng to international guidelinefNeary et al.,

1998; GorneTempini et al., 2011; Rascovsky et al., 30%Elying on neuropsychological
tests, imaging studies and circulating biomarkers. In general, the identification of clear
blood or CSF biomarkers spéciior FTD subtype has not been achiey@€drecchio et al.,

2011; Oeckl et al., 2016Notably, for FTD patients carrying specific mutation&SRN

which account for the majority of fFTD, CSF and plasma levels of progranulin (PGRN) were

able to predict tle disease with a specificity and sensitivity of 100% (Ghidoni et al., 2008).
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1.4 Transglutaminases: a muHfaceted family of enzymes

1.4.1 Transglutaminases family: background information

Transglutaminases (TGs) (EC 2.3.2.13) are a family*afégp@ndent enzymes that catalyse

the posttranslational modification (PTM) of target proteins through the transamidation of
available glutamine residues (Greenberg et al., 1991). This reaction mainly results in the
formation of inter and intramoleculab © -glutamyl}lysine (EGGL) isopeptide bonds or
crosslinks, which are covalent, stable and resistant to proteolysis (Folk and Finlayson, 1977)
{LISOAFAOLftE&S | OeadSAYyS NBAARIZS o/ &auv f
carboxamide group of a péde-bound glutamine residue (GIn) (acyl donor) through the
nucleophilic active thiolate group (SH). This generates a thioester intermediate formed by
TG and the acyl donor substrate, with release of ammonia. The first reaction is followed by
TGsmediatedi NI YA TSN 2F GKS Ot Ay dSNYSdibd (S
group of a peptidebound lysine residue (Lys), which results in the restoration of the TGs
thiol group and the formation of a EGGL isopeptide bond or crosdhigk {7A). TGs
catalytic activity may also mediate the incorporation of primary amines (monoamines and
L2 £ & I YA Y S Acarbokayhide2groupfoSpeptideound Gin Fig. 17B,Q (Folk et al.,

1969; Greenberg et al., 1991, Lorand and Graham, 2003). These reactions lbadgesc

in protein conformation and induce the formation of rigid and insoluble supramolecular
structures (Aeschliman, 1994, Folk and Finlayson, 1977). TGs catalytic activity is a finely
regulated process that involves multiple factors, i.e. calcium, redoxditions and purine
nucleotide binding (Demeny et al., 2015).

The TGs family consists of nine members, eight of which are catalytically active in humans:
TG1 (cheratinocyte TG), TG2 (tissue or #€G), TG3 (epidermal TG), TG4 (prostatic TG),
TG5 (or GX), TG6 (or TGY), TG7 (or TGZ), coagulation Factor Xllla subunit (plasma TG) a
the inactive band 4.2 protein (Grenard et al., 2001, Sarvari et al., 2002). TGs activity has
been implicated in several phenomena of cell biology, including cell prolifaratio
differentiation and death, extracellular matrix assembly, and also complex physiological
processes like blood coagulation, sperm immunosuppression and keratinocyte barrier
function (summarised ifable 11) (Aeschliman, 1994, Chen and Mehta, 1999, Maeti

al., 2013, Nemes and Steinert, 1999, Sarvari et al., 2002).
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monoamine andC) polyamine into a peptiddound glutamine residuelhis mage was
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Table 11. General features of T@8/ehta and Eckert, 200%;urutani and Kojima, 2015
Lorand and lismaa, 20}9

Protein Main functions Localisation (organ) Disease
TG1 | Formation of the cornified PM, cytosol (brain| Lamellar Ichthyosi€TG1 deficiency)
envelop (keratinocytes) epidermig
TG2 | ECM  stabilisation, ce| PM, cytosol, ER, nucleul Celiac disease TG2 autoantigen),
adhesion, apoptosis an{ autophagosome, tissue fibrosis(TG2 overexpressior
autophagy regulation, cel endosome, mitochondria| hyperacivity)
survivalsignalling ECM (ubiquitous)
TG3 | Formation of the cornified PM €pidermis  hair | Uncombable hair syndrome (TG
envelop (keratinocytes) follicles brain deficiency) dermatitis herpetiformis
and celiac disease (TG3 autoantige
TG4 | Plug formation in rodents | ECM, seminabesicle fluid| Reduced fertility (TG4 deficiency
(prostategland Autoimmune polyglandular
syndrome type 1 (TG4 autoantiger
prostate cancer progression
TG5 | Formation of the cornified PM, cytosol (skeletal| Acral peeling skin syndrome (T(
envelop (keratinocytes) muscle, epidermis deficiency)
TG6 | Neurogenesis Unknown (brain  and| Gluten ataxia and gluten axonal
epidermig neuropathy (TG6  autoantigen
Spinocerebellar  ataxid5 (TG6
mutation)
TG7 | Unknown Unknown (Testis and lung Unknown
FXllla | Blood clotting, bone matrix] ECM, PM, cytosol (blood)| Bleeding disorders (FXIIl deficien
stabilisation, would healing and autoantigei
Band | Structural role in| PM, cytosol (erythrocytes) Hereditary spherocytosis type
4.2 | erythrocytescytoskeleton (band 4.2deficiency)

PM: Plasma membrane; ER: Endoplasmic reticlH@®M: Extracellular matrix

1.4.1.1Transglutaminase 1 (TG1)

TG1 is involved in the differentiation and cornified envelope formation of keratinocytes and

it is mainly expressed in the granular layethsd epidermis and upper digestive tract. TG1

mediated crosslinking of envelope proteins is in fact responsible for the keratinization

process (Steinert and Marekov, 1995). TG1 is localised in the cytoplasm but also at the

plasma membrane, and it is releas as 10, 33, 66 kDa fragments (Kim et al., 1995)

Mutations of the TG1 gend GMJ resulting in TG1 decrease cause Lamellar Ichthyosis, an
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autosomal recessive skin disorder charactetidey the aberrant cornification of the
epidermis(Candi et al., 1998; Huber et al., 1995; Cserh&ingidman etal., 2001).

1.4.1.2Transglutaminase 3 (TG3)

TG3 is mainly expressed in the epidermis, brain and hair follicles, where it plays a central
role in hair fiber morphogenesis by catalysing the crosslinking of keratin intermediate
filaments and trichohyalin, whichardens the inner root sheath of hair follicles (Hitomi et

al., 2003; Hitomi et al., 1999; Hitomi et al., 2001). In the late stages of keratinocytes
differentiation, TG3 participates to the formation of the cornified envelope (John et al.,
2012). Mutationsin this gene TGM3 are associated with a reduction in skin barrier

function and impairment in hair development (Bognar et al., 2014; John et al., 2012).

1.4.1.3Transglutaminase 4 (TG4)

TG4 is mainly found in the prostate gland, seminal plasma, prostatis #und prostate
cancer cells (Grenard et al., 2001; WilliaAshman et al., 1977). Decreased expression of
TG4 is associated with prostate cancer, and the presence of variants generated by
alternative splicing have been described in prostate cancer tis&ties et al., 2010). TG4

is involved in epitheligmesenchymal transition (EMT) in prostate cancer cells and has

been shown to interact with ECM proteins (Jiang and Ablin, 2011; Cho et al., 2010).

1.4.1.4Transglutaminase 5 (TG5)

TG5 is mostly present in skeletaluscle cells, foreskin keratinocytes and the lining of
epithelial barrier (Cassidy et al., 2005). Mutations in TBBMY lead to skin peeling
syndrome. Similarly to TG1 and TG3, TG5 participate to the crosslinking of envelope
proteins in the epidermis @hdi et al., 2002; Candi et al., 2001).

1.4.1.5Transglutaminase 6 (TG6)

Although TG6 localisation was initially thought to be mainly found in skin, testis and lung,
more recently its presence and activity have been prevalently associated with the CNS,
where itis involved in neurogenesis (Thomas et al., 2B&ulzeKrebs et al., 20106
Mutations in the TG6 gend@ GM§ are associated with a rare autosonteminant form of
familial ataxia, i.e. Spinocerebellar ataxia type 35 (SCA35) (Tripathy et al., 201 Qvéipre

autoantibodies to TG6 has been identified in patients affected by gluten ataxia
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(Hadjivassiliou et al., 2008; Hadjivassiliou et al., 2013). This is suggestive of a vital role for

TG6 in cortical and cerebellar neurons (Thowriaal., 2013).

1.4.1.6Transdutaminase 7 (TG7)

TG7 is the less known member of the TGs family. It is ubiquitously expressed, with a
predominance to testis and lung (Mehta and Eckert, 2005). Elevated mRNA levels of TG7
together with TG2 and TG3, have been associated with poor praimosreast cancer

patients (Jiang et al., 2003).

1.4.1.7Factor XIII (FXIII)

Factor Xlll, also called plasma TG, is a component of the blood coagulation cascade (Loran
et al., 1993; Lorand and Graham, 2003). It is mainly present in platelets, macrophages and
blood, but has also been reported in other compartments, such as brain (astrocytes),
placenta, eyes, heart and osteoblasts (Eckert et al., 2014). FXIll is a heterotetramer
consisting of two A and two B subunits (A2B2), where the A dimer contains theticataly
core, while the B dimer functions as a carrier for A. The enzyme is activated by thrombin
mediated cleavage, which removes thetéMminal activation peptides and leads to the
dissociation of the A and B dimers, and consequent activation of A (FMUkpbek et al.,
2011). Fibrin, which is a substrate of FXllla transamidation in the clotting system, as well as
a target of other TGs, has been reported to be involved in FXllla activation process
(Hethershaw et al., 2018). Inherited FXIII deficiency isu#nsomal recessive disorder
characterised by reduced FXIlla, which leads to defective wound healing and excessive

bleeding (Anwar et al., 1995).

1.4.1.8Erythrocyte membrane protein band 4.2 (Band 4.2)

Band 4.2 is the only member of the TGs family withouttalgac activity. This is because

the Cys catalytic residue which is conserved in the other TGs and is responsible for the
catalytic activity (as shown Fig. 17), in Band 4.2 is substituted by an alanine residue (Ala)
(Sung et al., 1990). Band 4.2 isinlexpressed in erythrocytes, fetal liver, bone marrow
and spleen and primarily localises at the plasma membrane, where it is involved in the
maintenance of the membrane integrity and regulation of cell stability (Mehta and Eckert,
2005). In red blood dis, Band 4.2 has been shown to bind to théekminal domain of
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band 3 (B3, also known as redlls anion exchanger) and also interact with ankyrin
(Bennett and Stenbuck 1980; Korsgren and Cohen, 1986).

1.4.1.9Transglutaminase 2 (TG2)

Transglutaminase 2, alsalled tissue or typ transglutaminase, is the most extensively
studied member of the TGs family. With a molecular weight (MW) of approximately 78 kDa,
this enzyme is ubiquitously expressed and it is mainly defined by #tsd€aendent
transamidating ativity (Mycek et al., 1959). Moreover, TG2 is known for its ability to
catalyse the hydrolysis of target glutamine residues (deamidation) (Mycek et al., 1960), e.g.
gluten peptides, which has been linked to the development of the ghndaced
enteropathycalled celiac disease (CD) (Dieterich et al., 1997; Molberg et al., 1998). Other
targets of TG2 hydrolysis are guanosine triphosphate (GTP) and adenosine triphosphate
(ATP) (GTPase and ATPase activity). Less characterised functions of TG2 are disulphi
isomerase activity and protein kinase activity (Savoca et al., 2018).

At the transcriptional level, TG2 genEGM3J is modulated by multiple regulatory factors
which directly interact with its promotor, such as interlew&r§IL6), retinoic acid response,

tNF YaF2N¥YAY3I ANRGUGK FI OH2WI i vy RI@ deBpohBeS H S
elements (Eckert et al., 2014). Furthermore, a humber of additional factors have been
reported to affect TG2 levels, including tumour necrosis factor (TNF), chemokines,
cytokines, epidermal growth factor (EGF) and nuclear factor kdigb&chainenhancer of

activatedBecells(NF. 0 09 O1SNI S Ff ®X wanmnT bdz2NYAY

1.4.1.9.1 TG2 isoforms

Four different isoforms of TG2, generated by alternative splicing, have ideatified to

date: TGM2_V1 (canonical full length), TGM2_V2 (short), TGM2_V3 (very short) and
TGM2_V4 (a and b, deleted forms) (Phatak, et al. 2013). TGM2_V2 and TGM2_V3 derive
from an intron retention which results in an altered and truncatet&fninus.Specifically,
TGM2_V2 is a 548 amino acids long protein with MW of ~62 kDa, whereas TGM2_V3 is ¢
349 amino acids long protein with a predicted MW of ~38 kDa (Fraij, et al. 1992, Fraij and
Gonzales 1996, Antonyak, et al. 2006). TGM2_V4 (a and b) deatgpimal splicing which
results in a variation of the-t@rminal without affecting the protein MW (Lai, et al. 2007).
These alterative isoforms lose the GiRding domain located at the-términal, and for

this reason they are predicted to constitutivelgtive (Begg, et al. 2006). Even though they
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have been detected in a variety of cells, either at the transcript or protein level (e.g.
astrocytes, neurons, endothelial and vascular smooth muscle cells (Nurminskaya and Belkin
2012), not much is known yebaut their functions. Notably, some works have reported a
possible role in cancer progression (Phatak, et al. 2013) and kidney fibrosis (Burhan, et al.

2016).

1.4.1.9.2 TG2 protein

TG2 secondary structure consists of four globular doméiigs (8) (Mehta et al., 2010).
The N S NJY Asgnidviich tomain (aa-139), which contains the fibronectin (FN) binding
site. The core domain (aa 14®0), which is responsible for TG2 transamidation activity,
includes the catalytic triad, cysteifestidine-aspatic acid [Cy$277)-Hig335)-As358)
and two tryptophan residuef rp(241) and Trp@32)], which participate to the stabilisation
of the intermediate thioester. The two-& S NJY Abgrteffdonains (aa 46586 and 587
687) are involved with ATP/GTP bind{hwrminskaya and Belkin, 2012).

N g-sandwich Catalytic core I Il Barrel 1 Barrel2 C }TGZ domains
[ J'L . CHD —J1 =®rRr R
g WTATVWDQODTCLSLOLTT, (o = 43|—I%GSEEER‘::1 53\ — /
Fibronectin-binding Calal{tic triad Ca*-binding binding Phospholipase C Fun:ittt)nal
; binding
Pr les inteari Posttransiational
:;“"t eds l')'.‘nfj‘:’ M (  modification of
ok I '? eECI:d a0 proteins (e.g. RhoA,
cellsto IkBa) Probable
l Cell survival ibasinatia function
Cell growth, survival Apoptosis £l gfowth
and motility Inflammation Invasion

Figurel.8. Structural representation of TG@ehta et al., 2010).

1.4.1.9.3 Regulation of TG2 catalytic activity

TG2 activity is regulated by three main factors?*C&TP binding and redox environment.
C&* promotes the allosteric activation of TG2 by binding to specific bindings sites, which
acts in a cooperative manner and promote an open conformation of the enzyme (Bergamini
et al., 1988; Casadio et al., 1999; Kiraly et al., 2009). Equally importahefarddulation

of TG2 activity is the binding to GTP, which has an inhibitory effect and promotes a closed

conformation (Achyuthan et al., 1987; Bergamini et al., 1987). Intracellularly, where under
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physiological conditions €aconcentration is low (10@00 nM) and GTP concentration is
high(10BMmpn >a0X ¢DH A& Yzadfe AYyKAOAGSR® 9E
mM range, GTP binding is inhibited and TG2 can be activated (Achyuthan et al., 1987,
Bergamini et al., 1987; Casadio et al., 19B@wever, if the Cys thiol group in TG2 catalytic
core is oxidised, TG2 is catalytically inactive even at higfrc@acentrations (Stamnaes et

al.,, 2010). It is now believed that TG2 continuously shifts between three distinct
conformations: closed and G¥®und (inactive), open and €aound but oxidised

(inactive) and open, Gabound and reduced (active) (Jin et al., 20Fiy(19).

Ca~ &
Reduction

CLQSEQ TG2 Cys-SH
(inactive)
OPEN TG2
(active)

Car &
Oxidation

OPEN TG2
(inactive)

Figure 19. Effect of calcium, GTP and redox conditions on TG2 conformation and activity.

This mage was modified frorBavoca et al., 2018.

1.4.1.9.4 TG2 localisation

CytoplasmTG2 has been identified in the cytoplasm of numerous cell lines, where it is
believed to be mostly inactive due to low%Cand high GTP levels (Nurminskaya and Belkin,
2012). However, under pathological conditions such as oxidative stre$slySeegulation

and excitotoxicity, TG2 could be activated and crosslink endogenous intracellular
substrates (Nurminskaya and BelkiQ12; Walther et al., 2011). Cytoplasmic TG&been

shown to interact with small GTPases, such as RhoA and Rac, modulating their activity by

serotonylation (Walther et al., 2003; Walther et al., 2011) and also in an aetivity
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independent manner (Kim et al., 2010). Notably, overexpression of TGziGdiRg
defective forms in fibroblasts was shown to promote apoptosis independently from TG2
activity (Datta et al., 2007), thus revealing that TG2 could have multiple additiorsichg

independently from its activation state.

Mitochondria: TG2 expression has been detected in mitochondria especially in response to
apoptotic signals (Piacentini et al., 2002). The analysis of neuroblastoma cells has revealec
that almost 50% of théotal cellular TG2 was located in mitochondria (Rodolfo et al., 2004,
Piacentini et al., 2002), specifically interacting with both outer and inner membrane (Park
et al., 2010). Notably, TG2 has been shown to be involved in BAX translocation to
mitochondriaand indirectly modulate the release of cytochrome c, thus inducing the
apoptotic pathway (Yoo et al., 2012; Rodolfo et al.,, 2004). Moreover, mitochondrial
substrates of TG2 transamidation have been identifiresituunder apoptotic stimuli (Park

et al.,2010; Sarang et al., 2009). In physiological conditions, TG2 was shown to contribute
to the correct assembly of respiratory complexes at the mitochondrial ievelvo,by its
disulphide isomerase activity, and lack of TG2 in TG2 KO mice caused enaigynénip

(Mastroberardino et al., 2006; Malorni et al., 2009).

Nuclear TGAWuclear TG2 accounts for about-#% of total intracellular TG2 (Nurminskaya

and Belkin, 2012). Translocation of TG2 to nucleus is usually driven by a variety of stress
stimuli, ncluding [C&]; increase, retinoic acid, VEGF and hypoxia (Dardik and Inbal, 2006;
Balajthy et al., 2006; Filiano et al., 2008). The mechanism regulating this localisation change
is not yet clear, although the interaction with a nuclear transporter (Itipgr o 0 Kl & 0
proposed (Peng et al., 1999). One of the most commonly known effects of nuclear TG2 is
the regulation of transcription factor SP1. F@2diated crosslinking of SP1 was shown to
inhibit SP1 and consequently affect the expression -det, which resulted in the
activation of caspasmediated apoptosis (Tatsukawa et al., 2009; Tatsukawa and Kojima,
2010). Another possible effect of nuclear TG2 is the PTM of histone proteins. Indeed,
several histones (e.g. H2A, H2B, H3 and H4) have been @esasbsubstrates of TG2
transamidation bothin vitro and in vivq suggesting a possible role in apoptasduced
condensation of chromatin (Ballestar et al., 2001; Ballestar et al., 1996).

Extracellular TG2Extracellular TG2 has been mostly associateth wie PTM of ECM

proteins, such as FN, osteonectin, osteopontin, laminin, vitronectin, fibrinogen and
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collagen (Savoca et al., 2018). The most prominent effect offi€lkated crosslinking is a
general stabilisation and stiffening of the ECM structurdk(Bod Finlayson, 1977; Johnson

et al., 1999; Chau et al., 2005; Jones et al., 2006), which however can degenerate to
excessive levels in conditions like tissue fibrosis. Indeed, several disorders have been
described where the increase of extracellular T®3s involved in aberrant ECM
transamidation and fibrosis progression, such as in kidney (Johnson et al., 1999; Johnsor
et al., 1997; Johnson et al., 2003; Burhan et al, 2016), lung (Griffin et al., 1979; Richards et
al., 1991; Oh et al., 2011; Olsen et aD11), liver (Mirza et al., 1997; Grenard et al., 2001,
Tatsukawa et al., 2017) and heart (Small et al., 1997; Shinde et al., 2017; Wang et al, 2018)
Among all TG2 substrates, FN is one of the most well characterised, and it is known to also
directly nteract with TG2 thanks to a FN binding site present in T@&¥minal domain
(Jeong et al., 1995; Hang et al., 2005). Via this interaction, TG2 has been shown to form
adhesive complexes and promote cell adhesion by acting as a bridge between FN and
synde@an4, a cell surface heparan sulfate proteoglycan (HSPG) (Verderio et al., 2003; Telci
et al., 2008). Furthermore, by functioning as an integrirrexeptor, TG2 was shown to
support integrindependent cell adhesion, thus revealing an important functionaas
structural adhesive protein in the ECM (Lo+8aicob et al., 2012; Wang et al., 2012; Teesalu

et al., 2012).

1.4.2 TGsrole in the CNS: physiological functions in the brain

TGs activity was first detected in the giant cholinergic neurong\mysia califorica
(Ambron and Kremzner, 1982), then in other neuronal cells such as rat cerebellar granule
neurons (Perry et al.,, 1995) and rat cultured astrocytes (Monsonego et al., 1997) and
generally in various areas of mammalian CNS and peripheral nerves, humamobladed

(Hand et al., 1993, Kim et al., 1999).

A substantial amount of evidence suggests that TGs may have a role in numerous and
diverse processes in neurons. TG2 was and still is the most well characterized TGs in the
nervous system; in 1986, Maccioand Seeds reported a prominent role for TG2 in
microtubule assembly, showing its involvement in neurite outgrowth during morphological
differentiation of neuroblastoma cells (Maccioni and Seeds, 1986), which was confirmed in
primary samples, consolidatinthe hypothesis that TG2 may be involved in brain
development (Bailey and Johnson, 2004). Different studies also propose a possible

involvement of TG2 in processes that are crucial for dendrite and axon formation, such as
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the stabilization of focal adhesis (Perry et al., 1995) and cytoskeletal stabilization
(Maccioni and Seeds, 1986). Furthermore, TG2 ability to crosslink proteins involved in
cytoskeletal motility and shape, such as neurofilaments, actin and vimentin, suggest its
potential effect on celfunctions and survival (Clement et al., 1998, Nemes et al., 1997,
Selkoe et al., 1982). As confirmation of this hypothesis, TG2 is activated in apoptotic cells
(Fesus, 1993, Melino and Piacentini, 1998) and its overactivation in neurons leads to
impaired mtochondrial respiration and oxidative stress and may be thus instrumental for
the induction and/or execution of apoptosis (Piacentini et al., 2002, Piacentini et al., 2005).
Moreover, the cemmunoprecipitation of histone 2B with tisstigs in apoptotic SK-BE
neuroblastoma cells, together with the evidence that some core histones react with TG2,
infers that TG2 may be involved in chromatin condensation during apoptotic cell death
(Ballestar et al., 1996, Piredda et al., 1999).

Kim and colleagues did noiit their analysis to TG2 and demonstrated the presence of
multiple functional TGs in human brain tissues, with TG2 as the most abundant enzyme,
followed by TG1 and lesser amounts of TG3 (Kim et al., 1999). Interestingly, they gave
evidence of differentibexpression of these TGs enzymes in different regions of the brain,
giving rise to a more complex view of TGs action in the brain (Kim et al., 1999).

Wilhelmus and colleagues have published many papers about TGs role in the brain,
especially theipossible involvement in neurodegeneration, as shown in their most recent
review (Wilhelmus et al., 2014). They demonstrated that TG1 isdedah the cytoplasm

2T ANBeEe YIGGSNRa ySdaNRPyas Ay FaldNrOedaSa |
while TG2 was observed in both cytoplasm and nucleus of neurons in the neocortex, in
GKAUS YIFHGGSNRa FadNrOedSaz Ay OFLATELFNRS
2009).

1.4.3 TGs involvement in neurodegeneration

The first studies implicating apsible role of TGs in neurodegeneration date back to 1982,
when Selkoe and colleagues demonstrated that both neuronal (NF) and glial filaments
(GFA) isolated from normal and AD brains were substrates of TGs crosslinking activity
(Selkoe et al., 1982). S=al experimental data have been published since then, suggesting
the involvement of TGs in the deposition of protein aggregates in NDs; however, they do
Y20 AYRAOFGS G6KSUKSNI FoSNNIyd ¢D FOUGA DA
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progression (lannzcone et al.,, 2012, Martin et al., 2013}id. 1.D). The strongest

supporting evidence for this hypothesis comes from studies on AD, PD and HD.

Protein with (Q)
polyQ expansion "

Protein with (Q)n CONH,

polyQ expansion NH,
s (CHy),

NH NH,

. _ CONH,
K d(“l-]“r— (K)‘ I
protein - Protein with (Q),

polyQ expansion

Protein with (Q)n
Protein with (Q)n polyQ expansion
polyQ expansion I

K donor.
protein

Protein with
\ polyQ expansion (Q)ﬂ

INSOLUBLE AGGREGATES ‘
(covalent crosslinks)

NEURONAL DEATH?
Figure 1.10: Possible mechanisms responsible for protein aggregate formation catalysed
by TGgMatrtin et al., 2013).

1.43.1 TGsin AD

AD is characterized by the formation and deposition of stable insoluble protein complexes,
in particular amyloie YR Gldz LINRGSAYI BKAOK S
neuroinflammation and neurodegeneration. The catalytic activity of TGs clearly repsesent
one of the possible factors that come into play during the disease pathological progression.
¢tKS RSY2yaiaN}GAzy GKIFIG ¢DnH Aada AYLI AOFGSR
is only one part of the substantial evidence that support this hypoth@ssilova et al.,

2012, Hartley et al., 2008). Starting from Selkoe work in 1982 (Selkoe et al., 1982) and going
forward with later reports, many papers have been published on this topic, all
demonstrating that TGs RNA expression, activity and proteieldeare significantly
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elevated in AD patients compared to controls, e.g. in the prefrontal cortex (Citron et al.,
2001, Johnson et al., 1997, Kim et al., 1999) and CSF (Bonelli et al., 2002, Nemes et al
2001) Table 12). TG2 was found to be docalisedwith tau in neurofibrillary tangles
6bC¢av 6/ A0GNRY SO Ff®X wnnamo FYyR gAGK 1]
in Fig. 1.1A-B. Interestingly, Wilhelmus and colleagues demonstrated that also TG1 is
expressed in both NFTs and senile plag{&f3s), while TG2 can be additionally found in
cerebral amyloid angiopathy (CAAgJager et al., 2015, Wilhelmus et al., 2009). Notably,
Citron and colleagues also detected the presence of TG2 short isoform transcript (i.e.
TG2_V2) in AD brains, wherethss was absent in healthy normal controls (Citron et al.,
2001; Citron et al., 2002).

As mentioned previously, a relevant pathophysiological mechanism of AD is the
inflammatory response mediated by microglial cells and astrocytes and their subsequent
proliferation (Sarvari et al., 2002). Oxidative damage inflicted to cells by activated microglia
causes elevation of intracellular calcium, resulting in the activation of TGs and cell death
signalling (Basso and Ratan, 2013, Caccamo et al., 2012). Moreo2eexp@ssion is
dzLINB 3dzf  GSR o6& AYyFElIYYIl G2NB yAe &D|CN =S 46 KI
dramatically upregulated in AD (lkura et al., 1994, McGeer and McGeer, 1998).

Tablel.2. Detection of TG2 protein and activity in CSF reported in the literat

/| SNBoNRaALAYLFf CfdzAR o/ {C
+F NRAIFofS aSiK2R 5A4S1 wWSFTSNBYy

AD, VaD, Bonelli et al., 2002

1 é
¢DH LINE G S ELISA PD Vermes et al., 200

- Internal standard tracer

O9DD[ -6b - Precolumn AD
glutamyl) lysine phenylisothiocyanate : bSySa Si

R : AR VaD

isodipeptide) levels derivatization
- HPLC separation

1 -Glutamylamines - Reversed ph_ase HPLC Jeitner et al., 200!
- Electrochemical HD .

levels Jeitner et al., 200¢

detection (EC)

Incorporation offH-
Enzymatic activity putrescineinto dimethyl ASL Fujita et al, 1998
casein (radioactivity)
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Figure 1.11: Visualisation of TG2 in AD Neurofibrillary tangles (NTF) and amyloid plaques
by immunohistochemistryA) Cclocalisation of TG2 and tau in the NTFs of AD patients.
Panels a) and b) show sections of the frontal cortex, while ¢) and d) show sectioas of th
hippocampus, both isolated from a patient at an advanced stage of AD (modified from
Citron et al., 2001)B) Immunohistochemical staining of TG2 in amyloid plaques isolated
from the brain of an AD patient. Plaques were treated with a) normal goat sdrumG2

FydAo2Re 2NJ OO0 !i IyiAo2Re O6Y2RAFTASR TNR
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Overall, these data demonstrate above all that TGs can be considered a good molecular
marker for AD and that inhibitors of their crosslinking activity may represent a new
therapeutic gproach for AD. It is in fact known that TGs, especially TG2, is activated in AD
early stages and that its inhibition reduces the formation of protein aggregates in vitro
(Wilhelmus et al.,, 2009, Wilhelmus et al., 2014). Moreover it has recently been
demorstrated that isoform norselective inhibitors have a neuroprotective effect in rat
cortical neurons subjected to oxidative stress (Basso et al., 2012). Hengaehithigon of

TGs activity could potentially stop the F&mtribution to disease progressioand
F2NXIGA2Y 2F !0 FyR Gldz G2EAO 2t A32YSNAOD
Among all this strong evidence, Wolf and colleagues are the only contrary voice; in one of
their reports they stated that TG2 is not a molecular marker of AD, because neither TG2
concentration nor transamidatio activity were significantly increased in AD brain
K2Y23aSylFridSa o022tF S It ®X Hnwmo GldazalsbtueNd K S N.
¢DH Ay yS202NIUSE aSOGAz2ya 6AGK Gl dz 2NJ !
between their results andvhat is reported in the vast majority of published data is
probably due to a main limitation in the brain tissue fixation method utilised by Wolf et al.,
which was not ideal for TG2 detection, as is clearly stated by Wilhelmus in a letter to editor
publisted in the same journal (Wilhelmus and Drukarch, 2014). Taking all of this into
account, it is fair to state that TGs may be considered a promising biochemical marker of
AD.

1.43.2 TGsin PD

tF Nl]Ayaz2yQa 5AaS8SasS 6t 50 ssynucliahdéthedprate® 1 S F
into insoluble cytoplasmic inclusions called Lewy bodies, which leads to the degeneration
of melanised catecholaminergic neurons of the substantia nigra compacta (Watson et al.,
HAMAUO ® = NA2dza synuclSiN® a KNBviERMIOf TAsKidarisamidating
activityin vitroandin vivo(Andringa et al., 2004, Grosso et al., 2014, Junn et al., 2003) and
that TG2 protein levels are increased in PD CSF (Vermes et al., 241}4)12). Moreover,

in the substantia nigra of PD braifGG2 mRNA, protein levels and activity are significantly
elevated (Andringa et al., 2004, Citron et al., 2002). In addition, T@®2canoprecipitates

& A (-$ynutlein and they etocalise in Lewy bodies (Citron et al., 2002, Junn et al., 2003).
The increaed levels of TGaduced crosslinking observed in Parkinson's disease brains
AYLX ASa | Llr2aaAiroftsS Ayg@2t @Ssynfokinintd Fewyibbdies dzS
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Hence, targeting TGs activity might prevent the development of Lewy bodies and Lewy

neurites, and thus the development &D(Tarazi et al., 2014, Wilhelmus et al., 2008).

1.4.3.3 TGsin HD

| dzy Ay 302y Q& 5AaSFasS 6150 A& ySdNRPLI GK2f
in the striatum and cerebral cortex, caused by polyglutamine expansion within the
huntingtin protein as a result from the elongation of a specific trinucleotide repethe

coding region of the gen&{TT Mutated huntingtin is cleaved into smaller, toxic fragments
that bind together and accumulate in neurons, leading to their eventual death. Huntingtin

is another target of TGs; they were in fact found to bdamalsed in intranuclear inclusion
(Zainelli et al., 2003, Zainelli et al., 2005). TG2 activity is increased in HD brain (Lesort et al.
1999) and both protein and activity are elevated in HD CSF respect to controls (Jeitner et
al., 2001, Jeitner et al., 2008Jable 12). In a mouse model of HD (BACHD mice), TG6
inhibition was shown to increase the levels of insoluble huntingtin aggregates while
decreasing the more toxic soluble forms, suggesting a possible neuroprotective role

(Dedeoglu et al., 2002, Karpujat, 2002, Mastroberardino et al., 2002).

1.4.3.4 TGs in other NDs

Even if the majority of data about TGs involvement in neurodegeneration is mainly referred
to AD, PD and HD, some reports have been published about other form of dementia, albeit
in a limited amaint, e.g. for Progressive Supranuclear Palsy (PSP) and Amyotrophic Lateral
Sclerosis (ALS).

PSP is the second most common form of parkinsonian movement disorder after Parkinson
disease and is characterized neuronal loss, gliosis, tau immunoreactive &stioand
neurofibrillary tangle (NFT) formation. Elevated levels of TG1 and TG2 protein (especially
the short isoform), crosslinking activity and mRNA has been observed in PSP brain, while
TG3 was not detectable (Zemaitaitis et al., 2000, Zemaitaitis,2Q03).

The main pathological feature of ALS is the selective degenerative loss of motor neurons in
the ventral horn, and scarring of lateral fasciculi of the spinal cord. Data about TGs possible
role in ALS progression is scarce; Fuijita et al. shohadGl OG A A G & @I t dzS:
serum are higher at the initial stage of the disease, whereas they became extremely low at
the late stage of ALS (Fujita et al., 1998). Their data suggest that a leakage of TGs from th

spinal cord into the CSF and thém the bloodstream tissue may happen during the
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progression of ALS, and that TGs activity results depleted at the terminal stages of the
disease when most of the spinal motor neuronal perikaryon have been destroyed (Fujita et
al., 1998). Moreover, recemtata show that in a mouse model of ALS, TG2 is involved in the
aberrant assembly of misfolded superoxide dismutase (SOD1) proteins, hence contributing
to neuroinflammation and disease progression (Oono et al., 2014). Interestingly, another
study states tht in some cases, the neurologic presentation of a glutdated disorder
mimicking ALS might occur in some patients that are seropositive to T6 (Gadoth et al., 2015)
The concept that antibodies against TG6 may serve as an additional to identify patients
with gluten sensitivity who may also be at risk for developing a neurological disease, gives
rise to a completely new perspective to be considered for TGs involvement in

neurodegeneration (Hadjivassiliou et al., 2008).
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1.5 Extracellular Vesicles

Extracellular vesicles (EVs) are a newly emerged mechanism of intercellular communication
which has been identified in most organisms, from prokaryotes to plants and higher
eukaryotes (Yanelglo et al., 2015; Gyorgy et al., 2011; Cocucci and Meldolesh;201
Raposo and Stoorvogel, 2013). EVs consist of a phospholipid bilayer membrane which
includes a variety of bioactive molecules, such as nucleic acids, lipids and pré&igins (
1.12) (Raposo and Stoorvogel, 2013; Thery et al., 2018). These include merpbotgins

like tetraspanins (CD63, CD81, CD82, CD53 and CD37) and protein associated with lipid rafi
(membrane lipid microdomains rich in cholesterol, sphingomyelin and ceramide), such as
flotillin and glycosylphosphatidylinositahchored proteins. Comvsely, proteins derived

from intracellular compartments (e.g. mitochondria, ER and nucleus) should be absent

(Raposo and Stoorvogel, 2013).

P

Proteins /

CHAmBaEY { OKSYFGAO NBLINBaSyGlradAz2y 2F +y 9=
I OARA& O05bYXRwhwbd = FEyRLIARAZ € dzYAYylFf LINRGSAY2
YR ¢{DmnmT Syl e&ayvySao IyR (GN}XYyaYSYOoNIyS LI
a8YyRSOlIyas:r ¢EBE2MAASAYywdHSEYSNI GSR g AGK
OKOGGLIAYKKGOIGDOY2UAT2Ef A2P02YK0O D
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EVs cago molecules are carried from donor to recipient cells, which may be in proximity or
distant from the source. Indeed, EVs lipid structure is able to protect their contents from
degradation, allowing the delivery of intact molecules to distant targets (¥kiweet al.,

2015; Cocucci and Meldolesi, 2015). EVs have been detected in the conditioned media of
many cultured cells, including neurons and glial cells (Fauré et al., 2006; Bianco et al., 2005
as well asn vivo,in a variety of body fluids, including CSF, blood, saliva, urines, bile,
amniotic fluid, seminal fluid and breast milk (Verderio et al., 2012; Raposo and Stoorvogel,
2013; YaneMo et al, 2015). Given their heterogeneous content and ability to travel
throughout the body, it is not surprising that EVs would be able to affect biological

functions both at the physiological and pathological level (Y&heezt al., 2015).

1.5.1 Biogenesis

EVs can be divided in two categories according to their cellular origirovagicles (MVS)

and exosomes. MVs derive from direct shedding of the plasma membrane and present a
ONRIFR aA1S NIy3Ssz gAGK RAFYSGSNAR OGKFG NIy
2011; Mause and Weber, 2010; Raposo and Stoorvogel, 2013). Ee@senive from the
endosomal pathway, and specifically generate within the multivesicular bodies (MBVS),
which then fuse with the plasma membrane, thus releasing the exosomes in the
extracellular space. They are smaller than MVs, ranging from 40 to 156 diameter
(Mause and Weber, 2010; Raposo and Stoorvogel, 2013; Andaloussi et al., 2013).
Exosomes biogenesis is regulated by a variety of proteins, among which the endosomal
sorting complex responsible for transport (ESCRT) complex plays a centfRlajpbso and
Stoorvogel, 2013; Andaloussi et al., 201y ( 1.48). Specifically, they are formed by the
inward budding of the MVB membrane, where the interaction with the ESCRT complex and
other associated protein, e.g. programmed cell death 6 interagbirajein (PDCDG6IP or
ALIX) and tumour susceptibility gene 101 protein (TSG101) regulates their cargo loading
(Andaloussi et al., 2013). In some cell types, other molecules are also involved in this
process independently from ESCRT proteins, such as cerangdtral sphingomyelinase

and small GTPases like RAB27a and RAB27a (Trajkovic et al., 2008; Ostrowski et al., 201
Additionally, the soluble Mthylmaleimidesensitive factor attachment protein receptor
(SNARE) protefaynaptobrevin homologrKTHwasalso shown to participate in exosomes

release, mediating the loading of Wnt signalling proteins (Gross et al., ZBi§j2)L(BA).
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On the other hand, the release of MVs is mediated by outward budding and fission of the
plasma membrane, which has been shawie facilitated by regulatory proteins like ADP
ribosylation factor 6 (ARF6), as well as by lipid rafts (Muralidh@taari et al. 2009;
Cocucci and Meldolesi, 201%)id. 1.B8B).

MVB
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Figure 1.13: Biogenesis of EVs and their interactions with targeslls (modified from
Andaloussi et al., 2013).

The budding and releass EVsrequires the remodelling of the cytoskeleton, involving a
series of elements such as actin, microtubules, myosins and kinesins (Raposo and
Stoorvogel, 2013). This proceassiggered by multiple factors, among which is the increase

of [C&"];, as has been shown in mast cells (Raposo et al., 1997) and human erythroleukemia
cell line (Savina et al., 200%)terature data report that in some cell types (i.e. microglia,
macrophages and dendritic cells) MVs release can be induced bgepERdent activation

of the P2X7 purine receptor (Bianco et al., 2005; Cocucci and Meldolesi, 2015), although
the specific mehanism has not been completely elucidated (Raposo and Stoorvogel, 2013).

Similarly, even though some of the molecules involved in EVs cargo loading have been
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identified, the specific mechanisms regulating the sorting process have not yet been wholly

defined (Raposo and Stoorvogel, 2013; Cocucci and Meldolesi, 2015).

1.5.2 Biological functions

A number of reports have described a role of EVs as mediators of various biological
processes, including inflammation, neuromodulation, angiogenesis, coagulation and
tumour progression, where EVs content and consequent effects are dependent on the state
and nature of the parental cells (Antonucci et al, 2012; Nakano et al, 2015; Rajendran et al,
2014; Smith et al, 2015). Moreover, EVs have been proposed as molecularsriarke
multiple diseases, including inflammation (Colombo et al., 2012; Verderio et al., 2012),
neurodegeneration (Goetzl et al., 202919), renal fibrosis (Merchant et al., 2017) and
cancer (D'Souz&chorey and Clancy, 2012), and also as possible thetiapgents or drug
delivery systems (Ratajczak et al., 2006; Thery et al, 2009; Verderio et al, 2012). Although
united by some common characteristics, MVs and exosomes are believed to exert distinct
functions (Cocucci and Meldolesi, 2015; Keerthikumaal.e2015).

EVs can deliver their bioactive contents by releasing soluble molecules in the extracellular
space or by direct contact with the recipient cells (Montecalvo et al., 2012). This would
likely involve the interaction with adhesion molecules (entggrins, ICAML, MHC class 1),
which are expressed of the EVs surface (Andaloussi et al., 2013). After binding, EVs can fus
with the cell membrane and transfer their cargo molecules into the recipient cell or
alternatively be internalised by clathritependent endocytosis, phagocytosis or
micropinocytosis (Cocucci and Meldolesi, 2015).

Within the CNS, different cell types have been shown to release EVs, including neurons,
oligodendrocytes, astrocytes and microglial cells (Bianco et al., 2005; Fauke2606;
Doeuvre et al, 2009). EVs have been reported to participate to basic processes such as
myelin formation, neurite outgrowth and neuronal survival (Raposo and Stoorvogel, 2013)
and to have a central role in both intreeuron and glisneuron communiation (Chivet et

al., 2012; Luarte et al., 2017). For example, the mRNArgfa gene involved in the
modulation of synaptic plasticity, has been recently shown to be released by neuronal EVs
and be transferred to recipient neurons (Pastuzyn et al., 20d8’s derived from microglial

cells have been shown to affect neurotransmissiorvivoby increasing EPSPs currents,

when injected in a rat visual cortex (Antonucci et al, 2012). Moreover, they were shown to
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mediate the transfer of pranflammatory miRNA$rom activated microglia to neurons,

thus mediating the spreading of inflammatory stimuli and loss of excitatory synapses (Prada
et al., 2018).

Furthermore, various proteins involved in the pathogenesis of NDs have been detected in
9+a3 adzZOKRNRY! SGOWE &8y H nn c-synudeiEmrrdayiouilid@uid |
et al., 2010), tau/pgau (Saman et al., 2@LWang et al., 2017) and prion protein (Fevrier et

al., 2004). Microglial MVs were shown to mediate the formation and spreading of soluble
1l 2t A32YSNA &0 NIAy3 FTNRY fSaa G2EAO ¥
patients affected by AD (Jastt al, 2014). On the other hand, neuroblastoma egdsved
exosomes were shown to have a neuroprotective effactivodo & & S|Ij dzS & G NI G A
assemblies and thus decreasing the amount of free amyloid neurotoxic species (An et al.,
2013).

These fidings hghlight a central role for E\is both normal and diseased states, revealing

a new perspective in cetb-cell communication in the CNS.

1.5.3 Nomenclature

Although EVs are commonigferredto as microvesicles (or ectosomes) and exosomes, a
recent pubication from the International Society of Extracellular Vesicles (ISEV) highlights
that to date there are not clear markers which can distinguish between the two populations,
as both dimension and markers quite often partially overlap (Thery et al., 20b8gover,

the technical limitations of EVs isolation techniques do not allow the separation of
completely pure EVs preparations, hence defining isolated EVs as either MVs or exosomes
would be incorrect. Therefore, the guideline from the EVs research aomtynis to refer

G2 Aaz2flrdSR @SaroftSa +Fa atl NBSE 2N aavlf
2018). In this thesis, the MISEV 2018 guidelines were taken into account, hence vesicles
GSNE RSTAYSR a SAGOKSNIdiadyr NAS 9+a¢ 2N da’
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1.6 General aims

The aims of this study are to:

I. investigate the role of extracellular TG2 in newglia crosdalk in the context of
neurodegeneration, particularly in relation to EVS;

ii. explore the substrates of TG2 pdsanslational modificationn neurons incubated
% A U Ka2peptide, a cell modedimulatingAD pathology;

ii. evaluate TG2 as a potential marker of dementia in biological samples (plasma and

primary fibroblasts) from healthy subjects and dementia patients.
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CHAPTER 2:

Materials and Methods
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2.1 Materials

2.1.1 Cell culture
2.1.1.1Reagents

Table2.1. List of celtulture reagents

Cell culture reagents

Product code

Company

Neurobasal medium 21103049 Fisher Scientific

B27 supplement 17504044 Fisher Scientific
EMEM (with glutamine) BE12-125 Lonza
RPM1 1640 (with glutamine) BE12-115 Lonza
Fetal Bovine Seruif-BS) S1906500 Biosera
Pen|§:|I.I|r.§StreptomyC|n (10,000un|ts{mI DE17602E Lonza

penicillin and 10mg/ml streptomycin)

Trypsin solution (2.5% (v/w) trypsiri0X) 59427C Sigma
L-Glutamine solution (200mM100X) G7513 Sigma
EDT/Asolution 0.5M pH 8.0 3690 Sigma
(G418 Sulphate (potency=800 pg/ml) 345810 Merck
MEM Nonessential amino acid solution (100. 13-114E Lonza
Bovine Serum Albumin (BSA) A8022 Sigma
Fibronectin F2006 Sigma

2.1.1.2Plastic wares

Sterile tissue culture plastic (TCP) wares were supplied by either Sarstedt or Nest.

Glass coverslips (24 mm @) were supplied by ThermoScientific Nunc.
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2.1.2 Laboratory reagents
2.1.2.1Antibodies

Table 2.2. List of Primary and secondary antibodies usetthis study.

Primary antibody Company Dilutions
1:1000 (WB &
Monoclonal mouse anti TG2 (CUB7402) Thermofisher Scientific ELISA)
1:200 (IF)
. , . . 1:1000 (WB)
Monoclonal mouse anti TG2 (IA12) Sheffield University 1:400 (IF)
Polyclonal rabbit anti TG2 (ab421) Abcam 1:1000 (WB)
Monoclonal mouse anti fluorescein Roche 2.5 pg/ul (IP)
t 2f @0f 2yl ftubbMihno oA G | y i Abcam 1:10000 (WB)
Whole serum rabbit anti actin Sigma 1:500 (WB)
Monoclonal mouse anti flotill2 BD Transduction lab  1:5000 (WB)
Monoclonalmouse anti TSGO1 Abcam 1:1000 (WB)
Polyclonal rabbit anti Alix Covalab 1:1000 (WB)
Monoclonal rabbit anti SV2B Synaptic systems 1:1000 (WB)
Monoclonal mouse anti Syit Synaptic systems 1:1000 (WB)
Monoclonal mouse anti PS#b Neuromab 1:5000 (WB)
Polyclonal rabbit anti NR2B Alomone 1:1000 (WB)
Monoclonal rabbit anti VGAT Synaptic systems 1:1000 (WB)
Monoclonal rabbit anti VGLUT1 Synaptic systems 1:5000 (WB)
Monoclonal guinea pig anti VGLUT1 Synaptic systems 1:500 (IF)
Monoclonal rabbit antSHANK?2 Neuromab 1:500 (IF)
Monoclonal rabbit anti GFAP Dako 1:500 (IF)
Polyclonal rabbit anti GFAP GeneTex 1:10000 (WB)
. . : 1:500 (WB)
Polyclonal rabbit anti FN (F3648) Sigma 1:200 (IF)
Monoclonal rabbit anti EGFP LifeSpan BioSciences  1:250 (IF)
Monoclonal mouse anti EGGL Covalab 1:500 (WB)
Secondary antibody Company Dilution
Polyclonal Goat anti mouse 1gG Horseradish
Per>(/)xidase (HR¥pnjugated ° Dako 1:2500 (WB)
Polyclonal Goat anti rabbit IgG HB#hjugated Dako 1:2500 (WB)
Sheep anti mouslyG Alexat88-conjugated Invitrogen 1:200 (IF)
Sheep anti rabbit IgG AleX®5-conjugated Invitrogen 1:250 (IF)
Sheep anti guinea pig IgG Aleb&B-conjugated Invitrogen 1:250 (IF)

2.1.2.2Chemicals and enzymes

2.1.2.2.1 Enzymes

Guinea pig liver TransglutaminaségpITG2)wvas from Sigm&ldrich (T5398, 80% purity)

or Zedira (T006, 85% purity). 1 mg/ml stock solution ipQlttas aliquoted and stored at

20°C. Unit of an enzyme activity is 1.5 U/mg. Inactive human TG2, carrying (R& Qyer
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mutation in the catalyit core, was from Zedira (T018, 95% purity). Apyrase was from Sigma
(500 U/ml) and used at 30 U/ml.

2.1.2.2.2 Chemicals

Table 2.3. List of chemicals and reagents used in this study.

Chemicals Company Catalogue no
1,4-Dithiothreitol (DTT) Melford MB1015
3,3,5,5tetramethylbenzidine (TMB) Sigma T9281
Agarose (powder) Web Scientific AGR100
'Y EF bdzOf S2FS( Lonza VCA1003
Ammonium persulphate Sigma A0502
Ampicillin SigmaAldrich A9518
APV Tocris 0106/1
Apyrase Sigma A6535
i -4 Anaspec ANA20276
Bicuculline Tocris 0130/50
Biotin Cadaverine Sigma A5348
BOCDON Zedira B003
Bovine Serum Albumin (BSA) Sigma A4503
Bradford reagent Sigma B6916
Bromophenol blue Sigma B5525
Cadmium Sigma 202908
Calcium chloride Sigma C3881
CNQX Tocris 0190/10
Dimethly sulfoxide(DMSO) Sigma D2438
DNA ladder (100bp) Promega G2101
dNTPs mix Promega U1511
Ethanol (Nucleas&ee) Sigma D7023
Ethidium Bromide Sigma 1510
Ethylenediaminetetraacetic acid (EDTA) Sigma EDS
9EGNI GARAYtLt SN Sigma E2886
EZChemiluminescence HRP®tection Kit Geneflow K1-0170
Fibronectin from human plasma Sigma F1056
First strand buffer, 5X Invitrogen 18064014
Fluorescein isothiocyanate (FITC) Cadaver Invitrogen A10466
Glacial Acetic Acid Fisher A3600B17
Glycerol Sigma Gb5516
Glycine Melford G0709
Hydrogen peroxide #D, Sigma H1009
Avu {,.wt DNBSY Biorad 170-8880
Isopropanol Fisher P749017
LB Broth Lennox Fisher Scientific BP1427
Loading Dye (Blue/Orange)
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Chemicals Company Catalogue no
Methanol Fisher M40017
bzb Z—'beﬁetgy_;t&;ég)hylenedlamme Sigma T9281
Nickel Sigma 339350
Nifedipine Sigma N7634
Nitrocellulose membrane Biorad 1620115
Phosphatase Inhibitor Cocktail 2 Sigma P5726
PhosphatecltratePEiL:gf;rd v;nth Urea Hydroge Sigma P4560
Ponceau S Sigma P3504
Potassium Chloride (KCI) Sigma P9541
Potassium dihydrogen phosphate Sigma P5504
Prestained Pnsr;;tga;rotem Ladder{10 Abcam ab116028
Protease inhibitor cocktall Sigma P8340
_ 0, 1
BisaPcrr(;/:Z?n%:sool/(t)JtiAoCr:y(Ig;?gj:i/ratio) Geneflow AZ0072
QIAGEN Plasmid Midi Kit Qiagen 12143
Random primers Promega C1181
Sodium Chloride (NaCl) Sigma S7653
Sodium Deoxycholate Sigma D6750
Sodium Dodecyl Sulphate (SDS) Melford B2008
Sodium Hydroxidé€NaOH) Fisher 10010650
Sodium Phosm:tzeH[;lgj?c Heptahydrate Melford S2317
Sulphuric acid (#$Q) Fisher 59160PB
SuperScript® (1) Reverse Transcriptase Invitrogen 18064014
Tetrodotoxin (TTX) Tocris 1078/1
Triton-X100 Sigma X100
TrizmaBase / TRIS (Tris (hydroxymethyl) Melford B2005
aminomethane)
Tween®20 Sigma P1379
VECTASHIELD® Mounting Medium Vectorlab H-1000
VECTASHIELD® Mounting Medium with D Vectorlab H-1200
YM244769 Tocris 4544/10
ZDON Zedira Z006
I -Mercaptoethanol o2-ME Sigma M3148
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2.1.3 Laboratory equipment
Table 24. List of laboratory equipment.

Instrument Company
ALC 4227 R Centrifuge (ALC 5690 rotor) ALC
L' YIFElI bdzOt S2FS0G2N Lonza

Avanti 3301 high performance centrifuge

Beckman Coulter

Axopatch 200 Bmplifier

Axon Instrument

BrownFlaming P97 puller

Sutter Instrument

CCD Imag®E camera

TILL Photonics

Corbett RototDSY Su cnnn Qiagen
Eppendorf refrigerated centrifuge 5417R Eppendorf
GeneGenius system with UV transilluminator Syngene

GyroStir 280H Magnetic Hotplate Stirrer Sciquip

Harrier 18/80 Centrifuge Sanyo

iMark microplate reader Biorad

Heating Block QBT4

Heating block

Inverted microscopr

Axiovert 100, Zeiss

LAS4000 imaging system

GE Healthcare

Leica SP5 confocal microscope Leica
Mini PROTEAN® Gel casting system Bio-Rad
Mini PROTEAN® Tetra Cell Bio-Rad
NanoDrop® 8000 Thermoscientific
bSs . NdzyasgArOlun 9EOSE | Eppndorf
Polarstar Optima Luminometer BMG Labtech
Powerpack Bio-Rad
Soniprep 15&onicator MSE
Stuart shaking incubator Geneflow
TC 3000X Thermocycler Techne
Triple TOF 5600+ Sciex
Ultra Turrax T25 homoginiser Merck
Water bath SUB14 Grant

Zetaview PMX 120

Particle Metrix
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2.2 Methods

2.2.1 Cell cultures and culture growth conditions

2.2.1.1 Hippocampal neurons primary culturgstandard)

Primary hippocampal neurons were obtained from the hippocampi efldgsold fetal
Sprague Dawley Rats (Charles River lItalia) as described by Banker and Cowan et al., 197
Briefly, after animal sacrifice arfmtains extraction, cerebral hemispheres were dissected,
the meninges were removed, and the isolated hippocampi were maintained at 4°C in sterile
conditions. Hippocampi were then subjected to enzymatic digestion with 0.25% trypsin for
15 minutes at 37°C. #&f mechanical dissociation and counting, cells were plated on- poly
L-lysinetreated (PLL, 1mg/ml, Sigma Aldrich) glass coverslips (24 mm &) at-38,000
cells/cn? density and maintained in Neurobasal Medium (Invitrogen) supplemented with
2% B27 (Invibgen), tDf dzii YAYS ndp Ya o0DA6O203F 3If dz
Penicillin/Streptomycin 1% (Gibco) at 37°C in a humidified incubator with 5%CGRure
medium was partially replaced (50%) with glutamé&te medium at 3 days-vitro (3 DIV).
These peparations have been used fanmunofluorescencend TG activityn situassays
(Chapter 3)all calcium imagin@nd electrophysiologyexperiments(chapter 4) and mass

spectrometry (chapter 5).

2.2.1.2 Astrocytes and microglia primary culturgstandard)
Primarymixed glial cultures, containing both astrocytes and microglia, were obtained from
embryonic rats (1&laysold embryos) as described by Calegari et al., 1999. Cortices
underwent a double enzymatic digestion with 0.25% trypsin and DNAse 1.25% (10 mg/ml)
for 15 minutes at 3C. In order to remove not dissociated tissue, the supernatant obtained
after digestion was filtered through an 80 pm nytex membrane (Millipore) and then
centrifuged at 800 rpm for 10 minutes. The supernatant was discarded, and the gellete
cells were resuspended, counted and plated ontPedted (10 pg/ml, Sigmaldrich) T75
flasks at 1x19 cells/flask density, grown in MEM (Invitrogen Life Technologies)
supplemented with 20% FBS (Fetal Bovine Serum, Gibco), Glucose 5.5 g/tA(8igia
Penicillin/Streptomycin 1% (Gibco) and maintained &C3a@nd 5% CO
Purified microglial cultures were harvested by shaking for 30 minutesAddaysold glial
cultures and replated onto polyD,L-ornithine-coated (Sigma&ldrich) 60mm or 100mm
tissue culture dishes (at a final concentration of 50 pg/ml) and maintainedeirséme
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medium. After shaking glial cells at 2000 rpm, the medium was collected and
centrifuged at 300xg for 10 minutes. The pellet was resuspended and used within 2 days.
After orbital shaking, the 1@4-daysold glial cultures contained a pure astroeyt
monolayer.

These preparations have been used for astrocytes characterisation (Chapter 3) and calcium

imaging experiments with astrocytic EVs (Chapter 4).

2.2.1.3 Hippocampal neurons and astrocytes primary cultuy®rainBits protocol

Embryonic rat tissues pureBed from BrainBits were processed according to their
recommended protocol, with some modifications. Specifically, hippocafBp8 Rat
Hippocampus kitand corticeE18 Rat cortex kighipped in Hibernate EB media (HEB)
were transferred in a cell dissation solution containing 2mg/ml papain in HE media
without calcium. Tissues were gently mixed, placed in % 3@ater bath for 10 minutes

and then returned to the vial containing HEB media for mechanical dispersion using a glass
pasteur pipette. After lging undispersed pieces settle for 1 min, the supernatant
containing dispersed cells was transferred to a sterile tube and centrifuged at 200 x g for 1
min at room temperature. The supernatant was discarded and pelleted cells were
resuspended in either Neabasal or EMEM complete media as described in sections
HOHOMPM | YR HOHPMPHD [/ Sffa oSNB RAf dziSR
Automated Cell Counter (BioRad), plated on PLL coated surfaces and maintain®&d iat 37

a humidified incubator witltb% CQ@ At 3 DIV, 50% of the hippocampal neurons medium
was changed with fresh complete Neurobasal medium without glutamate.

These preparations have been used for cell surface activity siasdyEVs isolation from

astrocytes (Chapter 3).

2.2.1.4 Primary humanfibroblasts and plasma

2.2.1.4.1 Ethical approval

Biological samples were collected after obtaining informed consensus from all subjects,
according to IRC&atebenefratelli ethical committee. Ethical approval for the shipment
and analysis of human samples for this project was obtained on 10 Novembefra@i5

the IRCGEatebenefratelli ethical committee and on 15 March 2016 from the College of

Science and Technology Ethical committee (human) at Nottingham Trent University.
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Shipment of frozen primary fibroblasts and plasma was carried out in dry ice ayplesa

were stored in a80°C freezer until use.

2.2.1.4.2 Power calculations

Supported by literature data on CSF and brain tissues of patients with AD and other
neurodegenerative diseases (PD, HD, progressive supranuclear palsy) (Citron et al., 2001
Kim et al., 199), wedeterminedthat TG2 concentration, activity and expression levels are
increased of abou®-3-fold (200-300%) in pathological conditions compared to healthy
subjects.Specifically, TG activity and mRNA were shown to b&-10fd higher in AD brain
samples compared to normal (Citron et al., 2001) ampeptide concentration wa4.7-

fold higher in CSF of AD patients compared to healthy subjects (Nemes et al., 2001).
Therefore we calculated the sample size necessary to perform a statistically significant
measure using a-ild variation with respect to the control conditioispecifically, the
calculation was made by considering that the mean average value and standard deviatio
(SD) of TG2 activity in a control group were equal to about 22+11 pU/mg (the reference
values are referred to serum samples and were deduced from Ahn et al., 2015), and
defining as significant a variation (increase) equal to 200%, together with theypictary
hypothesis that the SD of the experimental group would be equal to that of the control
group (i.e. with a SD / average coefficient of variation = 0.5)wdvtailed test for
independent samples (with alpha 0.05 and power 80%) was applied, wiiiciated that

a minimum sample size of 10 subjects would be necessary to observe a significant variation
Therefore, a sample size of 10 and 15 subjects per group, for fibroblasts and plasma
respectively, was considered sufficient to measure a statistisghyficant variation for the

selected variables.

2.2.1.4.3 Primary fibroblasts culture

Skin fibroblasts primary cultures were selected from the tissue repository of the {RCCS
Fatebenefratelli, National Centre for Alzheimer's and Mental Diseases (BresciaCkdly).
were established from skin biopsies as previously described (Govoni et al., 1993), grown on
TCP and maintained in EMEM supplemented with 10% FBS, 2-@iMtamine, 1%

Penicillin/Streptomycin and 1% MEM Nessential amino acid solution.
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2.2.1.4.4 Plasma samgis

Blood samples were collected according to standard procedures in tubes containing 3.2%
sodium citrate anticoagulant. Tubes were centrifuged 5 minutes at 1000xg within 30
minutes from collection and plasma was removed (upper phase), supplemented with
seline-proteases (42-aminoethyl)benzenesulfonyl fluoride hydrochloride, AEBSF) and

split in 250 pl to be stored a80°C.

2.2.1.5 Cell passaging and counting

Confluent cell monolayers were first washed once with sterile PBS pH 7.4 (137mM NacCl,
2.7 mM KCI, 10 mM NEPQ and 1.8mM KEPQ, pH 7.4) and incubated for 5 minutes at
37°C with a trypstEDTA solution [0.25% (w/v) trypsin, 2 mM EDTA in PBS, pH 7.4]. Cells
were then detached by gentle tapping and at least two volumes of complete medium were
added to inactivag trypsin. Cell suspensions were centrifuged at 300xg for 5 minutes and
pelleted cells were rsuspended in complete medium (volume variable according to the
pellet size) and plated in new flasks containing fresh culture medium at the desired dilution.
When a specific number of cells was necessary for performing an experiment, cell
suspensions were counted either manually with an Improved Neubauer Chamber
haemocytometerof 0.1 mm thickness (HAE2112, Scientific Laboratory Supplies) or with a
¢/ Hnun 1 dz2i8gtvt G6Rdzy SN 6. A2wl R0O® C2NJ YI ydz
were loaded into the chamber and cells were counted under the microscope at 10x
magnification. The values from at least three 4x4 quadrants were averaged and the number
of cells per ml wasalculated by multiplying the average value by. Fr primary neurons,

cell suspension was diluted 1:2 in trypan blue before loading in the automated cell counter.

2.2.1.6 Mycoplasma detection and treatment

Detection of mycoplasma was performed for primary lmmfibroblasts one week after the

first plating and then routinely every-2 months. Each newly thawed cell aliquot was kept

in an apposite incubator and only moved together with other primary human cells lines
after testing negative for mycoplasma contaration. One ml of conditioned media was
taken from cells at least 48 hours after the last media change and centrifuged briefly at
200xg to pellet cells and debris in suspension. Supernatants were transferred in fresh tubes
and centrifuged at 20,000xg 10 mites. Pellets were then resuspended in 25 ul of sample

buffer from the EAPCR Mycoplasma Test Kit (Biological Industries), boiled for 3 minutes at
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97°C in a heating block and either stored2@°C or analysed immediately by PCR following
Y | y dzF | OristdzttiBnblBriefly A2.5 pl of test sample were mixed with 5 pl of reaction
buffer and 17.5 pl of d¥D, placed in a conventional thermocycler (Techne, TC3000X) with
the following program:

Initial Denaturation 94°C 30 secs

Denaturation 94°C 30 secs |
Annealing 60°C 120 secs — 35 cycles
Extension 72°C 60 secs
Denaturation 94°C 30 secs |

Annealing 60°C 120 secs — last cycle

Final extension 72°C 5 minl
A positive and negative control were always included. Amplified products were then
analysed bygarose gel electrophoresis: samples were loaded in a 2% (w/v in TAE) agarose
gel containing 1X SYBR Safe (Invitrogen) and run at constant voltage (120V) for 20 minutes
Gels were then placed in a UV transilluminator (Syngene) to visualised amplified bands
Samples positive to mycoplasma contamination presented a 270bp band. Contaminated
cells were treated with BIOMYLand 2 antibiotic solutions (Biological Industries) for 3
cycles following instructions. Cells were monitored once every week during treatmiin

the EZPCR Mycoplasma Test Kit, and treatment was stopped after the cells tested negative

for contamination.

2.2.2 Immunofluorescence staining (IF)

2.2.2.1 IF of primary neurons and astrocytes

Primary neurons and astrocytes plated on -Behted glasscoverslips were fixed in 4%
paraformaldehyde 4 % sucrose (w/v) for 10 and 20 minutes respectively, washed 3 times
with PBS, followed by 3 washes with a low salts solution (LS: 150 mM NacCl, 10 aiMDINaH
10 mM NaHPQ) and high salts solution (HS: 500 nNMCI, 20 mM NaiPQ, 20 mM
NaHPQ), 5 minutes each. Coverslips were then blocR8€dminutes with Goat Serum
Dilution Buffer (GSDB: 3% goat serih® M NaCl, 40 mM NaPQ, 40 mM NaHPQ)
containing TritorX100 (0.6% v/v) forgymeabiligtion, or without Triton-X100 for non
permeabilised cell stainingrimary antibodies were diluted in GSDB and incubated 1 h at
room temperature or overnight (15 hours) aP@ After 3 washes with HS solution,

secondary antibodies were diluted in GSDB and incubated 1 hour at room temperature.
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Coverslips were then washed 3 times with HS solution, 3 times with LS solution, of which
one containing either DAPI or Hoechst for naclstaining and mounted on microscope
slides using mounting medium (DAKO). Cells were visualised by laser scanning Leica SF
confocal microscope using 63X oil immersion objective. Successive serial optical sections
(0.5 um) were recorded over 5 um planesdaeither the middle &stack or maximum
projection were selected for quantification. Fluorescence intensity addcalisation were
estimated using the Leica LAS AF Lite software or ImageJ software. For the study of TG:
localisation at neuronal synapseB;2 and VGLUT1 (or SHANK2) depbggtive puncta

were revealed by generating a TG2/VGLUT1 (or TG2/SHANK?2) -dosliiee image. A

fixed threshold was then set in the doukpesitive image and the number of T{asitive

puncta was measured and normalizéal total number of VGLUT1 puncta or SHANK2
puncta to obtain the fraction of TG2 positive presynaptic or postsynaptic (fttasettoni

et al., 2000)

2.2.2.2 IF of primary fibroblasts

Primary fibroblasts were plated imgell chamber slide (0.05 x 4€ells/well), washed with

PBS pH 7.4 and fixed in 3% paraformaldehyde (w/v in PBS) for 8 minutes at room
temperature. Cells were then washed 3 times with PBS, followed by permeabilisation with
Triton-X100 (0.1% v/v in PBS) for 15 minutes and blocking in 3% BSARBA)IB0 minutes

at 37°C.Primary antibodies were diluted in blocking buffer and incubated overnight (15
hours) at 4C. After 3 washes with PBS, secondary antibodies were diluted in blocking buffer
and incubated 1 hour at room temperature. Cells were finalashed 3 times with PBS and
mounted using Vectashield mounting medium containing DAPI for nuclear staining
(Scarpellini et al., 2009 Cells were visualised by laser scanning Leica SP5 confocal

microscope using 63X oil immersion objective as describedea

2.2.3 Western blotting

2.2.3.1 Sample preparation

Neurons plated on two Pidoated glass coverslips for each condition were lysed in hot lysis
buffer (1% w/v SDS, 2 mM EDTA, 10 mMHGS pH 7.4, proteases inhibitors 1X), diluted
in 5xLaemmli buffer in reducingonditions, incubated in a boiling water bath for 5 minutes
and stored at-80°C. No quantification of the lysate was performed in this case before

loading on acrylamide gels.
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Primary fibroblasts (890% confluent) and astrocytes were washed with PBS gt
harvested by cell scraping or trypsinisation. Cell pellet was collected by centrifugation at
300xg for 5 min and ksuspendedin10p nn >t 2 F wLt !-HGpHT.Z, 330 6 H
mM NaCl, 1 mM EDTA, 0.5%-doxycholate, 1% NBO/IGEPAL, 0.1% SDOfoteases
inhibitors 1X). Cells were incubated 15 minutes % 4nd sonicated on ice (3 repetitions

for 5 seconds, 1 minute hold in between) using a probe sonicator. Lysates were incubated
for 20 minutes on ice, theoentrifugedat 1000xg for 5 minuteat 4°C to remove udysed
material. The pellet was discarded and supernatants (cell total lysates) were immediately
quantified and then diluted in 6X Laemmli buffer (250mM -RH@ pH 6.8, 40% (v/v)
glycerol, 8% (v/v) Sodium Dodecyl Sulphate (SDS), 2@¢mercaptoethanol, 0.008%
(w/v) bromophenol blue), boiled 10 minutes at°@7in a heating block and either stored at

-80°C or loaded on gel.

2.2.3.2 Protein quantification

2.2.3.2.1 Preparation of bovine serum albumin (BSA) standard curve

A standard curve of known prateconcentrations was prepared by serial dilution of bovine
serum albumin (BSA) to 1, 0.75, 0.5, 0.25, 0.125 and 0 mg/ml (blank) in respective sample
buffer.

2.2.3.2.2 Bicinchoninic acid (BCA) protein quantification assay

BCA quantification assay was performesing a commercially available BCA quantification
assay reagent kit (Sigma). BCA working solution was prepared immediately before use by
combining Reagent A [1% (w/v) BCA(2%) Na&CQ, 0.16% (w/v) NaK tartrate, 0.4%4/v)

NaOH, 0.95%w/v) NaHCg] andReagent B [4% (W/V) Cu8O A Y pnYwm LINR LJ2 |
samples (in triplicates) or BSA standard4 (@g/ml) (in duplicates) were incubated with
Han >t 2F . /1 g 2-Nd| plafe3The Rate drédsAin2upatedl O minutep at
37°C in the dark andhe absorbance was measured at 595 nm using a plate reader
(spectrophotometer). The unknown sample concentration was obtained by plotting the

absorbance values on the BSA standard curve of known protein concentration.

2.2.3.2.3 Bradford protein quantification assay
Bradford quantification assay was performed using the commercially available Bradford
NBFISyd 6{A3TYI0d p >f 2F &l XY mi/mM)in dudlichtes) NR L
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GSNB AyOdzol SR 6A 0K Hp Avelbpiate. 7He pe Nds RARatedR NX
20 min at room temperature in the dark and the absorbance is measured at 595 nm using
a 96well plate reader (spectrophotometer). The unknown sample concentration was

obtained bas explained above.

2.2.3.3 SDS polyacrylamide gel electrophoresiSDSPAGE)

SDSPAGE gels 1.5mm thick were prepared manually using the Mini PROTEAN® gel castir
system (BieRad, UK). A 102% gel solution (prepared as describedTable 2.5 was
poured into Mini PROTEAN III glass plates closely stacked togethethevaldition of 1

ml of 100% (v/v) isopropanol on top, then allowed to polymerise. Isopropanol was
RAaOINRSR YR GKS 3.9hefd% (w/2) latryNhigeiSriRamiald § K
stacking gel was prepared as describedTable 2.6and added unto thepolymerised
resolving gel, with the addition of a #@ell comb. The gel was left ZB minutes to

polymerise and then moved in an electrophoresis chamber.

Table2.5. Composition of SDBAGE resolving gel with different percentage of acrylamide

(2 gels).
+2f dzy S
{201 aztdairzy MJER M HR
o/F: tNRBGO23SEt oOo0omk: | OefimoY RS 6.7m 8.0ml

NI} GA20
n- t8RPIRBaz2t OAY 3 no/diFF SN M P 5.0ml  5.0ml

5Aa0AffSR ol (GSNJ 8.3ml 6.8ml
M/E? O@gKQO0 LISWH2Z ALdk¥Y 0S 6! 200pu 200 pl

bbESGiNI YSGKet SGKeat SYySR 30u 30
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Table2.6.Composition of SDBAGE stacking gel (2 gels)

+2f dzY S
{6201 az2tdzirazy [
o> tNRBGO23ISEt ooxk: FO&fl YARSKR®A 15ml
n- tNRG23St adl O ANV I odehRESNIS 2.3 ml
5Aa0ATE SR g1 GSNJ 5.1 ml

ME? O06KGBU | YY2YAdZY LISNAC 90 ul

bbb SGNI YSGKef SGKet SYSRALF Y 13 ul

Samples, prepared as describedsettion 2.2.3.1, and 2.5ul of pstained protein ladder
(prism ultraprotein ladder- Abcam) with known molecular weights (MW) were loaded into
the gel placed in the appropriate buffer tank filled with electrophoresis buffer (25mM Tris
HCI, 192mM glycineP.1% (w/v) SDS). Protein separation via electrophoresis was
performed by applying constant voltage of 110 V until the samples reached below the
stacking gel, then of 150 V until the dye front reached the bottom of the gel. Gels were
removed from the chaméx and either prepared for transfer or stained with InstantBlue

(Blue Coomassie stain) for 1 hour at RT and decolouration with water.

2.2.3.4 Transfer

Following separation of protein by SIPSGE, proteins were transferred from gel to a
nitrocellulose membrane (85um pore size, GE Healthcare, UK) usindgvtiimé TransBlot®
western blotting system (Bidrad). A sandwich was assembled starting from the negative
electrode side as follows: fibre pad, 2 Whatman® cellulose chromatography paper squares,
polyacrylamide gel, nitrocellulose membrane, 2 filter papers and final fibre pad twyichi

the positive electrode side. All parts were soaked in Transfer buffer before assembling
(48mM Tris, 39mM Glycine, 0.0375% (w/v) SDS, 20% (v/v) Methanol). The sandwich, closet
in the appropriate chamber, was then immersed into a tank filled with colustiex buffer,

together with an ice pack, and run at constant current (180 mA) for 70 minutes.

2.2.3.5 Ponceau red staining
In order to visualise proteins on the nitrocellulose membranes, a red Ponceau S staining
was used (0.1% w/v Ponceau S, 5% v/v glacial a@ty. Membranes were immersed in

the ponceau red solution for-B0 minutes, washed with water to remove excess staining
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and photographed for record. The protein staining was completely removed before
blocking by washes with THY25mM TridHCl, 150mM Nal, 2mM KCI, 0.1% (v/v) Tween
20).

2.2.3.6 Blocking and Immunoprobing

The membranes were then blocked to prevent mpecific binding of the antibodies in
following steps. Blocking was performed by 1 hour shaking at room temperature with
blocking buffer (5% (w/\Mpat-free milk powder dissolved in TH3. Membranes were then
incubated with appropriate primary antibody diluted in blocking buffer (as described in
Table 2.2), and kept at 4°C shaking for 15 hours. On the next day, primary antibody was
removed, followedby 3 washes with TBE (about 10 minutes each) and corresponding
secondary antibody HRfdnjugated diluted in blocking buffer (as described in Table 2.2)
was added, shaking at room temperature for 2 hours. The membranes were washed again

with TBST as beafre and viewed using enhanced chemiluminescence.

2.2.3.7 Enhanced Chemiluminescence (ECL)

Detection of immunoreactive band was performed by using the ECL detection systems: EZ
ECL substrate (Geneflow) or SuperSignal West Femto Maximum Sensitivity Substrate
(Therno Scientific). Both systems require for reagent A and B to be mixed in equal volumes,
left in the dark for 5 minutes and then applied on the membranes (facing upwards) for at
least 1 minute, already placed on a tray in the LAS4000 imaging system. Images we
acquired using the LAS software, with a range of exposure time from 10 seconds to a

maximum of 16 minutes (increment feature).

2.2.3.8 Stripping and reprobing

In order to reprobe and investigate the expression levels of different proteins on the same
membrane, nitrocellulose membranes were stripped with 0.5 M NaOH shaking for 8
minutes at room temperature and rinsed with FB$hree times (5 minutes each). FHer
probing, membranes were processed as described in section 2.2.3.6 starting from the

blocking step.
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2.2.3.9 Densitometryanalysis

The quantification of the immuneeactive bands intensities was carried out with the AIDA
2-D Densitometry (Advanced Image D#nalyzer) software, version 3.44. The formula
used to calculate the intensity of bands against loading control was as follows:

Normalised protein expressionlatensity/Areabkg [a.u. / mmi] of protein of interest

Intensity/Areabkg [a.u. / mm] of loading control
With bkg = background.
Normalised protein expressions were then further normalised to one control in each blot,

to allow the comparison of blots performed at different times.

2.2.3.10Dot blot

The dot blot technique was used to analyse EGGL crosslinks, as the dimension of proteir
aggregates was not conducive of using electrophoresis separation. Samples, either EGGI
crosslinks generateith vitro or plasma diluted as indicated in relative figuegénds, were
aLRGGSR RANBOGEE 2y || YyAGUGNROSftftdAZ 284S YSY.
minutes and then processed as per classic western blotting (as described from section
2.2.3.4).

2.2.4 Crude synaptosomes preparation

Two adult mouse cortexe(kindly provided by Nottingham Trent University animal unit)
were homogenised in 10 mL of cold SHE buffer (4 mM HEPES pH 7.3, 320 mM sucrose,
mM EGTA, protease inhibitors), using a glBsBon homogenizer on ice. Brain
homogenates were then centrifugeat 1,000xg for 10 minutes af@ to obtain the Low
speed supernatant (LSS). The pellet was discarded, while a part of LSS was saved for analy:
(about 500 pl), while the rest was transferred to a new tube and centrifuged at 12,500xg
for 20 minutes at 4C to obtain the crude synaptosomes (pellet). Pelleted synaptosomes
were washed once in SHE (10 mL/brain) and centrifuged again at 12,500xg for 20 minutes
at 4°C. The final pellet (crude synaptosomal fraction) vessispendedn 1 ml SHE buffer,

quantifiedby BCA and analysed by western blotting as described in section 2.2.3.
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2.2.5 Transglutaminases activity assays

2.2.5.1 In situ TGs activity assay

In situ activity levels of TGs were visualised through incorporation of amine substrate
fluorescein cadaverine (FIF6@d) as previously described (Verderio et al., 1998), with minor
modifications. Briefly, cells plated on either coverslips (for primary rat nesjranchamber

slides (for primary human fibroblasts) were incubated with 0.4 mM-E&0dn medium for

8 or 16 hours at 3TC in a humidified incubator with 5% g£@dditional treatments are
stated for each specific experiment in the respective descriptiand figure legends.
Coverslips were then gently washed 3 times with PBS pH 7.4, fixed in methanol 90% (v/v in
PBSfor release of unbound Fligad at-20°C for 10 minutes and then washed four times

for 8 minutes in PBS. For neurons, DAPI was added dherggcond to last washing step,
before mounting (DAKO mounting medium). For fibroblasts, microscope slides were
mounted using VECTASHIELD® Mounting Medium with DAPI (Vectorlabs). Image
acquisition and quantification of FITC signal were performed asibegddn section 2.2.2.

This assay was also employed for the identification of TG2 crosslinking substrates by a
quantitative proteomic approach (as described in section 2.2.14.1). For this set of
experiments, hippocampal neurons were incubated for 8 hoti&72C with FITCad (0.4

Ya0 6A0GK 2NJ gAGK2dzG 'i LISLWARS o6n xao Ly

to processing for Mass Spectrometry analysis.

2.2.5.2 Cellsurface TGs activity assay

TGs activity levels on the extracellular surface were assayleckinells by measuring the
incorporation of the TGs amine substrate biotinylated cadaverine (BTC) into fibronectin
(FN), as described in Jones et al., 1997. Briefly, cell monolayers were either trypsinised or
detached using 5 mM EDTA in PBS pH 7.4, tadldny centrifugation at 300xg for 10
minutes and counted. Cells were then plated inv@éll plates (about 0.02xf@&ells/well)
pre-coated with human plasma FN in serdrae medium (which contains an activating
concentration of C%, i.e. 1.8 mM), in theqgsence of 0.1 mM BTC. Cells were left to adhere

2 hours at 37C, then washed with PBS pH 7.4, and incubated with 0.1% sodium
deoxycholate (v/v in PBS) to induce cell lysis. The BTC incorporated into the deoxycholate
insoluble FN matrix was revealed byubation with ExtrAvidin peroxidase (1 hour af@7,
T2t 26SR 08 | ReRdméthybshzidhd (TMEI anQSopiee Y 2.5 66

after 610 minutes development. Spectrophotometric absorbances were measured at 450
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nm. For the detection of TG2 egfic activity, cells were incubated in presence of TG2
inhibitor ZDON (100 uM). In the case of primary neurons, which cannot be trypsinised once
adherent to Plicoated surfaces, the assay was either carried out on the day of tissue
dissociation (0 DIV)raells were plated directly on FN and left to grow for a week before

addition of BTC for 2 hours.

2.2.5.3 Total TGs activity assay

The total TGs activity in cell lysates was measured through incorporation of BTC into FN ax
previously described (Jones et al., IRLells lysates were obtained as described in section
2.2.3.1, however sucrose lysis buffer (5 mM-H@ pH 7.4, 0.25 M sucrose, 2 mM EDTA)
was used instead of RIPA. About 60ug of total cell lysates or total volume of extracellular
vesicles, were incudied 2 hours at 37°C with reaction buffer containing 50 mM-H@$ pH

7.4, 10 mM Dithiothreitol (DTT), 0.1 mM BTC and either 5 mMGa&imM EDTA. Samples
were loaded in duplicates or triplicates, to a final volume of 100 pl. A standard curve with
known quantities of gpITG2 (from 0 to 75 ng/well) in reaction buffer was also included. The
reaction was stopped by addition of 10 mM EDTA in PBS, followed by 3 washes with 50 mM
TrisHCI pH 7.4. The plate was preubated with 50 mM phosphate citrate buffand the
amount of BTC crosslinked by TGs activity was revealed as described in section 2.2.4.:
(addition of ExtrAvidin peroxidase, followed by TMB an®@®). Spectrophotometric
absorbances were measured at 450 nm. TGs activity was calculated by ren@vingdn
background values obtained for each sample in the presence of EDTA from the mean
background value in the presence of calcium. Specific TG2 activity was expressed as

pU/well or pU/ug of protein.

2.2.6 Total RNA isolation

Total RNA was isolated from frozen dry astrocytes and microglia pellets using the

DSy 9fdziSu alYYIFLtAlLY G20 ¢ wb ! YA YA LINB LI
YIydzZFlF OGdzZNENR&a AyaidNHzOGA2yad {FYLESa ¢St
immediately rerotranscribed. NanoDrop8000® (Thermo Scientific) was used to assess the

purity and concentration of isolated RNA samplesa260/a280 ratio between 1.8 and 2.1

was considered acceptable, indicating low protein contamination. Residual RNA samples

were staed at-80°C.
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2.2.7 Retrotranscription (RIPCR)

Two g of total RNA were retrotranscribed using Superscript® |l Reverse Transcriptase
OLYGAGNRISYS 'YO ounn! omnn!kx3d wb! o F2f
reaction was prepared by mixing OligdT)s or random primers (25 pg/ml), 1.25 mM
Rbe¢tQas>s w x3 G2d0Ff wb! |yR ydzOtSlFasS FTNBS
heated for 5 minutes at 65°C using a conventional thermocycler (Techne, TC3000X), briefly
chilled on ice, then supplemésd with First strand buffer and 10 mM DTT. If using Oligo
(dT)s primers, the mixture was incubated at %2 for 2 minutes, then supplemented with

200 units of Superscript® Il Reverse Transcriptase and incubatedGafat250 minutes,
followed by inactiviion by heating at 78C for 15 minutes. If using random primers, the
mixture was incubated at 2& for 2 minutes, supplemented with 200 units of reverse
transcriptase, then incubated for 10 minutes af@5followed by 4ZC for 50 minutes and

70°C for 15 nmutes. Resulting cDNA (20 pl) was storeeR&tC.

2.2.8 Reattime PCR (qPCR)

Reaction mix was prepared as described in Tahlea?d gPCR was carried out in a Corbett
RotorGene 6000 rotary analyser, each sample in duplicate, using the protocol described in
table 28. GAPDH was utilized as the housekeeping gene. Primers are listed in €able 2.
Relative expression of each TG2 isoform was calculated according to Livak and Schmittgen
2001.

Table2.7. Composition of gPCR reaction

Components CAYRY OSY (NI (A
C2NB I NR LINRAY 400 nM
WSOSNBRS LINRY 400 nM

Ac¢kHl {,.w DNBSy 1X
O5b! 1l
bdzOf SIFaS FTNBS To final volume
¢c20L f 12.5 ul
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Table2.8. qPCR reaction protocol

Cycle /| @0t S LRAy
| 2f R 95°C, 5 min

95°C, 30 sec
/@0t Ay3 o6nn N 60°C, 30 sec
72°C, 10 sec

Ramp from 6€C to 93C
95°C, 90 sec
60°C, 5 sec
72°C, 5 sec

aSt i

Table2.10. Primers used in this study.

Primer name ¢ NH { SljdzSy O0S ¢Y
pt¢D 0C2 0TG2 VI/V. pACTTTGACGTGTTTGC@CAC 64.9
o¢mPO owzx0 TG2 V1l p-QAATATCAGTCGGGAACA®GAIC 67.4
3TGS (RV) TG2_ V4 p-QGCTGAGTCTGGGTGAAGAGACA 67.4

TG2 (New) Rn F Sh (Fv TG2 V2 p-@TGGGTCTGTGCTCAAGTQC  63.9

TG2 (New) RnR Sh (R TG2_V2 p-BAGAAAGAACATTTGGCECNG 64
TG2RnF Vs (FW) TG2 V3 p-GGAACTTTGGGCAGTTTGRG 635
TG2RnRVs (RV) TG2 V3 p-OTCAGGGTATGGAACTCATQG 63.6

5' GDP(FW) GAPDH p-GGCTGCCTTCTCTTGTGAC 58
3' GDP (RV) GAPDH p-GGCCGCCTGCTTCA@CAC 72

2.2.9 Extracellular Vesicles (EVs) isolation
EVs were isolated from biologidalids by serial centrifugations, using different protocols

according to the sample type.

2.2.9.1 EVsisolation from primary astrocytes

EVs were isolated from conditioned medium (CM) of astrocytes by differential

centrifugation as previously described (Pradaakt 2017; Furini et al., 2018fi§. 2.).

Specifically, 80% confluent monolayers were washed twice with PBS orcirébg 3 S NX

HEPES solution (KRH) (125 mM NaCl, 5 mM KCI, 1.2 mM,NM¢g5@M KEPQ, 2 mM

CaG, 6 mM dglucose, and 25 mM HEPES/NaOH pH &@nd incubated in seruiitee

media in the presence or absence of Lipopolysaccharide (LPS, 0.1 or 1 pg/ml), for 24 hours
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Conditioned media was then collected and supplemented with protease inhibitors, while
cells were treated as described below for ECképaration. Briefly, CM was first
centrifuged 3 times at 300xg for 10 minutes each, in order to remove cells in suspension.
This was followed by centrifugation at 1,200xg for 20 minutes to remove apoptotic bodies
and then 30 minutes at 10,000xg to pelletrde EVs. Finally, the supernatant was
ultracentrifuged at 110,000xg to pellet small EVs. EVs were resuspended in gagtcle
t.{ 2N fe@aSR Ay SAOGKSNInn >f 2F wLt! odzF
assay). Residual proteins contain@u the vesicldree supernatants (Effee) were
precipitated using trichloroacetic acid (TCA) as follows: TCA was added to the medium (10%
v/v), mixed and incubated one hour on ice. The mixture was then centrifuged for 5 minutes
at 15,000xg at . The spernatant was discarded and pellet was washed once in cold
acetone and collected by centrifuging for 5 min at 15,000xg. The obtained pellet was air
dried and resuspended in either PBS or lysis buffer.

ECM preparations were obtained as described in Veodsral., 1999. Briefly, after removal

of the CM, cells were washed once with PBS pH 7.4 and incubated 5 minutes with 1%
sodiumdeoxicholate (2 ml/flask). Lysed cells were removed and remaining ECM was
scraped with Laemmli 2X diluted 1:2 in RIPA buffét f@dl/flask), collected in a 1.5 ml vial

and boiled. When large particulates were visible, the samples were briefly centrifuged at

1000xg prior to gel loading for WB analysis.

EVs isolation

Serum-free
cMm
300xg l\
10 Debris

SN1
1,200xg
zo'l\ Apoptotic
SN2  bodies
10,000xg \

30’
A Large EVs
SN3

‘ 110,000xg

N\
70 Small EVs
v

EV-free

Figure 2.1 Schematic representation of EVs isolation protocol from cellreuttedia
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2.2.9.2 EVs isolation from primary fibroblasts

Confluent monolayers were washed with PBS, trypsinised, counted and plated in equal
number (about 0.5x1%0cells/flask) in T75 flasks. After 24 hours, when cells were abeut 60
80% confluent, fibroblasts wereashed twice with PBS and incubated with serinee
media for 72 hours. Previous data showed that primary fibroblasts can be maintained in
serum starvation up to 72 hours without affecting their proliferation and viability (Benussi
et al., 2016). Conditiortemedia was collected, supplemented with protease inhibitors and

seriallycentrifugedto separate EVs as described in section 2.1.5id. 2.).

2.2.9.3 EVs isolation from plasma

9+4 YSNB Aaz2fFGSR FNRY wmnn >f 20y TdhiiBloa Y |
plasma from healthy and dementia patients) as described in Gagni et al., 2016 with minor
modifications. Plasma was first diluted in 10.5 ml of particde PBS (1:100 dilution) and
centrifuged at 29,500xg for 20 minutes atCG4 The pellet wa discarded and the
supernatant (SN1) was filtered with a syringe filter (0.22 um), then ultracentrifuged at
110,000xg for 120 minutes af/4A®d ¢ KS 206Gl Ay SR 9+a LISttt Si
resuspended for analysis or washed once in PBS and ultréogetl again at 110,000xg
for120 minutesatd (G2 200l AY (K. 29+a LISttSH tmnnc

EVs isolation

100 pl plasma
+10.5 ml PBS

29,500xg \
20"y Debris
SN

Syringe filter
(0.2 pm) i

SN
110,000xg

f
120’ v\) ‘ 7”00’

SN1
EV-free

~;

Gy

110,000xg

T e

4
SN2

Figure 2.2 Schematic representation of EVs isolation protocol from plasma.
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2.2.10 Nanopatrticle tracking analysis
Nanoparticle tracking analysis (NTA) was performed using ZetaRAd 120 (Particle
Metrix, Meerbusch, Germany) and its corresponding software (ZetaView 8.0th02)
examine EVs size distribution and concentration. The instrument captures the Brownian
motion of each particle in a video and calculates the hydrodynamic diameter of the
particles based on the different diffusion movements that characterise large and small
particles in suspension. Specifically, the Stekistein relationship determines that the
particle diameter (d) can be calculated as a function of the diffusion coefficient (D) at a
ALISOATAO GSYLISNI GdzNB 6 ¢gd 2H VIR Y@ Ny @A ORY adi
QY
o - Q

Because the recording is in two dimensions, the Stdkiasten relationship is combined

with the two dimensional mean square displacement, thus obtaining:
p@Y
0" —ah

At the same time, the particles concentration is determined by counting all objects in the

Q

field of view and is automatically normalisexithe measurement volume.
EVs samples, resuspended in partitke PBS, were diluted to reach a number ofZD
particles/frame and analysed with a flow cell sensitivity of 80% across two cycles of 11

positions/cycle.

2.2.11 Cytoplasmic calcium imaging

Intracellular calcium levels were assessed as previously described (Joshi et al., 2014). Briefl
neurons were incubated with 2 pyM FuB4AM (Invitrogen, Life Technologies Ltd.) in
neuronal conditioned medium for 40 min at ®7. Fura2/AM is a ratiometric calcim
indicator that reaches absorption maxima at two different excitation wavelengths
depending on its conjugation state. When bound té*@ans, Fura2 is excited at 340 nm,

while when unbound, it is excited at 380 nm. F@rbbaded neurons were then washéul

KRH pH 7.4 supplemented with 1 uM TTX (except stated otherwise) and transferred to the
recording chamber of an inverted microscope (Axiovert 100, Zeiss) equipped with a calcium
imaging unit. In some experiments, sodium/potassifree KRH was used insi#, where

both NaCl and KCI were isosmotically substituted for choline chloride. Polychrome V (TILL
Photonics GmbH) was used as the light source with excitation at 340 and 380 nm

wavelengths. Images were collected with a CCD Ir@algacamera (TILL Photon{@&mbH)
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and analysed with TILLviSION 4.5.66 software. Calcium concentration was expressed a:
F340/380 fluorescence ratio of selected regions of interest (ROI) corresponding to neuronal
somata, calculated from sequences of images to obtain temporal anakgiations were
calculated as difference between calcium concentration before (basal) and after
treatments, or as Area Under the Curve (AUC) calculated by OriginLab 8 (AUC from TO o

stimulus up to 30 seconds after).

2.2.12 Patch clamp

Patch clamp experimentsvere performed in current clamp and voltage clamp
configurations. The patch electrodes (BB1BBFwith filament, Science Products) with a
diameter of 1.5 mm, were pulled from hard borosilicate glass on a Bidaming FO7

puller (Sutter Instrument, NovaidCA) and firgolished to a tip diameter of-a ®p >Y |
an electrical resistance ofd a m® b S dzNR y-dlampesl Ndhg & 2Akopakcia 2P0

B amplifier (Axon Instrument) in the whetell configuration. lonic currents were digitized

at 5 kHz and filteed at 1 kHz. Clampex 9 was used as the interface acquisition program.
The external solution was constituted of 140 mM NaCl, 5 mMCIER0 mM Hepes, 1 mM
MgCh, 2 mM Cai] 5 mM Glucose (314 mOsm). The internal solution was made of 127 mM
CsGluconate, 4nM NaCl, 10 mM Hepes, 2 mM Mg@.1 mM Cagl 10 mM Glucosand

1 mM EGTA. 4 mM MATP and 0.3 mM NGTP were added fresh to the solution (295
mOsm). For current clamp experiments, the effect of TG2 on both neuron resting potential
and currents was exaimed. Voltage clamp experiments were performed to observe the
involvement of Voltage Operated Calcium Channels (VOCCs) in the phenomenon.
Specifically, 4ype VOCCs were isolated with afrgdzf 8 S 2F nn Y+ | yR

protocol from-30 to 0 mV.

2.2.13 Trangent transfection of neurons

Neurons at 8 DIV were transfected with 1.5 ug of peSERector (Clontech) or pEGFP
N1-TG2 vector (Furini et al., 2018) using 6 pl of Lipofectamine2000 (ThermoFisher
Scientific). After 45 minutes incubation, transfected newarere washed with Neurobasal

and incubated in filtered conditioned neuronal medium for 48 hours before analysis.

66



Chapter Z; Materials and Methods

2.2.14 Mass spectrometry (MS)
2.2.14.1 Sample preparation for MS analysis of FlR@munoprecipitates (TG2
GENI yal YAR2YS€0
Neurons were obtained from thieippocampi of E18 fetal rats (13 embryos) as explained in
section 2.1.1(standard) Neurons at 9 DIV were incubated 8 hours a&tGBwith FITCad
6neon Yauv GAGK 2N gAGK2dzi ' LISLIWARS on x
(25 mM Tris pH 7.4, 156M NaCl, 1 mM EDTA, 1% NP40, 5% glycerol, protease inhibitors).
Nine coverslips were used for each condition and 3 coverslips were pooled together to
obtain a single lysate (triplicates). The total cell lysates were centrifuged at 13,000xg at 4°C
for 10 mnutes and the supernatant stored at80°C before processing. Protein
concentrations were determined using the bicinchoninic acid (BCA) assay. In order to
ARSYUOUATe (GKS LINRPGSAY &adzoadNXaGSa 2F ¢DH
immunoprecipitation of FITE&ad associated proteins was performed with an -anti
FEd2NBAOSAY Y2y20f2yIlf |yidAo2Re 6w20KSO
MagneticIP/Cdt YA G O6¢KSNXY2 {OASYGAFAOZ !YU |YyR
Briefly,200f 2F t ASNOS t NRGSAY ! kD al3IySGtAao .S
anti-fluorescein antibody for 1 hour at room temperature in constant rotation. Antibody
was then covalently bound to the beads by crosslinking with disuccinimidyl suberate (DSS
Mc >al0 FT2NJ o K2dzZNA |4 NR2Y GSYLISNI (dz2NB A
lysates (14 ug) were then applied on the antibambated beads and incubated overnight
(16 hours) at 4°C in constant rotation to allow antigen binding. Finally, psoteere not
eluted in the provided elution buffer, but subjected to the trypsin digestion required for
MS directly on the beads: magnetic beagassociated protein complexes were washed 3
times with 50 mM ammonium acetate and trypsin digested overnightdurs) at 37C in
a water bath using a final concentration of 0.02 mg/ml MS grade trypsin (Thermo Scientific,
RA&a2ft SR Ay pn Ya | OSGAO | OA RO (Signfan 561 ® 5w
mM ammonium acetate. The next day, magnetic beads wereoxem using a magnetic
stand, trypsin was inactivated by addition of 0.5% TFA and samples were vacuum
concentrated to dryness and resuspended in 20 pl of 5% (v/v) acetonitrile/0.1% (v/v) formic

acid for IDA shotgun and SWAMS analysis.
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2.2.14.2 Samples preparatio for MS analysis of total cell lysates (Proteome)

Proteins of total cell lysates (all remaining volume) were prepared as described above. First,
proteins were precipitated using cold acetone (8 volumes of acet&®C for 20 minutes,
followed by centrifigation at 16,000xg for 10 min at 4°C and washing with cold acetone)
then the pellets were solubilised in 50 mM -&thyl ammonium bicarbonate (TEAB)
O2y Gl AYyAy3a | FAYyILf O2yOSYyiuNIGA2Y 2F nodnH
concentrations were etermined using the bicinchoninic acid (BCA) assay and used later
for dry sample resuspension. Proteins were then subjected to reduction (5 mM D’CT, 56
for 20 minutes) and alkylation (15 mM iodoacetamide at room temperature in the dark for
15 minutes), tlen tryptically digested overnight at 3Z in a water bath using 0.02 mg/mL

MS grade trypsin (ThermoScientific, dissolved in 50 mM acetic acid) and 0.01% (w/v)
t N2PGSFaSa! -u {dzNFIOGFyldd ¢NBLBAAY 6Fa Ayl
vacuum conentrated to dryness and resuspended in appropriate volumes of 5% (v/v)
acetonitrile/0.1% (v/v) formic acid to reach the same concentration for IDA shotgun and
SWATEKMS analysis.

2.2.14.3 MS analysis: shotgun data dependent acquisition (DDA) and SWATH data
independent acquisition (DIA)
Both total lysates and Flli@munoprecipitates (FIFP) were analysed by reverphase
high-performance liquid chromatography electrospray ionisation tandem mass
spectrometry (RIHPLEESIMS/MS). A TripleTOF 5600+ mass smasater from SCIEX
(Canada) was used, which is available at NTU proteomic facility (John van Geest Cance
Research Centre). MS runs were performed by Dr David Boocock and Dr Clare Coveney
while sample processing and data analysis were carried out byktiisd A & Q | dzii K2 N
The mass spectrometer was used in two different modalities depending on the stage of the
experiment: data dependent acquisition (DDA) was employed for spectral library
construction, while SWATH data independent acquisition (DIA) was ustbe facquisition
of quantitative data (as described in Gillet et al., 2012).
Regarding the liquid chromatography, HPLC mobile phases were: A [0.1% (v/v) formic acid
in LC/MS grade water] and B [LC/MS grade acetonitrile containing 0.1% (v/v) formic acid].
3 YL S& 6SNB Aya2S00GSR 00 NI bkaSdoldainBSont@d ¥YMCp  E
TriartGs O2 f dzYy oémp OYZX o0>YZI onn dzY A®RO |0
(Eksigent ekspert nano LC 425) with an increasing linear gradient of B going fror&(®%o to
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in 68 min; to 40% at 73 min then washing to 80% for 3 minutes befeeguédibration in a

total time of 87 min (spectral library production by DDA), or 3% to 30% over 38 min; to 40%
at 43 min followed by wash to 80% for 3 min anekrpiilibrate for atotal run time of 57

min (SWATHDIA). Reequilibration of the column were performed by loading 90% solvent

B for 10 min followed by 5% solvent B for 10 min. Mass calibration-i®&nd Product

ion) was performed by the MS every 4 samples using an iajeofia standard of 40 fmol

t SLY It YAE 6{OASEZ /I YyIRFI0O RAIS&GD L2YyAA
pn >Y StSOGNBRS |G bppnn =0

2.2.14.3.1 Data/Information dependent acquisition (DDA/IDA)

First, a spectral library was produced in IDA mode osaatiples singularly and a pool of all
samples together, with the mass spectrometer set in high sensitivity mode. IDA MS files
were searched using ProteinPilot 5 (SCIEX, Canada): the analysis was conducted by th
software with an exhaustive identification rategy, searching the UniProt Swissprot
database for rat species (January 2016 release), with addition of four TG2 isoforms (TG2_V:
TG2 V2, TG2 V3 and TG2_V4). The generated file was imported into PeakView 2.(
software (SCIEX, Canada) as an ion librady spiked in iIRT retention time standards
(Biognosys, Switzerland), after filtering for false discovery rate (FDR) of 1% and excluding

shared peptides.

2.2.14.3.2 SWATH/Data independent acquisition (DIA), targeted data extraction and fold
change analysis

SWATH DIA wgathen performed on all samples using 100 variable SWATH windows

optimised for the samples. Unlike the DDA method in which during each cycle, an initial

survey scan (TGWS) is performed followed by a MS/MS experiment on the highest

precursors, in SWATH rf@ach cycle the totality of the precursors are fragmented in

discrete fixed or variable widtm/za 6 A Y R2 6 ad¢ (GKSYy YSI aAdz2NBER 0

SWATH window was acquired with an accumulation time of 25 ms betweeh28Win/z

along with a single TGWS survey scan for 50 ms between 4@50m/z, for a cycle time

of 2.6 seconds. Spectral alignment and targeted data extraction from the SWATHedata w

performed in PeakView 2.0 SWATH microapp (SCIEX, Canada) using the above mentione

reference spectrallibrary generated by DDA. SWATH data was processed using an

extraction window of 5 min and applying the following parameters: maximum 6
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peptides/protein, maximum 6 transitions/peptide, exclude shared peptides, and XIC width
set at 75 ppm.

Quantitation andfold change (FC) analysis between the different conditions were carried
out using the OneOmics cloud processing software from SCIEX, employing weighted
average of proteins spectral results among the different biological replica to calculate FC
and relativesignificance. The outcome of the experiment is a list of protein identification
names (IDs), with legf FC (log-C) values, confidence level of FC [C(FC)] aatups of

FC, all calculated by the software. Fold change values (FC) were calculatediynasual

2I092FC

Mean Intensity of protein X in treatment A

log,|FC 4, X)] = lo - - ,
22[FC avs 5 (X)] &2 Mean Intensity of protein X in treatment B

Under suggestion of Dr David Boocock and the SCIEX technical assistance for the software
the OneOmics confidence score was advised to be a better measure of the significance of
the FC, over falue. This is because the algorithms wit@ineOmics platform take into
account the variance among all of the values for the peptides and the peptide fragments
(transitions), to generate the confidence score, whereas,valpe of FC calculated from

the protein peak areas, does not. Fold changéhk & confidence higher than the 0.80 (80%)
were regarded as highly significant. Values with confidence between 0.80 (80%) and 0.5
(50%) were acceptable but less significant, and values with C(FC) lower than 0.5 should not
be considered as significant. ttme analyses performed in this thesis, data were regarded

as significant if C(FC) was above 60% for the transamidome and 70% for the proteome.

2.2.14.3.3 Bioinformatic analysis

Once we obtained the proteome data, a functional analysis of the listed proteins was
performed using PANTHER (Protein ANalysis Through Evolutionary Relationships) databas
(http://www.pantherdb.org), an open source bioinformatics resource (Mi et al., 2013).

t NPGSAya oSNBE OfFaaiAFASR FOO2NRAY3A G2 t!
[ fFraaés aaz2fSOdzZ I NJ CdzyQliA2yéx aG. A2fSEAO!I
feature). Gene Ontology is in essence a project that aims to generate a common scientific
vocabulary unifying the different properties and characteristics of genestandardised
manner. Each term is matched to a specific and unique code, so that each gene would be
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associated with a list of annotations that define its functions and characteristics, which in
turn can be grouped in larger categories. The GO terms faahlbgementioned ontologies
were organised in tables, and in the case of molecular function were visualised in pie chart
as percentage of representation of the specific GO annotation term (number of proteins
belonging in that specific annotation term, or €8 over the total number of class hits (for

all the annotation terms individuated in the list of proteins).

2.2.15 TG2 enzymdinked immune sorbent assay (ELISA)ovalab

This assay is based on the double antibody sandwich technology for the detection of TG2
(human and guinea pig). Briefly, samples and TG2 standard curve were diluted in sample
buffer (-1 pg/ml), added to a 96vell plate precoated with a monoclonal antibody anti

TG2, and incubated at 3Z for 2 hours. After 3 washes with appropriate wash dxyfa
second (different) monoclonal artiG2 detection antibody was added and incubated for 1
hour at 3?C, followed by washes and addition of HEvRjugated secondary antibody.
After 30 minutes at 3%C, the plate was washed and developed by addition oBTM

substrate and k5Q, then absorbance was detected by a spectrophotometer at 450 nm.

2.2.16 TG2 ELISAoptimised in the course of this project

This assay was optimised starting from an already published protocol developed by our
research group (Verderio et aR003; Scarpellini et al., 2009). The principle is represented
inFig. 2.3also Fig. 6.9A964 St t LJX I S g1 & Oia FrisHCRS0 M pHK  p
7.4 (assay bufferfor which TG2 has high affinity, and incubated 15 hours’@t After 2
washeswith assay buffer, the plate was blocked with 3% BSA (w/v in assay buffer) for 1
hourat3? @ ! a0l yRINR OdzZN¥S 2F 3L ¢DH FNRBY n
buffer, with addition of 1.22 mM Ca@nd 2 mM EDTA. A blank with blocking bufiena

was included. The chelating agent EDTA was added to avoid possible interference in the
TG2FN binding due to active TG2 and crosslinking. After blocking, the plate was washed
G6A0S Ay | aale o0dzZFFSNE GKSy (KS3)ardindthdted a ¢
3 hours at 37C. This was followed by 3 washes and addition of primary detection antibody
against TG2 (CUB7402) diluted 1:1000 in blocking buffer, incubated 15 houfs. athe

plate was then washed 3 times with assay buffer supplemented with 0.05% Tween20 and
incubated for 2 hours at room temperature with secondary antibody goataotiseHRP

conjugated (1:2000 dilution in blocking buffer). The plate was washed aganes8 tassay
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buffer + 0.05% tween20) and incubated with a developing solution containing 7.5% TMB
and 0.014% D, in phosphatecitrate buffer 0.05 M, until a blue colour was detected
(about 610 minutes incubation in the dark). Reaction was stopped by maddf HSQ

and absorbance was read with a spectrophotometer at 450 nm.

(.

H,SO,

. HRP substrate

HRP

Secondary ab:
Goat anti-mouse HRP

/, \ conjugated
7\

Primary ab:
i Mouse anti-TG2
(CUB7402)

TG2

Fibronectin I Plate coating

Figure 2.3. Principle of an ELFBAsed assay for detection of TG2 in plasma.
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2.2.17 Generation of crosslinking products (EG@LYitro

In order to have a positive control for the detection of crosslinking products in plasma,
EGGL were generated vitro by incubating 200 ng of gpITG2 with its substrate FN (either
full length or the 30 kDa fragment, 500 ng) in activating conditions-KIBIHS0 mM pH 7.4,

5 mM CaGland 10 mM DTT). Different temperatures and time stegere tested, as
indicated in the relative figure legends. Crosslinking products were either loaded in a 10%
acrylamide gels in reducing conditions for §ia§e, or directly gotted on a nitrocellulose
membrane for dot blot analysis, as described in section 2.2.3. Chelating agent EDTA (5 mM|
was added to the mix prior to TG2 as negative control, to block TG2 catalytic activity and

hence inhibit crosslinks generation.

2.2.18 Statistical analysis

Data are presented as mean = S.E. for the indicated number of experiments. In order to
test for normality of the distribution, all datasets were analysed with the Kolmogorov
Smirnov (KS) test. Because all analysed data presented a normabdison (kS p>0.05),
FGAAGAOKE |yl f&aAa -tstaoiontdayNINS WIS Riffedzricksy” 3
NE O2yaARSNBR (2 0S aA3IyATAOFYy(d o6& LIKA

[«=tN

a
o]
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CHAPTER 3:
Characterisation of TG2 in primary neuronal cells

and astrocytes
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3.1 Introduction

TG2 has been shown to be present in rat brain, as well as the in human CNS, specificall
both in neurons and glial cells (Gilad and Varon, 1985; Campisi et al., 1992), hmawitygs

a cytoplasmic localisation (Kim et al. 1999; Maggio et al. 28@pelt and colleagues were

the first to demonstrate the presence of TG2 specifically in hippocampal neurons by
immunocytochemistry, however by using a mgpecific antibody against X another
member of the transglutaminase family (Appelt et al., 1996). dibe, a detailed
characterisation of TG2 localisation in hippocampal neurons has not been published yet.
Increased amounts of TG2 protein and activity in different brain regiocslls have been
implicated in various neurodegenerative diseases, especially relating the enhanced
crosslinking activity with the progressive accumulation of protein aggregates, a common
hallmark of brain proteinopathied.¢rand, 1996; Johnson et al997,Martin et al., 2011).
However,a TG2 specific role in physiological conditions and disease progression is still
unclear, and the available data support both a protective and a neurotoxic role. For
example, early work on TGfficent mice showed thatie enzyme absence did not cause
developmental abnormalities, and no evident changes were found in the major organs
AYVALISOGSR G GKS KAadz2ft23aA0Ft tS@St 05S |
was that the presence of other members of tharsglutaminase family, like TG1, could
possibly compensate for TG2 absence. On the other hand, more recent studies have shown
that in a mouse model overexpressing human TG2 in brain, increased levels of TG2 led to
higher sensitivity to kainic acidducedseizures and hippocampal damage (Tucholski et al.,
2006). Conversely, the same group also showed that TG2 could play a protective role in the
same mouse model, by attenuating ischeamduced cell death (Filiano et al., 2008; Filiano

et al., 2010). More reently, TG2 depletion in normal cortical neurons was shown to affect
cell viability, by regulating genes involved in neurite growth and maintenance (Yunes
Medina et al., 2018). Specifically, Gale Johnson group performed TG2 knock down in
primary neurons by shRNA lentivirus and observed a consequent decrease in cell survival,
and upregulation of genes involved éxtracellular matrix ECM function, cytoskeleton
integrity pathways and cell signalling, indicating a neurotrophic role for TG2 in physiological
conditions (Yunedledina et al., 2018). At the same time, increased expression of both TG2
and TG1 following oxidative stress in rat cortical neurons was shown to induce cell death,
whereas pharmacological inhibition of both enzymes had a neuroproteeffeet (Basso

et al., 2012).
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Interestingly, TG2 and TG6 have been shown to increase in the hippocampus following
incubation of the organotypic cultures with the gliadin peptide4®l, which was tested in

an epilepsy mouse model in the context of gluetated diseases (Gerace et al., 2017).
The deamidating activity of transglutaminases (TGs) was shown to exacerbatenlte kai
acidmediated neurotoxic effect of p343, thus linking TGs to gluteelated epilepsy
(Gerace et al., 2017).

Several studies havédhewn an increase of TG2 mRNA, protein and activity in models of
forebrain ischemia, especially in the hippocampus (lentile et al., 2004, Tolentino et al.,
2004). TG2 was found to increase in blood vessels, microglia and the CA1 hippocampal fielc
following ischemia, and its inhibition by cystamine had a protective effect, delaying
neuronal death (Hwang et al., 2009). Downregulation of TG2 activity and protein levels by
m T-Estradiol treatment also protected against hippocampal neuron cell death induced by
transient ischemia (Fujita et al., 2006), in apparent contradiction with some of the
aforementioned work (Filiano et al., 2008; Filiano et al., 2010; ¥Ntezbna et al., 2018).
Other than in neurons, TG2 has also been studied in glial cells, especialgtionrto
neuroinflammation. Stimuli such as oxidative stress, calcium dysregulation and the
production of inflammatory cytokines have been shown to increase TG2 expression and
activity in a variety of glial cells models (as reviewed in lentile et dl5)2@-or example,
glutamate induced increase of TG2 in primary astrocytes andwvisshown to mediate

the activation of transcription factonuclear factokappalight (NFSB), one of the main
inducers of immune response and inflammation, by promotirgy dimerization and
translocation to the nucleus (Caccamo et al., 2005). In turr,BN&ctivation could sustain

TG2 expression, in a positive feedback loop (Caccamo et al., 2005). A similar connectior
had been previously shown in microglial BV2 celiengthening the evidence of TG2
involvement in the neuroinflammatory process (Lee et al., 2004).

DFfS W2Kyaz2yQa NBASEFNOK INRdzZLI TNRY whOKS:
the last decademultiple papers focused on the role of TG2 in botintical neurons and
astrocytes. They illustrated that TG2 ablation is protective in astrocytes, as it promotes
their survival under oxygen/glucose deprivation in an ischemic brain mice model, and thus
improves their ability to protect neurons (Colak andhidson, 2012; Feola et al., 2017).
However, TG2 inhibition is also a negative factor in repair processes as it affects astrocytes
migration, consequently reducing their ability to form a glial scar after brain injury

(Monteagudo et al., 2017). This couldvieaboth a positive and negative effect, by reducing
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inflammation but also impeding neuronal growth (Okada et al., 2006; ReNhluitra et al.,

2008). A similar observation was made in a spinal cord injury mice model, where TG2 KO
was shown to attenuate scdormation and increase astrocytes ability to protect neurons
from injury, confirming a possible deleterious role of TG2 in astrocytes (Monteagudo et al.,
2018).

Pinzénand colleagues have recently demonstrated that astrocytes externalise TG2 under
neuroinflammatory conditions that mimic Multiple Sclerosis pathology, bothtroand in

a de/remyelination mice model, affecting ECM deposition and astroglial scafingdn

et al, 2017a,b).

Interestingly, work from Kawabe et al. (2017) has shown thatoagte-derived TG2
LINBaSyid Ay (GKS adNRItALFE O2yRAUGUAZ2YSR YSH
in vitrowhen the freshly prepared peptide was diluted in ACM, and this effect was blocked
Ay (KS LINBaSyOS 27F ¢DH Ahgikdaesiaidedldo Quauded | Y
astrocytes stimulated TG2 expression both intracellularly and in the ACM, highlighting a

role for astrocytic TG2 in AD pathology (Kawabe et al., 2017).

In summary, literature data suggest that TG2 could have opposite effectsain,
depending on the type of injury, brain region and cell type considered (Quinn et al., 2018).
Although intensive research has been done on this topic, further studies are necessary to
understand TG2 role in neurons and astrocytes. Additionallgreths still very limited
knowledge on how TG2 is externalised by either cell type, thus promoting any kind of effect

on recipient cells.

3.1.1 Aims of this chapter

The general aim of this chapter was to characterise the expression arig#ioa of TG2

in primary cells isolated from embryonic rat brains, specifically hippocampal neurons and
astrocytes. Moreover, the possibility that TG2 could be externalised through astrecytes

derived extracellular vesicles (EVs) was investigated.
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3.2 Results

3.2.1 TG2 is localisedt neuronal synapses

The presence of TG2 in the brain at tissue and cell level has already been reported,
especially in relation to its role in neuroinflammation and brain injury (Martin et al., 2013;
lentile et al., 2015; Quinn et al, 2018). However, npadlished data about TG2 in neuronal
cells is focused to cortical neurons or tissue sections, and specific information about TG2
localisation in hippocampal neurons is sparse.

For this reason, TG2 was first characterised in the cultures of primargnnatyonic
hippocampal neurons, with particular focus on its localisation respect to neuronal synapses.
For these experiments, neurons were either isolated from hippocampi freshly dissected
from rat fetal brains (at embryonic day 18) or dissociated fronmiasues purchased from
BrainBits (E18 Rat Hippocampus kit) and maintained according to standard procedures (
described inMethods chapter 2.2 J1 Neurons were plated on surfaces coated with goly
Lysire (PLL) (either tissue culture plates or glasgecslips) and grown up to 22 days

vitro (DIV). Images shown Kig. 3.1are an example of neurons growing in a standard 2
dimentional (2D) culture up to 11 DIV, characterised by progressive differentiation and
outgrowth of axons and dendrites, and formation of an intricate network of synaptic

connections.
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4DIV

7DIV

11DIV

Figure 3.1. Cultwr of primary rat embryonic hippocampal neurorBrimary rat embryonic
hippocampal neurons were disassociated according to BrainBits protocol and plated on PLL
coated 6well plates. Cells were maintained in Neurobd&2¥ medium and visualised by

Ts100 Egdise Optical Microscope (Nikon) using 10X and 40X obje@wae. bars 20 pm.
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The expression of TG2 was initially investigated using immunofluorescence and confocal
microscopy. Neurons were differentiatéal vitrofor 22 days (22 DIV), fixed, permealeitis

and TG2 was identified by a previously characterised mouse monoclonal antibody (IA12)
specific for rat/mouse TG2 (Scarpellini et al., 20I&?2 (green) showed a punctate pattern
widely spread in the perikaryon, dendritic and axonal processes, whikeiclear staining

was observedFig. 3.2A. In orderto understand if TG2 was also present at synaptic sites
specifically, a&o-staining forpre-synaptic marker VGLUT1 (blue) and gogtaptic marker
SHANK?2 (redyas performed Fig. 3.2A. By quantificatiorof the number of TGpositive

green puncta that were ctocalised with either VGLUT1 or SHANKZ2, it was found that the
overall percentage of synaptic TG2 was about 21.2% of the total TG2 signal. Synapses wer
identified by celocalisation of red and bluegnals, as the proximity of a prand post
synaptic marker characterises synaptic sites. Moreover, TG2 showed higher localisation at
pre-synapses (calculated as number of IAMGLUTL1 positive puncta normalised on total
VGLUTL1 puncta) compared to payngses (calculated as number of IASPIANK2
positive puncta normalised on total SHANK2 puncta), however the difference was not
significant Fig. 3.2A co-localsation indicated by arrows). To confirm TG2 presence at
neuronal synapses, crude synaptosomes were isolated from adult mouse brain
homogenates and both low speed supernatants (LSS) and synaptosomesw&¥N)
analysecdy western blotting. TG2 signal, whigh- & Y 2 NJY ktdbulidil@éing Godtrol,

was 2.4fold higher at synaptic contacts compared to L5Hg.(3.2B, confirming TG2
localisation at synapses. In these experiments, crude synaptosomes preparations were
validated by probing with synaptic marlseglutamate NMDA receptor subtype 2B (NR2B),
postsynaptic density protein 95 (PSbB), vesicular GABA transporter (VGAT) and vesicular

glutamate transporter 1 (VGLUTL1), which were enriched in SYN samples compared to LSS
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Figure 3.2. TG2 localisation primary hippocampal neurons and synaptosomes.
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Figure 3.2. TG2 localisation in primary hippocampal neurons and synaptosomeés.
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To investigate whether TG2 was present and active on the cell surface, primary
hippocampal neurons were analysed using a previously developed-gdaty whil
involves growing cells in the presence of a biotinylated TG substrate (Scarpellini et al., 2009;
as described iMethods chapter 2.2.5.2). Briefly, freshly isolated neurons (0 DIV) were
incubated for 2 hours on a fibronectsoated surface in Neurobasadmplete medium and
biotin-cadaverine. A specific inhibitor of TG2 transamidating activity (ZDON) was used to
distinguish TG3pecific activity from background noiseiginated by aspecific binding of
biotin-cadaverine or by crosslinking from other tranggiminasesAs ZDON vehicle is 100%
DMSO, a control condition including DMSO (0.1%) was added. TG2 activity was detectable
2y YSdINRPyaQ adz2NFIFOST K26SOSNJ OStfta | LIISIK |
the drop in activity in the CTR+DM8@ndition Eig. 3.3A. ZDON treatment reduced TG2
activity, even if not at a significant level (compared to both CTR and CTR+DPAgS&B4.
Considering these results, it was possible that analysing neurons on the day of dissection
could be too early tadetect surface activity, as cells would have undergone digestion

treatment, which could affect the presence of surface molecules, as opposed to neurons

82



Chapter X Results

left to grow in culture for multiple days. As described/iathods chapter 2.2.5.2, this assay
requires the incubation of cells on Fbbated plates for 2 hours and generally cells
monolayers are either trypsinised or detached with EDTA 5 mM in PBS pH 7.4 before
addition to the plate. Because it is not possible to trypsinise neurons grown in culture on
PLEcoated surfaces, TG2 cell surface activity was evaluated in neurons left to grow on FN
for 7 days, followed by 2 hours incubation with bietiadaverine. As shown kig. 3.3Bno
significant differences were observed among the tested conditions. Furttemnpts were

made to confirm the results shown in Fig. 3.3A, but because of issues with the transport of

tissues from the supplier (BrainBits US), the following delivered tissues were not suitable

for analysis.
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Figure 3.3. TG2 cell surface activity inumens.A) Cell surfacd G2 activity was quantified

in primary hippocampal neuroris. NJ- Aoyf thé dayiaf tissue dissociation (0 DIV) by a
cell surface activity assay (as describedigthods chapter 2.2.5.2), using TG2 inhibitor
ZDON (100 puM) to validate TG2 specific activity. Data is shown as mean + SE, normalised 1
CTR (N=1, each condition in triplicate). p=NS. Raw absorbance values minus backgrounc
CTR: 0.140+0.049; CTR+DMSO: @mb58; ZDON: 0.031+0.0@) Neurons were grown

7 days in FNoated plated prior to addition of bioticadaverine for 2 hours. Data is shown

as mean + SE, normalised to CTR (N=1, each condition in triplicate). p=NS. Raw absorban
values minus backgroun@TR+DMSO: 0.053+0.003; ZDON: 0.048+0.002.
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In conclusion, TG2 was detectable on neurons surface, but due to the limitation that
neurons cannot be trypsinised after being plated and that analysing cells on the day of
tissue dissociation is not ideal, thext step was the investigation of TG2 activity in neurons

using a different approach.

3.2.2 In situTG2 activity in neurons is not affected by synaptic transmission

In the previous section it was shown that TG2 localises at neuronal synapses and attempt
to assess its activity levels on the cell surfaege performedwith limited success. For this
reason a different approach was used based on incubating neurons with dab&led
substrate of TG2, Flicadaverine (FIT€ad), as described iNethods chapter 2.25.1
Moreover, considering TG2 localisation at synapses, it was interesting to investigate
whether TG2 activity was influenced by synaptic activity.

Neurons at 15 DIV were incubated with FEE@ and treated 16 hours with either ZDON,

to inhibit TG2 specific activity, or tetrodotoxin (TTX), an inhibitor of synaptic activity, or
bicuculline (BIC), a blocker of GABA inhibitory action which enhances excitatory synaptic
transmission. The initial hypothesis was that TG2 activity might decrease préisence

of TTX, a neurotoxin that blocks sodium channels, consequently stopping the calcium
oscillations that characterise neural activity. On the other hand, it was speculated that
treatment with BIC might increase TG2 activity, as the block of GAdeptoss leads to
epilepticlike seizures and increase of intracellular calcium concentrgliog ;).

In the absence of treatment, neurons displayed FOICRF GSNA Y S Ay O2 N1J2 N
soma and processes, similar to TG2 protein distribusibowed in Fig. 3.1A, and a signal
was also detected at nuclear leveid. 3.4A. Stronger green puncta were observed along
dendritic filaments and extracellularly compared to a more diffuse and lower signal in the
cell body. A reduction in TG2 activity svaisible in the presence of TG2 inhibitor ZDON,
however image analysis did not show a significant differerfery. (3.4B. It was
hypothesised that the remaining activity observed in the presence of ZDON may be due to
other members of the TG family. TT¥atment quenched the level of TG2 activity visible

in sity, but quantification of FIT-€ad intensity did not show this difference to be significant

(Fig. 3.4B. Contrary to the initial expectations, neurons incubated with BIC did not show
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increased TG2 aeity but actually displayed lower intensity compared to untreated
neurons, although not at significant levélig. 3.4B. Western bloting analysis of similarly
treated neurons did not show changes in TG2 protein le@ts B8.4¢ In conclusionin

situ TG2 activity was diffused in untreated hippocampal neurons over 16 hours culture, but
more intense along neural dendrites and in the extracellular space. Pharmacological

alteration of synaptic activity did not result in significant alterations of TGRipcti
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L/ Y Ho ®coprgdHodhmT®iedINIYMc K2 dzZNBR Ay Odzl GA2Yy S
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3.2.3 TG2is present and active in primaastrocytes

Up to this point of the investigation, data have shown the presence of TG2 particularly
located at neuronal synapses. However, TG2 is known to be also present in other brain cell
types, among which glial cells. This is particularly relevacalee the role of TG2 in the
diseased brain has been linked to neuroinflammation and in the CNS the cell types which
are mostly involved in the inflammatory process are in fact astrocytes and microglia, the so
Ottt SR GAYYdzyS 4&aeéai s 205F AsinstrScytes Nava g/ rolein S
extracellular support and repair, functions that are also attributed to TG2 at the molecular
level, it was envisaged that astrocytes could be a main source of TG2 in brain. Indeed,
recent evidence has shown extalisation of TG2 by astrocytes under neuroinflammatory
conditions (Pinzon et al., 2017b), while TG2 presence in astrocytes has also been shown tc
have a neurotoxic role after ischemic injury (Colak and Johnson, 2012; Feola et al, 2017;
Monteagudo et al., @18).

TG2 was initially analysed in a variety of primary cells isolated from rat brain, namely
hippocampal neurons, astrocytes, microglia and total brain homogenates. Westetindplot
analysis showed that TG2 protein was detectable in all cell types evadidwith lower
intensity in microglial cellsF{g. 3.5A. The expression levels of TG2 full length mRNA
(TG2_V1) and the other spliced isoforms (TG2_V2, TG2_V3 and TG2_V4) were quantifie
by realtime PCR (€CR) in primary rat microglia and astrocyt®eth TG2_V1 and TG2_V4
were more expressed in astrocytes compared to micro§lig. @.5B. TG2_V2 and TG2_V3
were not included as relative quantifications were not consistent, and the Ct values of the
selected housekeeping gen&APDMH were statisticallydifferent between the two cell

G2 L)Sa § hend¥thdyscquld not be compardadeed, to be able to compare two
groups by gPCR, a necessary condition is that the respective reference gene quantifications

are not statistically different.
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Seeing that TG2 was confirmed to be more present in astrocytes compared to micasglia
already shown byPinzoénet al., it was decided to focus the next experiments solely on
astrocytes Pinzoénet al., 2017b).

Primary astrocytes were either isolated from freshly dissected cortices from rat fetal brains
(at embryonic day 2P22) ordissociated from brain tissues purchased from BrainBits (E18
Rat cortex kit) and maintained according to standard procedwesliéscribed iMethods
chapter 2.2.). Dissociated cells were plated on Rbhated tissue culture plates or flasks
and grown up ® 60 DIV. Images shownhig. 3.6are an example of astrocytes growing in

a standard adimentional (2D) culture up to 40 DIV.

90



Chapter X Results

10X 40X

16DIV (p1)

28DIV (p1)

40DIV (p4)

Figure 3.6. Culture of primary rat embryonic astrocyté@imary rat embryonic cortical
astrocytes were disassociated according to BrainBits protocol and plated-cod&ed T75
flasks. Cells were maintained in EMEM complete glial medium and visualised by Ts10C
Eclipse Optical Microscope (Nikon) using 10X4&Xlobjectives. Cells were imaged after

initial plating (p1) or following consecutive passages by trypsinisation $pd)e bars 20
pm.
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TG2 was then characterised by immunofluorescence. Astrocytes gnovitno for 18 days
(trypsinised on day 9, platechdPLEcoated coverslip and left to grow until day 18), were
fixed, permeabilised and probed for TG2 (IA12 antibody, green) and astrocytic marker Glial
fibrillary acidic protein (GFAP, rediq. 3.7A. TG2 signal showed a vesicdi&e dotted
staining,which was mainly localised in the cytoplasm and partialjocalised with GFAP

(Fig. 3.7Bcolocalsation indicated by the white arrow). Analysis of similarly stained cells,
but without permeabilisation, showed a similar vesitike distribution of TG2suggesting

that the protein is also localised extracellulafiyg. 3.7¢
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TG2 often cdocalises with Fibronectin (FN), an important substrate and binding partner in
the ECM (Akimov et al., 2000; Aav and Belkin, 2001). To explore this, dual staining was
performed with TG2 and ECM marker FN (rdeip.(3.8. TG2 showed a partial €o
localsation with FN, but the cytoplasmic signal was more prominent in comparison to the
extracellular signal, suggesty that under control condition (absence of any treatment),
TG2 is not highly externaliseig. 3.8co-localsation indicated by white arrow heads). This

is in line with already published data, where it was shown that astrocytic TG2 accumulates
in the E®™ in response to pranflammatory stimuli, while very low signal was observed in

the absence of treatmentRinzénet al., 2017b).
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To investigate whether TG2 was present and active on the surface of astrocytes, the cell
surface activity assay already presented in section 3.2.1 was used. Astrocytes from 14 DI\
up to 44 DIV were trypsinised, resuspended in seftee media and incubatefibr 2 hours

on a fibronectincoated plate in the presence of calcium, bietiadaverine and ZDON (100

X a.(Control condition included DMSO (0.1%#%). Using this assay, TG2 specific activity
was detectable on the surface of astrocytes and was significaatluced of about 42% by

treatment with ZDONKig. 3.9.

- 1.2 - ¥k
:E 1.0 -
& 0.8 -
S 0.6 -
(19 ) ﬁ
£ o4 §
v
= 0.2 - \\
o [
N 0.0 - N
= O

\e) o‘\

QX
&

Figure 3.9. TG2 cell surface activity in primary astrocytésll surface G2 activity was
quantified in primary astrocyte@rainBitsup to 44 DIV by a cell surface activity assay (as
described irMethods chapter 2.2.5.2), using TG2 inhibitor ZDON |iM)o validate TG2
specific activity. Cells were resuspended in complete Neurobasal medium and plated on &
FNcoated 96well plate for2 hours in the presence of biottadaverine. Data is shown as
mean = SE, normalised to CTR in the presence of 0.1% DMSO (N=3, ***p<0R&a01).
absorbance values minus background: CTR+DMSO: 0.120+0.009; ZDON: 0.067+0.007.
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3.2.4 TG2 is released by astrocytierived exosomes upon prmflammatory stimuli

As already mentioned, previous work has suggested that TG2 is released by as@adytes
accumulates in the surrounding ECM (Pinzon et al., 2017b). However, the hypothesis that
TG2 could be externalised via extracellular vesicles (EVs), as recently reported in other cel
systems (Furini et al., 2018), was not explored. EVs are importashiitoes of neurorglia
communication under physiological conditions and stress responses (Proia et al., 2008;
Luarte et al., 2017), and thus represent a likely vehicle for TG2 transport. Given this scenario
it was explored whether TG2 may be released he extracellular environment by
astrocytes in association with EVs.

EVs were isolated from primary astrocytes after 24 h incubation in media without serum.
To simulate inflammatory stress conditions, cells were also incubated with
Lipopolysaccharide (LP&) previously shown (Bianco et al., 2005; He et al., 2018;-Pena
Altamira et al., 2018). Two concentrations were initially tested (0.1 pg/ml and 1 pg/ml) and
then, seeing that the higher concentration had major effect, LPS 1 pgaslusedn the
following experiments. Large and small EVs were isolated using serial centrifugations (as
described in Methods chapter 221) and characterised by Nanoparticle Tracking Analysis
(NTA) Fig. 3.10. Large EVs showed a diameter of about 177 nm and a concentration of
5.7x1G particles/ml, while small EVs were about 140 nm with a concentration of 38x10
particles/ml, which are within the expected range. LPS treatment did not affect particle size

or concentration Fig. 3.10.
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Western bloting analysis of total cell lysates revealed that TG2 expression increased upon

pro-inflammatory stimuli induced by LPS administration to astrocytes, with consequent

deposition of TG2 in the excellular matrix, which became evident upon LPS stimulation

(Fig. 3.11A The EMree supernatants, following protein precipitation by trichloroacetic
acid (TCA), did not show any TG2, regardless of LPS treaffiger.( 1A Western blating

analysis of large and small EVs lysates revealed TG2 enrichment in small EVs, but not i

large EVs, isolated from L-B8ated astrocytes conditioned mediurfig. 3.11B EVs were

characterised by expression of specific markers F2.Gihd ALIX and absencaf

cytoplasmiaastrocytic protein GFAP, other than by NTA, as showEajir3.10
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At present it is not yet known if TG2 is carried in the lumen of astrocytic EVs, as opposed to
being exposed on the surface and thus able to directly interact with molecules in the
extracellular milieu and cell plasmaembrane. In our recent work we were able to
demonstrate that vesicular TG2 originating from NRK52E cells (rat renal tubular epithelial
cells) was enriched on the surface of small EVs (Furini et al., 2018). Therefore, it would be

interesting to investigatd this was also the case for astrocyassociated vesicular TG2.

In conclusion, these findings suggest that TG2 can be released by astrocytes as a cargo ¢
small EVs under neuroinflammatory conditions, a novel mechanism that has never been

described lefore Fig. 3.12.
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‘ Inflammatory stimuli
(LPS)

Small EVs

Astrocyte

Figure 3.12. Schematic representation of TG2 externalisation by EVs trafficking. A)
Astrocytes activated by Lipopolysaccharides (LPS), an endotoxin which causes inflammator
response, show increased levels of TB)Astrocytes release large and small EVs, which
are loaded with nucleic acids (DNA, RNA, miRNASs), proteins and lipids. Among these, smg
EVs were positive for specific protein markers FL@Bnsmembrane) and ALIX (luminal).
C)Small EVs isolated from &fPeated astrocytes contain TG2, either in the vesicle lumen

or as a membranassociated protein.This image was generated with Motifolio

(https://www.motifolio.com/).
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3.3 Discussion

The main findings described in this chapter are that in rat primaryccétiires TG2 is
present at neuronal synapses and in astrocytes, from which it can be externalised through
small EVs under neuroinflammatory conditions.
TG2 has already been described in hippocampal neurons, but neither in detail, nor by using
a specific atibody such as mouse monoclonal amts2 1A12 used in this work, which is
known to be highly specific for detection of mouse and rat TG2 (Scarpellini et al., 2014). For
example, Appelt and colleagues performed TG2 immunostaining of rat hippocampal
neuronsusing an antibody against FXIIl, another member offitGéamily, and observed a
widespread distribution in the cell soma and dendritic processes (Appelt et al., 1996). They
also analysed human hippocampal tissue sections and confirmed TG2 presence in the
perikaryon and neurites, especially in AD brain compared to controls (Appelt et al., 1996).
Other groups have characterised TG2 at the histological level, by westetindgpbotalysis,
in vitro activity assay or RFCR of homogenates from different braiagions (e.g.
prefrontal cortex, cerebellum and hippocampus) (Gilad and Varon, 1985; Johnson et al.,
1997; Kim et al., 1999), or by immunostaining of tissue sections of either TG2 protein or
TG2 transamidation bgroduct EGGL peptide (Perry and Haynes, 19@8ry et al., 1995;
Kim et al., 1999; Andringa et al.,, 2004). Some groups also analysed isolated primary
cerebellar granule or cortical neurons, confirming TG2 presence in these cell types
(Mahoney et al., 2000; Filiano et al., 2010). These studiesdtitgd the presence of TG2
in different brain tissues and cells, including neurons and brain vasculature, but did not
investigate its cellular localisation in detail. Other works aimed at understanding TG2 role
in neural development revealed that TG2 lesation in immortalised neuroblastoma cell
lines was predominantly cytoplasmic, present both in the cell perikaryon and neurites, and
that only about 7% was nuclear (Lesort et al., 1998; Zhang et al., 1998a; Tucholski et al.,
2001).
It was shown here forhie first time that about 21% of the total TG2 present in hippocampal
neurons cdocalises with either posbor pre-synaptic markersHig. 3.2A. Even thougfl G
activity has been detected in synaptosomal preparations (Gilad and Varon, 1985), no one
has eveishown that TG2 protein localises specifically at synaptic $tigs3.2AB).
Because the most commonly studied TG2 function in both physiology and pathology is the
transamidation of protein substrates, and this is*@activated, an attempt to assess
GKSGKSN) ¢Dn | OGAQGAGE 41 a4 LINBaSyua 2y ySd
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concentrations of calcium are likely in the mM range (interstitial fluic?{Ca.2 mM)
(Jones and Keep, 1988; Carafoli, 1987). The datdogimg a live cell assaydnes et al.,
1997) suggest that there is active extracellular TG2 in hippocampal neurons. This
observation was corroborated by the reduction in TG2 activity in the presence of the widely
used TG2 inhibitor ZDORIg. 3.3AB). ZDM is a side chaimodified peptide, carrying an

St SO0 NRB LKA f A Odiaro5-txbLénorlelididd)detkiich undergoes nucleophilic
attack by TG2 residugyq277) and is consequently irreversibly bound to TG2 active site in

a stable thioether adduct, thuslocking TG2 activity (McConoughey et al., 2010). Among
technical limitations, the TG cell surface activity assay used for this experiment, which was
developed to analyse cells allowed to attach for 2 hours onNF&th(ods chapter 2.2.5.2,
Jones et al.,, 199, was applied in neurons growing directly on FN for a week prior to
performing the assay, as neurons cannot survive proteolytic detachridtgrnatively,
freshly disassociated cells (0 DIV) were employed, however high sensitivity to DMSO (0.1%
used asvehicle for the inhibitor (ZDON) was another limitation.

TG2 activity was also measurgdsituin adherent neurons, grown in the presence of a
FITGabelled TG2 substrate. It was hypothesised that, being located at synaptic sites, TG2
activity could beaffected by synaptic transmission. In fact, it is known that TG2 activity is
affected by[C&"]i and that in many neurodegenerative diseases, characterised by calcium
dysregulation, TG2 activity is enhanced (Smethurst and Griffin, 1996). Contrary to the initial
expectations, TG2 did not show changes in response to variations in synaptic activity, at
neither the protein nor the activity leveF(g. 3.4A0). It was reasoned that more than the
neuronal endogenous TG2, which does not seem to be highly active, it might be the
extracellularly localised enzyme which could have a more relevant role in neuraisn.
Literature data suggest that glial cells, specifically astrocytes, might be a source of
extracellular TG2 in braifPinzon et al., 2017a,blCampisi and colleagues were the first
group to demonstrate the presence of TG2 activity in primarygtia cell homogenates
(Campisi et al., 1992), while other groups showed that astrocytes express TG2 mRNA
(Monsonego et al., 1997), and that TG2 protein, mainly located in the cytosol, present
variable levels between cells (van Strien et al., 20Lhgrebre, it was shownhere that

TG2 is expressed in primary glial cellsd thatit is present at higher levels in astrocytes
compared to microgliaHig. 3.5AB). TG2ocalisation was mainly cytoplasmic, showing a
vesiclelike distribution Fig. 3.73.8). Interestingly, the same was observed in not

permeabilised cells, suggesting that part of the enzyme could be localised at the cell surface
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in vesicular structure@~ig. 3.7¢ A similar distribution was shown by van Da@@search

group, which highlighted # presence of ceBurface TG2 in astrocytes, especially in
response to inflammatory stimuli (van Strien et al., 2011). TG2 showed partial co
localisation with ECM marker KRig. 3.8, as previously observed in fibroblasts and other
cell systems (Verderiet al., 1999; Gaudry et al. 1999; Akimov and Belkin 2001), including
astrocytes, where a direct interaction between FN and TG2 has been described (van Strien
et al., 2011;Pinzon et al., 2017a,bhn this studythe presence of active enzyme on the
astro@ (i S & Q wadeNdfirmélSy using a cell surface activity asggjg. 3.9, which
strengthened the hypothesis of a surface localisatiBmzén and colleagues have also
shown TG2 expression in astrocytes, however it was very low in control conditioergas

it significantly increased upon neuroinflammatory stimuli (i.e. ¥NFbMiL [ NS b Y &
consequently accumulating in the ECM (Pinzén et al, 2017b). In corteastabundant

TG2 seemed to be detected in astrocytes in comparison. It is poss#tlenttuse antTG2

Fom FydAo2Re 60t2yS /!'.1tTnnanH0 dzaSR AYy tAY
TG2, but less mouse or rat TG2, may have limited experimental data, as in the experiments
described here untreated astrocytes displayed a clear TG2 Isabserved using the
monoclonal mouse ariTG2 (IA12) antibody (Scarpellini et al., 2014; Burhan et al., 2017).
On the other hand, only low TG2 ECM signal was observed in the absence of treatment,
confirming that externalisation of TG2 is regulated by sdrstimuli, such as inflammation.
{SSAY3 GKIFIG y2 Ll2aarofsS YSOKIYAayY F2NJ ¢Dr
this was an extremely interesting question to investigate.

Our research group has recently published a work in the area of kidm®gis, showing

that TG2 is secreted by EVs during fibrosis progression (Furini et al., Poi$&)ave rise to

the hypothesis that the same mechanism could be present in astrocytes under
inflammatory conditions.

In order to investigate this process, astrocytes were treated Wpibpolysaccharide (LPS),

a welkknown praeinflammatory molecule, which has been previously shown to increase
TG2 expression and activity levels in a variety of cell, among which macrepred&V?2
mouse microglia (Harris et al., 1984; Park et al., 2004; Kawabe et al., 2015; Ding et al., 2017)
As expectedLPS treatment increased TG2 protein levels in the total lyskigs3.11AB)

and also induced an increase of TG2 externalisation aoclmulation in the ECMFIQ.

3.11A. This was consistent with what was initially expected, asRilson and colleagues

had observed higher ctocalisation of TG2 and ECM marker FN in response to
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inflammation Pinzén et al., 2017EVs recovered from sem-free conditioned medium of
untreated and LP8eated astrocytes were then analysed, and it was observed that TG2
was enriched in small EVs only upon LPS stifigli 8.11E This study demonstratedf

the first time that TG2 is released in associatwith EVs in primary astrocytes. Previous
work had detected TG2 in EVs of kidney epithelial cells, mouse embryonic fibroblasts (MEF)
and cancer cells (Furini et al., 2018; Ehiadalgo et al., 2016; Antonyak et al., 2011).

Recent literature suggestssagnificant role for EVs in cell communication. In brain, EVs
have a largely unexplored role in crastk among neurons, astrocytes and microglia, the
AYYdzyS OStfta 2F (GKS [/ b{ 0/ KvidR-KiBkatorg i |
cytokines knowrio activate glial cells, have been shown to affect astrocytic EVs cargo with
an impact on neurotrophic signalling, which resulted in decreased neuronal survival and
synaptogenesis (Chaudhuri et al., 2018). Astrodgeved EVs isolated from plasma of AD
patients were shown to carry high levels of complement effector proteins compared to
healthy controls, suggesting that they could promote the spreading of inflammatory signals
(Goetzl et al., 2018). In a mouse model of inflammatory brain injury, EVs shwd fr
astrocytes following acute cytokine response (mediated by iLO LINR Y2 G SR
transmigration to the brain and consequent production of cytokines in liver, corroborating
evidence of a role for astrocytic EVs as mediators of the communication betwee
astrocytes and neurons, but also between the brain and the peripheral immune system
(Dickens et al., 2017). The presence of TG2 in astrodgi@ged EVs could have multiple
effects, apart for the most direct externalisation of the enzyme. To date therso
published information on this topic, especially what effect vesicular TG2 could have on
neighbouring cells, such as neurons.

In conclusion, it was shown here for the first time that TG2 is releasedtbycgtes in
association with small EVs under inflammatory conditions, and consequently that it
accumulates in the ECM above physiological levels during the inflammation process.
Because it has been reported thateyexpression of TG2 in mice brain poteites calcium
induced hippocampal damage, suggesting a possible role of TG2 in excitotoxiaited
neuronal cell death (Tucholski et al., 2006), the next steptavasvestigate whether the
increase of extracellular TG2 could affect synaptic activity @aidium homeostasis in

neurons.
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CHAPTER 4:
Extracellular TG2 modulates calcium homeostasis in

hippocampal neurons
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4.1 Introduction

Rise in intracellular calcium concentrations §QRin neurons is the major trigger of
neurotransmitter releasefrom nerve endings, hence it is at the core of neuronal
communicationd | NJ Y 6 I dzR )SBasal célciui levels areftightly regulated within

a narrow physiological range, below 1200 nM, while extracellularly the concentration is
about 12 mM (Jones and Keep, 198&arafoli, 1987). Calcium influx through permeable
channels at the plasma membrane is buffered by a large set of proteins able to bind calcium
and by the action of calcium membrane transporters. In particuier Plasma Membrane

C&* ATPase (PMCA) and tNet/Ca&* exchanger CX)are the two main system involved

in calcium efflux through the plasma membrane. Perturbations in calcium homeostasis
KIS 0SSy NBLR2NISR Ay a4SOSNIt ySdzZNBPRS3ISy
(AD), the most common form of human dementia in the elderly (Marambaud et al., 2009).
Alterations in [C&]i have deleterious consequences for neurons, leading to neuron cell
death by necrosis or apoptosis. In particular, a large body of evidence documents a
connection between disruption of calcium homeostasis and AD. Cortical neurons
established from AD transgenic mice have been shown to exhibit abnormally elevated
[C&"i and quantitative calcium imaginigp vivo indicated a significant increase in the
fraction of spines and dendrites of cortical neurons characterized by calcium overload
(Kuchibhotla et al., 2008). Similarly, neurons from HD mouse models (e.g. YAC128) have
shown increased NMDA toxicity, due to the huntingtin (migdiated disruption of
mitochondrial function and consequent impairment of calcium buffering system, which led
to the elevation of [CH]i (Fernandes et al., 2007hterestingly, TG2 inhibition ithe
YAC128 modelas shown to protect striatal neurons from NMD#ediated toxicity both

in the presence and absence of mutant htt (McConoughey et al., 2010). Elevated levels of
TG2 in HD led to the decrease of mitochondrial proteins sugieasisome proliferator
activated recepto# O2 | vihA(REOw R &lid cytochrome c levels, causing
mitochondrial disfunction. Inhibition of TG2 activity by specific inhibitor ZDON was able to
de-repress their expression, thus positively affecting neurons survival under toxic stress
(McConoughey et al., 2010).

Overexpresion of human TG2 in mice brain was shown to potentiate calongduced
hippocampal damage, suggesting a possible role of TG2 in excitotandiiyed neuronal

cell death (Tucholski et al., 2006). The authors hypothesised that this process could be

mediated by the TG2lependent modification of dual leucine zippleearing kinase (DLK)
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and consequent potentiation of cell death through thdun amino terminal kinase (JNK)
pathway. Moreover, they postulated that TG2 could also increas€][Gand thus enhace
neurons excitability, however they did not provide any detail of a possible mechanism
(Tucholski et al., 2006).

Given the key role of calcium in neuronal pathophysiology, the question whether
extracellular TG2, either soluble or carried by EVs (inaudstrocytic EVs, as shown in
chapter 3), could be involved in calcium homeostasis was investigated. TG2 itself is calcium
activated, therefore it is not unreasonable to think that it could perturbate calcium
concentrations, thus affecting its intracellulaole as well as neuronal function, via a
positive feedback loop. Notably, it has been shown that EVs derived from stimulated
microglial cells are in fact able to affect basal?[{zin primary astrocytes and neurons,
likely by spreading inflammatory sigls from the source to the recipient cells (Verderio et
al, 2012; Joshi et al., 2014).

4.1.1 Aims of the chapter

The general aim of this chapter was to clarify whether extracellular TG2 could influence
calcium homeostasis in neurons, thus affecting theiligbio communicate. Firstly, the
effect of the enzyme on [€§i in rat embryonic hippocampal neurons was investigated, by
addition of TG2 insoluble form to the neuronal medium. Moreover, the role of TG2
overexpression in neurons by transient transfentiwas also examined. Finally, initial
experiments with EVs isolated from primary glial cells were centred at looking at the role
of EVs and vesicular TG2 on calcium homeostasis in neli@nihis chapter, only neurons

and astrocytes prepared accordingthe standard protocol were used.
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4.2 Results

4.2.1 Exogenous TG2 increases cytoplasmic calcium concentration in neurons

In order to understand if extracellular TG2 may directly affect calcium homeostasis in
neurons, calcium concentration was detecteddmalysing thé-340/380 fluorescence ratio

in fura-2-loaded neurons (as described in Methods chapterIAR Differentiated neuronal
cultures often exhibit synchronous calcium oscillations, with reflecting burst of neuronal
firing. Addition of solubleTG2(10on >3k Yt 0 (2 Y SdzNPWway Y& NY
HEPES solution (KRRig( 4.}, characterized by low frequenspontaneous oscillations,
promoted the onset of a synchronous calcium spike and increased the interspike
intracellular calcium concentran (C&]0 X SELINB&&SR & pcConn
0.126+0.014). This led to blockage of oscillatory actitiy. 4.1 first red arrowfrom the

left). Upon TG2 removaFig. 4.1,wash),interspike [C&"]; decreased to préreatment
values and spontaneous calcium oscillationsstated, indicating that the action of
exogenous TG2 was reversibkag| 4.1 right). These findings suggested that exogenous

TG2 alters interspikfCa*)i thereby influencing syrdwonous calcium oscillations.

Ca%* concentration
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Figure 4.1. Exogenous TG2 blocks spontaneous calcium oscillations and increases basal

calcium concentration in neuronslemporaknalysis of synchronous calcium oscillations,
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spontaneously occurring in 14 DIV hippocampalirons in KRH (without TTX), were
YSIFadz2NBR +a @FNARFGAZ2Y Ay GUKS Connkoyn ¥
| RRAGAZ2Y 2F SE23Sy2dzA ¢DH 6mn >3kYE 0 LINR
plateau, with a block of spontaneous calcium odiilies and a significant increase in
intracellular calcium concentration ([€R). Data is expressed as mean * standard error
(Basal [C&]i: 0.53+0.01; [CHliF FGSNJ ¢DH T RRAGAZ2YY nAedtcppn
****%n<0.00001). Upon TG2 removal (washtivKRH) synchronous calcium oscillations re

started. Three representative traces of neuronaf{fcare showrin three different colours

To further examine the action of TG2 on calcium homeostasis, heurons were exposed to
exogenous TG2 in the presence of TTX (1 uM), which prevents synaptic and synchronou:s
network calcium activity. In virtually all neurons tested, addition of TG2 led gnéisant
increase iN[C&Ti6 n Connkoyn [ Fign 2Afirgt ged drrowfpm the lefi).
Interestingly, upon removal of the protein from the extracellular medium, neurons
recovered basdlCa&")i, suggesting thahe action of TG2 is reversiblei¢. 4.2Awasl). This
finding is intriguing, as it would imply that the observed process might not be due to
transamidation, which leads to a covalent irreversible modification of protein substrates
and should not disappear once TG2 is removed. To exfh@durther, an enzymatically
inactive mutant form of TG2 (recombinant human TG2 carrying the active si@&/Qyzer
mutation) was testedKig. 4.2B. No changes in restif@a*])i were induced by the inactive

TG2 enzyme used in the same concentratisriee gplTG2Hig. 4.2B, suggesting that TG2

activity might be necessary to induce calcium changes.
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Figure 4.2. Exogenous active TG2 increases cytoplasmic calcium levels20 D4V
hippocampal neurons exposed to TTXemporahnalysis of [CH]i changes in presence of
¢¢- X SELINBAaaRA RRA pAQoyn k¥o yoEd®2 3Sy 2dza ¢ DH 6
(1 uM) showed a similar effect as described in Fig. 4.1. Three representative traces of
neuronal [C&)i are shown. Data is expressed as meastandard error (Basal [C4:
0.52+0.01;[CH]il FGSNJ ¢DH I RRAGAZ2YY -testhPips000001uB) b I
LYFrOGA@DS ¢DHX dzLJ 402 on >3kYEX RAR y20 | ¥

4.2.2 Exogenous TG2 causes an influx of calcium fromekeacellular environment
Calcium influx through the plasma membrane is a major determinant of &4} in cells.
Therefore, it was investigated whether TG2, and in particular the extracellular protain,
control basal calcium levels by enhancing calcium influx into neurons. To test this possibility
neurons were exposed to soluble TG2 in caleftae® medium. Under this condition no rise

in basal[C&]i occurred Fig. 4.3Ared arrow, while TGalependent calcium rises were
clearly recorded from the same neurons after addition of 2 mM*@a CaGlto the
extracellular mediumKig. 4.3B. These findings revealddat calcium influx through the

plasma membrane mediatdke [C&]; rise evoked by exogenous TG2
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Figure 4.3. Exogenous TG2 does not aff@#]; in the absence of extracellular calcium.
Temporal analysis ¢€&*]i changes in 120 DIV neurons exposed to exogenous TG2 (10
>3k YT 0O A Y (AoKrhelpras&rs@s)or Sxtracellular calcium. TG2 was first added
to neurons in calciudree KRH, then washed and finally added again after supplementation
of KRH with 2 mM CaCAddition of TG2 in absence of extracellular calcium did not lead to

charges in cytoplasmic calcium (N=31).

4.2.3 Is soluble TG2 catalytically active?

To investigate whether soluble TG2 was catalytically active, the activity levels of gpITG2 in
KRH buffer were testedn vitro, mimicking the conditions of the calcium imaging
experiments described in section 4.2.1. Using a peteed assay (as described in Methods
chapter 2.25.3), TG2 was active when KRH was supplemented with the reducing agent
dithiothreitol (DTT, 10 mM)Hig. 44A). However, the absence of DTT resulted in a
significant decrease in TG2 activity which dropped to low background |&iglIsidA). As

the neuronal medium in the experiments described in section 4.2.1 was KRH without DTT,
this experiment suggests that exogenous TG2 added to hippocampal neuromsg dur
calcium imaging recordings was in fact prevalently inactive. This is not surprising, as
Verderio et al. had already suggested that soluble extracellular TG2 needs to be in a
reduced state to be able to crosslink protein substrates (Verderio et al3)2Mbreover,

this is consistent with current thinking about TG2 activity being tightly regulated by the
redox conditions of the extracellular environment (Stamnaes et al., 2010).

It was next hypothesised that TG2 protein conformation could be resporisitiee effect

of extracellular TG2 on neuronal calciwscillations This hypothesis was tested by using
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the TG2 inhibitorNC9, which wakindly donated by its developeDr. Jeffrey Keillor
(University of Ottawa, Canada). NC9 is cell permeable ankhibvgn to block not only TG2
transamidating activity but also G-tkhding and to lock TG2 in the open conformation
(Akbar et al, 2017). This is teenformationthat TG2 is expected to assume outside the

cell where calcium concentration is higher compatedhe intracellular levels, although

TG2 would most likely fluctuate between open and close conformations, depending also
on the redox state(as illustrated inFig. 19 in Chapter L As shown inFig. 4.4B,
approximatelyo sk a b/ ¢ 6l a adzZFFAOASYlG G2 AYyKAOAQD
2F C¢DHt /Aty CNMRBSNI LI T1dn gl & diiSRdeo 2 KSR 4N
AY Ywl 0dzZFFSNI LI Tdn FYR mMn Ya 5¢¢ |G GKS
SELIS NAYLSpigsa> b/ o 6+ a o0fS G2 AYyKMAGDun@ yf &
marker). However, when the assay was repeated in the absence of DTT¥ 200 b /
O2YLJX SGSt & of 2FYY.&RriatgDlar markeyjihendeithiissiconoentration of

NC9 wa chosen to modulate extracellular TG2 in calcium imaging recordings, where DTT

would not be present.
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CAIdzNBE ndnd ¢DH A& AAIAYATFAOIYyGf e (¢2&a fI @i
FQGAGAGE Faale | aAgaPEYBMBEAS R OdAI®d WkAED 18 ¢
gla AyOdzol GSR AY Ywl 0dzZF FSNI LIG KISDLING G SN ¢
loaSyO0S 2F 5¢¢ mn Yad 5FiGF Aa SELINBaasSR |
CDECECY omMPpprpondpd bImI S| UBO2FRA [ BWRESA
RSLISYRSY(l AYKAOAGAZ2Y 2F dw O BA @GA L3 NGFE N
ya 27F 3IALIC/DH OAdYT FeSNWaLJ 1dn F YR AY a0l yRLE
5¢¢ YR p Ya O f OAdipOdzKISH SR T @ ¥ SY MY dzi 3aN.
GSYLISNY (dzNB  LINA 2 NJ/ (622 SRRIREYIR 2 VY K RO X KB2 o S2-
b/ ® Ay GKS LINSASYyOS 2N I 6aSyo0S 2F 5¢¢o ¢
Tpp yad 2F ¢DH AY Ywl 0dzZFFSNI LI Tdn FyR N
2N 6AGK2dzi mn Ya 5m%¢®HIGREYNIain NBRYWdzi S& LISV
RAfdziSR Ay Ywl G2 FrLff gA0GKAY (GKS | aal e

gStta FyR 02yaSlidSyid IRRbBAXY OUMNIIRB OINERA
dzy NS+ G§SRY mMnnn ®begbordydly Th /b 1 jom nk &k Yy mMav ¢
MMHPNETHBOLD OUANIS OGNAIF yIAdzZ F NI YI NJ] SNEAD =«
ocPhPcpndp T MY @aPmT K BENIP dp/y /D TIPA Y

Preincubation of TG2 with the TG inhibitor NC9 (306 0 AY YWRRDBEF2WE i
ySdzN2ya fFERRIAYIONBP&AES Ay OF f OANSI A FRE aZEG f
6 @S KA Of Fgl454). fCalgiu inffux was expressed as Area Under the Curve (AUC)
calculated for 30 seconds after addition of any stimulusd@sscribed in Methods chapter
2.2.11). When NC9 was added directly to neurons in the absence of TG2 to investigate the
role of endogenous TG2, an increasgl@&"]; was also detected, whereas addition of
DMSO alone (vehicle) did not show any efi&dt). 45B).

These data seem to suggest that the conformation of TG2 is important for neuronal calcium
changes induced upon supplementation of extracellular soluble TG2 enzyme. They also

support a role for endogenous TG2 when in the open conformation.
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Figure4.5. Calcium rise is enhanced by TG2 in open conformafi@mporal analysis of
[C&"]ichanges in the presence of TTX, expressed as Area Under the Curva)(R&iCons
6SNBE TANBRUGU SELRAE&ASR (2 -tr&ie@v@tSDVBO Fehitld 4,0 N >
then washed and finally exposed to TG2fpeated with NC9 200 uM. Soluble TG2 was pre
GNBFGSR G | O2yOSyidiN}rGA2Y 2F cn >3kYE X
02y OSYUNI GA2Y 2F on >3IkYEd 5 GF #malised foLING
¢Dub5a{h o! ]/ ¢DHb5a{hY nodnopndnpT-test:DH b I
**p<0.001).B) Neurons were exposed to DMSO (vehicle, 0.4% v/v) or NC9 alone (200 uM).
Data is expressed as mean AUC + standard error (AUC NC9 alone: 1.61+0.2AUE=25
DMSO alone: null; N=25).
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4.2.4 Overexpression of TG2 increases calcium concentration in neurons

Since NC9 was able to induce a calcium influx by modulating endogenouis G€&&2ame
necessanto understand whether the effect of TG2 on neurof@i*]i was exclusively
promoted by extracellular TG2 released by a@uronal sources (such as astrocytes), or
whether neuronal TG2 itself could medigtez]; rise, as suggested by changes produced
by NCO9 Fig. 45B). To this aimEGFRagged TG2 or EGFP alomere overexpressedn
neurons at 8 DIV. EGHIGE2 was expressed ubiquitously in the cell body and processes, as
shown by the widely spread green fluorescerierg (46A). Some of the expressed TG2 was
externalised, as revealed by confocal fluorescemo&roscopy of fixed and not
permeabilised neurons incubated with aifGFP antibody, which was detected by a
secondary Alex&55-conjugated antibody (red fluorescent dy&idq. 46A). The staining of
EGFRagged TG2 resembled that of endogenous TG2 (R2d\ B Chapter 3), showing
similar cellular localisation, however this was stronger and did not show a punctuate
pattern, suggesting a more widespread diffusion due to overexpression. When analysed by
calcium imaging, neurons transfected with pE@®HAPT G2showed a significant increase in
resting [Ca&")i compared to neurons transfected with pEGRP vector, with a mean

n Co n nk oy nFig.248B). The wifferente ifC&*] was abolished wheleGFPIG2
neurons were incubated with the TG2 inhibitor ZDON (njedho n n Kk 0 y (Fig.[460n & n 'y
which similarly to NC9 is cell permeable and able to trap TG2 in open conformation (Pinkas
et al., 2007; Lindeman, 2011). Interestingly, ZDON decreased r§&tii}j also in EGFP
endogenous TG2 in the control of baf@&*]; (Fig. 460). They also reinforce the notion
that TG2 conformation (also affected by ZDON) or alternatively TG2 activity, could be

critical in this process.
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Figure4.6. Overexpression of TG2 increases calcium concentration in neuroméeépns
at 8 DIV were transfected with pEGRRTG2 or pEGHR1 vector, fixed without
permeabilisation 48 hrs after transfection and stained with -&@FP (red) to visualise
extracdlular EGFH G2 and Hoechst (blue) to visualise the nuclei. Coverslips were visualised
by laser scanning Leica SP5 confocal microscope using 63X oil immersion objective. Sca
bar 10 pmB) Temporal analysis ¢€a2]iOK Il y3Sa Ay (NI y a/388was SR
calculated between the mean F340/380 of EGE2 neurons and EGFP neurons. Three
representative traces of EGFP and EBGEP neuronal [C§; are shown. Data is expressed

as mean = standard error normalised to EGFP (EGFP: 0.548+0.008, N=1GBGEGFP
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0.604+0.006, N=158. ****p<0.00001E)A subgroup of transfected neurons was treated
GAGK ¢DH AYKAOAG2NI %5hb 0 meductionrd [C&] indéth O K
EGFP and EGHB2 transfected neurons. Data is expressed as mean * standard error (EGFF
basal: 0.61+0.01, N=36; EGFP+ZDON: 0.55+0.01, N=30T&&BRsal: 0.69+0.01, N=39;
EGFPFG2+ZDON: 0.60+£0.01. **p<0.001; ****p<0.00001).

To further explore the capability of endogenous TG2 to influence neuronal calcium
homeostasis, 222 DIV neurons exhibiting intense oscillatory activity and increfGe&d;

in response to bicuculline (50 uM), were incubated with ZDON. This setup ossnctas

it would mimic a condition of increasefC&*]i and possibly consequent activation of
endogenous TG2. Addition of the TG2 inhibitor about 4 minutes after bicuculline stimulus
led to a significant decrease in the frequency of calcium oscillateas,llated as number

of peaks/second (Hz), from 0.14 Hz to 0.06 Hg. (47, second red arrow from the left).
Moreover, ZDON significantly decreased the interspike &1 0 YSFy nConnk
0.304) Fig. 47), which is consistent with what was obsedvin transfected neurons, as

shown inFig. 46C

50 uM
Bicuculline
n 100 puM ZDON
1
1.4 1
c 1.2 N
3
2 AL
c | | |
i || 1 WL
|1
AF340/380
0.6 ook ok
0.4 - 1_min

Figure 47. Endogenous TG2 inhibition decreases basal intracellular calcium
concentrations and oscillation rates evoked by Bicucullif@mporalanalysis of [CH]
changes in 222 DIV neurons in KRH (without TTX) stimulated with Bicucullizd/}5@n
antagonist of GABA receptors, which induced an intense oscillatory activity. Calcium
minimum values in presence of Bicuculline were significantly reduced to badaldéer

TG2 inhibition with 106M ZDON (minimum [€4; with bicuculline: 0.93+0.04; minimum

[C&TiF FGSNI %5hb FRRAGAZ2YY -tasttPerpepO0DOIH T bl mc X
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Taken together these findings suggest that also neurons produce and release/AiG?

contributes to set [CH]; at higher levels as observed for exogenous TG2. It is still unclear if
this effect is mediated by TG2 conformation or activity, as the inhibitors NC9 and ZDON,
which both locks the enzyme in open conformation and blocks its transamidating activity,

have fiown to trigger opposite responses in neurons.

4.2.5 Involvement of Ltype VOCCs in T@ependent [C&")i changes

To clarify the mechanisms underlying Fé@&pendent calcium influx through the plasma
membrane, neurons were stimulated with soluble TG2 inghesence of blockers of the
main C&"entry pathways in neurons, namely glutamate receptors (NRBAAMPARS and
KARY¥ voltageoperated calcium channels (VOCCs) and the sodmicium exchanger
(NCX). First, NMDARsand AMP/R3$KARswvere blocked by supplementing the neuronal
medium (KRH with TTX) with the antagonists APV and CNQX respectively. In the absence «
these blockers, extracellular TG2 led to incred€zad')i as previously observeFig. 4.8A,
however inthe presence of th antagonists, TG2 addition was still able to elicit calcium
increasefig. 488 @ ¢ KS OFf Odzf  iSR pConnkoyn Ay (K
GSNBE y20 aidldradAaortte RAFFSNBYG oYSEYy n
with blockers: 0.08+0.006), ruling out the involvement of these ligagated calcium

permeable receptors in mediating T@®Rluced[C&']; changes.
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Figure 4.8. Exogenous TG2 increafe&"];in the presence of NMDAR and AMPA®RRSs
antagonists. Temporal analysis ofC&*]i changes in 120 DIV neurons exposed to
SE23Sy2dza ¢DH oOmna (A)DKivtha predeyicéBliok APV (NWBDRsY O S
antagonist) and CNQX (AMR#KARsantagonist). TG2lependent calcium rise was not
affected by either blocker (megnCon nk o i ¥ G2WVAPNBE ndnno X bl nc
Ay LINBaSyOS 2F o0f201SNBX:psN®ncHRprndAaNCcI bl

Next, to analyse the possible contribution of VOCCs, a selection of pharmacological
inhibitors of these channels was used. featment with cadmium a general blocker of
VOCCs, reduced T@2pendent C& responses by about 82.4%ig. 4.9A and caused an
almost complete recovery (88.3%) [afe*])i towards basal levels when applied during the
plateau phase of calcium response induced by exogenous HiG24(9B. Similarly, pre
treatment with nickel, a more specific inhibitor otyipe VOCCs, decreased Td&pendent
C&*rises by 66.29%(g. 4.9A, and it caused a drop ¢€*] below basal level (about 151%
inhibition) when applied during the plateau phase induced by THEg. 4.9B. The
involvement of VOCCs was corroborated by the observation that calcium transients evoked
by 15 mM KCI, a stimulksown to depolarise neurons and cause VOCCs opening (Bading
et al., 1993), rose faster and reached higher peak in the presence of TG2, with a significant

2-fold increase in average calcium infl#g.4.90.
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Among the VOCG=ontrolling calcium transport through the plasma membrangype
VOCCs are highly abundant in the somatodendritic region of hippocampal neurons
(Pravettoni et al., 2000; Condliffe et al., 2010; Leitch et al., 2009). Therefore, the possible
contribution ofthese channels to calcium influx in the neuronal soma evoked by exogenous
TG2 was explored. Calcium responses to TG2 were reduced by about 36% in neurons pre
treated with the selective of VOCGsype blocker nifedipine (NFFig. 4.10A In addition,

the drug caused a partial recovery[@f&*]; towards resting levels when applied during the
plateau phase of calcium response induced by TEg. (4.10B suggesting that TG2

dependent calcium influx partially occurs througtype VOCCs.
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Figure 4.10. Nifedipine reduces T@&pendent calcium influxTemporal analysis of [€%
changes in 120 DIV neurons exposed to exogenous TG® (iI0 > 3 k Y-type VOOLR |
blocker Nifedipine (NFA) Calcium responses to TG2 were reduced of aboutrB@&urons
pre-treated with NF (AUC TG2: 0.57+0.06; AUC NF+TG2: 0.36+£0.03; N=21; ****P<(0.00001)
B) NF caused a partial recovery of about 63% of calcium concentration towards resting
levels when applied during the plateau phase of calcium response indyadgenous

TG2 (meamF340/380 TG2: 0.077+0.006; me@R340/380 TG2+NF: 0.030+£0.004; N=25;
****P<(0.00001).
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Collectively, data obtained withFsuggest that TGihduced calcium influx partially occurs
through L.type VOCCs channels. This could be caused either by a direct interaction of TG2
with the channels, or as a secondary effect following a membrane depolarisation, which is

the signal leadingp voltagegated channels opening.

4.2.6 Exogenous TG2 induces membrane depolarisation and the generation of ionic
inward currents
It was hypothesised that extracellular TG2 could led€#'); via stimulation of membrane
depolarisation in neurons. Togethis possibilityyhole cellpatch clamp was performeid
the absence and presence of soluble TG2-kb DIV neurons. These experiments were
carried out in the laboratory of Prof. Mazzanti (Department of Biosciences, Laboratory of
Cellular and MolecutaPhysiology, University of Milan, Italy). Neurons were analysed either
in voltage or current clamp mode, to study the effect of TG2 addition on both membrane
potential and currentsin current clamp (I=0)TG2 addition induced a slow membrane
depolarizaton (of about 20 mV)Hig. 4.11A In the same configuration, TG2 promoted
excitatory postsynaptic currents (EPSCs), consistent with the activation of an inward
calcium current Fig. 4.11B In this set of experiments, TG2 was added directly to the
neuronalmedium during the recordings (manual mode). Afterwards, a perfusion system
was installed in Prof. Mazzanti laboratory, hence in the following experiments TG2 was
added in perfusion mode. Voltage clamp experiments, expressed as current/voltage
relationship(l/V curves) before and after addition of soluble TG2 are shoviAign4.11C
To understand which VOCCs were involved in this process, a protocol for isolatiypef L
VOOCswasused (piddzf 8 S 2F nn Yz | YR tol0 myi, msdestfibed & (i S |
Methods chapter 2.12). Perfusion of TGZF{g. 4.11deft panel, red I/V curve) led to an

increased inward current compared to control (black I/V curve).
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4.2.7 TG2dependent calcium response is also mediated through the sodium/calcium
exchanger (NCX)

Despite electrophysiological recordings irating complete inhibition of inward calcium

current evoked by TG2 under block efybe VOCCs{g. 4.12, a residual Caresponse

was observed in calcium imaging experiments, largely sensitive to both cadmium and nickel

(Fig. 4.10B In addition toVOCCs, botbadmium and nickehhibit the activity of the NCX,

a key regulator of calcium transport through the plasma membrane (Blaustein and Lederer,

1999). Therefore, a possible involvement of the exchang&daihdysregulation caused by

the enzyme wa hypothesised. NCX normally remo@s* from neurons in exchange for

Na’, which entes the neurondown its gradientacross the plasma membrane (Blaustein

and Lederer, 1999). However, perturbation of the*lgeadient leadgo operation of the

exchanger ithe reverse modegausing Cainflux into the neurons (Blaustein and Lederer,

1999). To promote NCX reverse mode, extracellularadd K were removed from the

neuronal medium (N#@K*-free KRH). In these conditions, the response to exogenous TG2

was stikingly increased (about-®ld increase) C A 3 @ ), suggestihg that NCX may

amplify TG2lependent C# entry. Addition of the NCX inhibitor Y-B#4769 significantly

decreased TGaependent C# influx in both normal and N&*-free medium, of about

48.4% and 37.3% respectively A 3 @ ). hé@se dlata indicate that not only VOCCs, but

also NCX contributes to elevd@a*]iin neurons exposed to extracellular TG2.
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4.2.8 TGz2rich dial EVdncrease [C#]i in neurons
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Figure 4.14. Glial EVs increase {@ian neurons.Temporal analysis of [€% changes in 15

DIV neurons stimulated with EVs isolated from glial cells treated with LPS (about 20x10

cells), measured as variation in the F340/380 fluorescence ratio. E¥ssekated after

incubation with LPS (#g/ml) for 24 hours in serusfree media and resuspended in KRH

supplemented with 30 U/ml of apyrase and with or without monoclonat &2 antibody

(IA12, 1:100). The 10,000xg centrifugation was omitted, so largk small EVs were

isolated together and used for this set of experiments. Three representative traces of

neuronal [C#)i are shown. Data is expressed as mean + standard error (Bagd}:[Ca
0.470+0.003, N=130; [ EVs: 0.483+0.004, N=88; fGeEVs+IA12: 0.501+0.007, N=31.

*p<0.05; ***p<0.0001).
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