Characterization of Transglutaminase 2 in
macrophage clearance of apoptotic cells

Vinod Nadella

2013

Aston University



Aston University

Some pages of this thesis may have been removed for copyright restrictions.

If you have discovered material in AURA which is unlawful e.g. breaches copyright, (either
yours or that of a third party) or any other law, including but not limited to those relating to
patent, trademark, confidentiality, data protection, obscenity, defamation, libel, then please
read our Takedown Policy and contact the service immediately




Characterization of Transglutaminase 2 in macrophag
clearance of apoptotic cells

Vinod Nadella
Doctor of Philosophy

Aston University
June 2013

© Vinod Nadella, 2013

Vinod Nadella asserts his moral right to be idésdifas the author of this thesis

This copy of the thesis has been supplied on comdithat anyone who consults it is
understood to recognise that its copyright resth wé author and that no quotation from the
thesis and no information derived from it may beblghed without proper
acknowledgement.



Aston University

Characterization of transglutaminase 2 in macrophag clearance of apoptotic cells
Vinod Nadella

2013

Thesis Summary

Removal of dead or diseased cells is crucial featir apoptosis for managing many
biological processes such as tissue remodellisgpiéi homeostasis and resolution and control
of immune responses throughout life. Tissue traragiinase (TG2) is a protein cross-
linking enzyme that has been implicated in apoptoéll clearance but also mediates many
important cell functions including cell adhesion,jgmation and monocyte-macrophage
differentiation. Cell surface-associated TG2 retpdacell adhesion and migration, via its
association with receptors such as syndecdii-4ndp3 integrin. Whilst defective apoptotic
cell clearance has been described in TG2-deficrece, the precise extracellular role of TG2
in apoptotic cell clearance remains ill-definedisltnesis addresses macrophage TG2 in cell

corpse clearance.

TG2 expression (cytosolic and cell surface) in ham@acrophages was revealed and data
demonstrate that loss of TG2 activity through tke af inhibitors of function, including cell-
impermeable inhibitors significantly inhibit theibly of macrophages to clear apoptotic cells
(AC). This includes reduced macrophage recruitntenand binding of apoptotic cells.
Association studies reveal TG2-syndecan-4 intasadtirough heparan sulphate side chains,
and knockdown of syndecan-4 reduces cell surfac2 dctvity and apoptotic cell clearance.
Furthermore, inhibition of TG2 activity reduces ssbnking of CD44, reported to augment
AC clearance. Thus it defines for the first timeoke for TG2 activity at the cell surface of
human macrophages in multiple stages of AC clearaaicd proposed that TG2, in
association with heparan sulphates, may exerffigsteon AC clearance via crosslinking of
CD44.
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Protein disulphide isomerase
.Phycoerythrin

.. Propidium iodide

.. Protein kinase C

............. Phorbol 12-myristate 13-acetate

.Polymorphonuclear leukocytes
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..Pattern recognition receptor

....Phosphatidylserine

.............. Phosphatidylserine receptor
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............. Red blood cells
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cereeneen.Sphingosine-1-phosphate
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.............. Serum-free RPMI
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............... Sarcoplasmic reticulum
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TGF....................Transforming growth-factds
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TIAM-4.................. T-cell immunoglobulin and mucin-contaig molecule 4
TLRA4.....................Toll-like receptor-4

TMEM 16F.............. Transmembrane protein 16F
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UVB......................Ultra violet B
VD3.......................Dihydroxyvitamin D3
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Chapter 1:

1. Introduction

Adult tissue homeostasis is a tightly-regulatechbe¢ between the cell generating-effect of
mitosis (cell differentiation or division) and celbss, as development is not only the
production of new cells but also the deletion ofnoeded cells (Hammar and Mottet, 1971).
There is a constant cell turnover in the body arass cells are generated as a part of normal
development or tissue maintenance. However, fetuaxfe cells are fit enough to survive and
the rest are unwanted cells. Similarly, aged, itef@®r irreparably damaged cells are other
types of unwanted cells generated in multi-cellolayanisms. For proper development of the
body and tissue maintenance, removal of these uedaor damaged cells is essential
(Wyllie, 1992). One such example, highlighting tieed for the removal of unwanted cells,
is clearing the inter-digital webs during limb mduohg (Figure 1) (Hume, 2008). This loss of
cells, in the process of development and in maimgi tissue homeostasis, follows a
sequence of well-programmed events. Katral. (1972) for the first time coined the term
‘apoptosis’ a Greek word to the well programmedngseto describe this mode of cell loss as
like ‘falling of leaves’. These dying cells are gklly recognized and removed by phagocytes,

the ultimate goal of the apoptotic program.

1.1 Apoptosis: A safe cell removal commitment

Apoptosis is a complex, genetically-controlled, Hiygconserved process of physiological
cell death within multi cellular organisms (Lockshand Zakeri, 2004). An estimated®10

cells per day undergo apoptosis in the human bdglijoit and Ravichandran, 2010).

Apoptosis is a vital and an elementary on-goinddgical phenomenon in various biological

processes like growth and differentiation, tisrmadelling and immunological development
and control (Bowen, 1993). Apoptosis acts in sirgghs in response to defined stimuli and
proceeds via a genetically-encoded cell suicidehinacy, and hence is called programmed
cell death (PCD) (Oppenheim et al., 1990, Oppenletial., 2001).

A classic example of apoptosis is the death of reateutrophils in the resolution of acute
inflammation (Savill et al., 1989). Neutrophils negteé the first line of defence against
invading pathogens and tissue injury. They areurtd to a site of infection and play a
central role in the innate immune system by Kkillengd phagocytosing invading pathogens.

They produce reactive oxygen intermediates anceplytic enzymes thereby neutralizing the
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Figure 1 Clearing of dying cells in developing footpad during embryonic development
Infiltration of cyan fluorescent protein-5 expressing embryonic macrophages in ‘MacBlue’
mice in response to apoptosis, and progressive clearance of inter digital webs.

Figure taken from (Hume, 2008).

offending insult and provoking resolution of inflammation. This prolonged mechanism of
action against pathogens is also capable of inflicting damage to the surrounding tissue an
can induce chronic inflammation (Nathan, 2006, Weiss, 1989). In the process of resolving
inflammation, neutrophils undergo constitutive apoptosis once the pathogens are removec
(Savill et al., 2002, Nathan and Ding, 2010). Neutrophils are short-lived among leukocytes in
the circulation and mature neutrophils undergo constitutive apoptosis (Luo and Loison, 2008,
Fox et al., 2010), and are later removed by phagocytes, which is essential for resolution of
inflammation. Other common examples where apoptosis plays a significant role includes cell
loss during embryonic tissue modelling, tissue degeneration during hormone ablation,
removal of infected and senescent cells and normal tissue turnover (Gerschenson and Rotell
1992, Wyllie, 1992, Wyllie, 1993), deterioration of the prostate following castration (Kerr
and Searle, 1973), and cancer (Wong, 2011, Kerr et al., 1972).

Defective apoptosis plays a pivotal role in the pathology of many diseases, either due to
excessive apoptosis as in case of degenerative diseases or due to too little apoptosis as
cancer. Defective apoptosis may result in polydactyly (Knudsen and Kochhar, 1981, Bynum,
1991). Deep pre-axial mesodermal PCD abolishment has been considered to be the startin
point for the manifestation of the pre-axial polydactyly. Bone morphogenic protein (BMP)

signalling inhibition in mice developed extensive limb soft tissue syndactyly and post-axial
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polydactyly. The post-axial extra digit in mice bnms also consistent with the role for BMPs
in regulating apoptosis (Guha et al. 2002). Defectipoptosis also results in interdigital
webbing (Zakeri and Ahuja, 1994) and as a resutigiammed cell death or apoptosis in
simple can be established as a central archite¢henprocesses of animal development
(Potten and Wilson, 2004). Similarly, defective pimic cell clearance has been linked to

autoimmune conditions and developmental abnorreal{fNagata et al., 2010).

1.1.1 Necrosis

Fundamentally, apoptosis maintains the integrityhef plasma membrane (Babiychuk et al.,
2011). Unlike apoptosis, necrosis is a form of cdd#lath that is unprogrammed and
accidental, characteristic of increased cell volusveelling of organelles and loss of plasma
membrane integrity (Edinger and Thompson, 2004 sknyakov et al., 2003). It is a
disorganized breakdown of cells leading to cell rheame rupture, release of intracellular
contents and pro-inflammatory consequences (Looksimd Zakeri, 2004). Necrosis in
simple is a passive and damaging form of cell d€ktbtta, 2006). However, un-cleared
apoptotic cells may undergo post-apoptotic chan@esondary necrosis), which show
membrane permeability even while remaining essintiatact leading to necrotic like
responses and autoantibody production in respanegpiosed antigens (Fadok et al., 2001).

1.1.2 Apoptotic machinery

Much of our understanding on the machinery of apsiptstems from the genetic analysis of
the nematodeCaenorhabditis elegans. Four principal gene€ED-3, CED-4, CED-9 and
EGL-1 were identified in the regulation of cell deathgler and Evan, 1998). The inactive
pro-form of CED-3 is activated by the ATPasSeED-4 thus initiating the death process.
However,CED-9 interference withCED-4 interruptsCED-3 oligomerization in living cells,
while EGL-1 sequester€ED-9 to allow death process inGED-3/CED-4 dependent manner
(Conradt and Horvitz, 1998). In resemblanceCtalegans, a similar cell death regulating
gene family have been evolved in vertebrates. Mammaaspases, a family of cysteine
proteases synthesized as proenzymes have beerifiedeals major players in apoptosis
(Assuncao and Linden, 2004) and are similaCED-3 (Thornberry and Lazebnik, 1998).
Mammalian Apaf-1, Nod-1 (CARD-4), Nod-2, the mensbef a protein family containing
caspase recruitment domain (CARD) linked to a ratade-binding domain which regulate

apoptosis and/or NEkB activation areC.elegans CED-4 homologues. Similarly, the
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mammaliarBcl-2 gene family including anti-apoptotic and pro-amiot mediators ar€ED-

9 andEGL-1 equivalents.

Initiated by external and internal stimuli, apopsoss triggered through two signalling
pathways namely the extrinsic caspase-8 domingdaha the intrinsic caspase-9 dominant
pathways. Caspases are a family of cysteine predemgthesized as pro-enzymes and have
been identified as major players in apoptosis (Asaa and Linden, 2004). Activation of
caspases has been reported to proceed followingriaty of apoptotic stimuli (Mehmet,
2000). Engagement of cell surface death receptmis as TNFR, Fas and TLR will stimulate
apoptosis via caspase-8 activation (Lavrik and Knem 2012). Ligand binding leads to
receptor clustering ultimately forming a death-icithg signalling complex (DISC)
(Ashkinazi, 2002). On the other hand, apoptoticmting stimuli such as DNA damage,
endoplasmic reticulum (ER) stress, loss of cellvisat factors and heterodimerization
between anti-apoptotidB¢l-2 and Bcl-xL) and pro-apoptoticBax, Bak, Bad) Bcl-2 family
members triggers caspase-9 activation via mitochaindytochrome c signals (Kayagaki et
al., 2011). Cytochrome c is a pro-apoptotic signalecule that activates the caspase cascade
and induces apoptosis. Both pathways further relpdivation of effector caspase-3, -6 and
-7 to co-ordinate cell apoptosis (Schiller et 2D0O8, Fesik, 2000). However, non-caspases
like calpains, cathepsins and granzymes mediatdddeath have also been documented
(Johnson, 2000).

1.3 Death leads to the grave: A two stage process

Threats to cellular integrity trigger the apoptofimogramme, a process that is active and
continuous throughout life. Apoptosis is programmedwo discrete but mutually inter-
linked stages; active death and disposal of dethdampses (Kerr et al., 1972).

1.3.1 Active death

Apoptosis is a safe cell removal process that prisvplasma membrane rupture and thereby
preventing release of intracellular macromoleciyfsvill and Fadok, 2000). Regardless of
cell type, classic morphological features of aptiptoells includes; loss of attachment, cell
shrinkage, plasma membrane integrity, and memblotetegbing. The series of biochemical
events that are triggered with the onset and aativanf the apoptosis programme includes;
chromosomal DNA fragmentation mediated by activateadonucleases, nuclear chromatin

condensation, loss of mitochondrial membrane piaterand leakage of mitochondrial
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contents leading to a decrease in intracellular gotd], the activation of a family of cysteine
proteases called caspases (Desagher and Martif00).2Another major characteristic of
apoptotic cells is its extensive protein crossitigkwhich is known to be achieved by
transglutaminase expression and activation (Nemals, d996). TG2-dependent crosslinking
of proteins and formation of protective protenaceahells will prevent the leakage of

harmful cell content from the AC.

One of the major classic features of apoptosisnaragie is the breakup of dying cells into
small apoptotic bodies, a process known as blebbvigmbrane blebbing has been well
documented to participate in many cellular actgtisuch as cell spreading, migration,
cytokinesis and apoptosis (Charras, 2008). Cytesikielorces (Mills et al., 1998, Mills et al.,
1999) and caspase-mediated activation of Rho effgatotein ROCK 1 (Rho kinase 1)
together with phosphorylation of myosin Il lightath, a family of ATP-dependent motor
proteins responsible for actin-based motility, na¢ées membrane blebbing during apoptosis
(Coleman et al., 2001, Coleman and Olson, 2002)mbtane proteins, sodium-proton
exchanger 1 (NHE1) and sodium-calcium exchangeNCX1) are known to mediate
opposing functions in regulating membrane blebbamgl permeability (Yi et al., 2012).
Inhibition of NCX1 enhances cell blebbing as a lestiNHE1 induced intracellular sodium
accumulation, suggesting that sodium influx by NHEdn act as a driving force for
membrane blebbing. These timely changes resulelocation and packing of condensed
chromatin and fragmented nuclei and other toxidutzel contents into membrane-bound
vesicles. These events and alterations broughttdiothe apoptotic programme advertise
the status of the cell, and mediate their own eleee. In most cases, modified molecules are
clustered in membrane blebs (Coleman et al., 20R&)ease of these apoptotic blebs as
microparticles was recognised to attract phagoctaeapoptotic cells while generating a
chemotactic gradient (Torr et al., 2012). Someh# best characterized chemoattractants
include the lipids lysophosphosphatidylcholine (QP&hd sphingosine-1-phosphate (S1P),
the nucleotides, ATP and UTthe classical protein chemokines, X1 (fractalkine) and
CCL2 (MCP-1) and immunoglobulin super-family (IgSF)ember intercellular-adhesion
molecule (ICAM-3). All these molecules appear td #wough phagocyte-associated G-
protein-coupled receptors. Other phagocyte chemam#dint proteins released from apoptotic

cells include the covalent dimer of ribosomal pit819, endothelial monocyte-activating
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polypeptide 1l (EMAP I1), thrombospondin 1, T@Rnd annexin I. (Gregory & Pound, 2010;
Peter et al., 2010).

1.3.2 Disposal of the dead

The second stage of the apoptotic programme isdfedisposal of the dead by either non-
professional (fibroblasts, epithelial cells, endidd cells) or professional (macrophages)
phagocytes. Irrespective of the type of cell dgathysiological or pathological), dead cell
clearance is considered to be the most importadt @mplex stage in the apoptotic
programme (Devitt and Marshall, 2011). Disruptidntioe delicate balance between cell
proliferation, cell death and cell clearance letada variety of diseases. With apoptosis being
such an integral part of normal cell developmemgésue homeostasis, immune and
inflammatory responses, abnormalities in the ceditd processes results in autoimmune and
inflammatory diseases (Savill and Fadok, 2000, iaggal., 2010).

1.3.2.1 Apoptotic cell clearance

Apoptotic cells are recognised and cleared befbey tare ‘fully dead’ and before their
plasma membrane integrity is lost (Reddien et281Q1). Apoptotic cells are recognised by
the innate immune system by presenting recognisabtdecular markers. Several
biochemical changes on cells undergoing apoptai® lbeen identified and are known to
induce recognition by phagocytes. Apoptotic celifate changes will generate new

structures which act as ‘eat-me’ signals to attphetgocytes and aid in their own clearance.

1.3.2.2 ‘Eat-me’: Apoptotic cell self-gear

Apoptotic cells present a number of ‘eat-me’ signa their surface which will be detected
by receptors on phagocytes (Devitt and Marshall,120Loss of membrane phospholipid
asymmetry and exposure of anionic phospholipid phastdylserine (PS) (Fadok et al., 1992,
Fadok et al., 1993, Savill et al., 1993, Fadokl.e2801), expression of intercellular adhesion
molecule 3 (ICAM-3) on apoptotic B-cells (Moffatt&., 1999, Torr et al., 2012) and surface
sugars (Morris et al., 1984, Azuma et al., 2000,edheann et al., 2010), exposure of
intracellular proteins such as calreticulin (Garelaal., 2005, Obeid et al., 2007) and Annexin

| (Arur et al., 2003) are well documented to mesli&C clearance.
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1.3.2.2.1 Phosphatidylserine (PS)

PS is a phospholipid component confined to therineaflet of the plasma membrane in
viable cells. Loss of phospholipid asymmetry duripgpgrammed cell death results in
redistribution of phosphatidylserine (PS) to theéeoueaflet of the plasma membrane in a
caspase-dependent manner (Nagata et al., 201€edtingly, PS exposure occurs very early
during the apoptotic programme. PS is one of tls tlearacterised ‘eat-me’ signals that aid
in AC recognition by phagocytes (Fadok et al., 199&dok et al., 1993, Martin et al., 1996,
Krahling et al., 1999, Fadok et al., 2001, Verhownal., 1995). Inactivation of the
aminophospholipid translocase, which confines PSth® inner leaflet of the plasma
membrane and activation of non-specific lipid figge, mediates PS exposure (Krahling et
al., 1999). ATP binding cassette transporter (ABGLjmember of the superfamily of ATP
binding cassette membrane transporters and as@&agans proteinCED-7 homologue, has
been implicated in the rearrangement of phosplasdipas loss of ABC1 inhibited membrane
phospholipid rearrangement and exposure of PS (Haetoal., 2000). Activation of
phospholipid scramblase, a protein that mediatesspecific bidirectional movement of
membrane phospholipids has been reported to bdvetvan PS externalization in apoptotic
cells (Verhoven et al., 1995, Verhoven et al., 1998sch et al., 2000). Segaeatal. (2011)
has shown that lymphoma cells transformed withstma@mbrane protein 16F (TMEM 16F),
a membrane protein with calcium-dependent phospidoticramblase activity have exposed
a high level of PS compared to that observed on &@ilarly, blocking PS using specific
mADbs inhibited phagocytosis of apoptotic calfsvitro (Chang et al.,, 1999). Moreover,
inhibitors of interleukin-g-converting enzyme (ICE) (Caspase-1) prevented taggpand
PS externalisation in etoposide-treated human maedeukaemia U937 cells suggesting
that PS externalisation is a downstream event gfjase protease activation during apoptosis

and an important event in apoptotic cell cleargiNagto et al., 1997).

However, viable cells forced to expose PS via TMEBF expression are not engulfed
suggesting that PS on its own cannot mediate AQ&Ba et al., 2011) or PS modification is
needed for identification, as oxidized PS is detegain the surface of apoptotic cells (Kagan
et al., 2002) or known to act in conjugation witier ‘eat-me’ signals such as calreticulin
and annexin |, which were shown to colocalize i on apoptotic cells and enhance uptake
(Arur et al., 2003, Gardai et al., 2005). Recognitof PS is mediated by PS receptors on
phagocyte like CD36 (Savill et al., 1992), CD68r(thaano and Steinberg, 1995), Oxidized
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low-density lipoprotein particle 1 (LOX1)(Oka et.,all998), T-cell immunoglobulin- and
mucin-domain-containing molecule (Tiam-4) (Miyaniskt al., 2007), Brain-specific
angiogenesis inhibitor 1 (BAI1) (Park et al., 2003jablin-2 (Park et al., 2008), MFG-E8
(Savill et al.,, 1990, Hanayama et al., 2004), Gloatrest-specific 6 (Gas6) (Scott et al.,
2001) and the most recently described receptoadeance glycation end products (RAGE)
(He et al., 2011).

1.3.2.2.2 ICAM-3
Intercellular adhesion molecule 3 (ICAM-3; CD50gisighly glycosylated human leukocyte

Ig-superfamily member, and an important ligandljonphocyte function associated antigen-
1 (LFA-1) integrin in the initiation of immune resipses in viable cells (Cordell et al., 1994).
ICAMB3 functions as an adhesion molecule while fiorahg as signal-transducer involved in
immune response. ICAM-3 functions as a signallinglaoule in resting T cells for initial
activation step through CD3 (Hernandez-Caselles. £1993, Berney et al., 1999). Following
induction of apoptosis, ICAM-3 undergoes functiomabdification to act as an ‘eat-me’
signal. Apoptotic cell-associated ICAM-3 recognitiby macrophages was demonstrated on
both on leukocytes and non-leukocytes (followingnsfection with exogenous ICAM-3)
(Moffatt et al., 1999). Moffatet al. (1999) have also showed that treating apoptoteeii
with blocking mAb against ICAM-3 inhibited theirtgraction with macrophage. However,
no inhibition in interaction is evident upon tregfimacrophages with blocking mAb against
ICAM-3 suggesting that apoptotic cell-associatedAM=3 mediates recognition by
macrophages. Following apoptosis, ICAM-3 is fouadeé released in apoptotic cell-derived
microparticles allowing apoptotic cell recognitiby phagocytes (Torr et al., 2012). ICAM-3
accumulation in the engulfing portals of macroplsagleagocytosing apoptotic neutrophils in
association with LFA-1 is also reported (Kristofaet 2013).

1.3.2.2.3 Calreticulin

Calreticulin, with high calcium binding and storagection is present in most viable cells. It
is found in the endoplasmic reticulum (ER)/Sarcepig reticulum (SRe), localized to the
nucleus and is also found on the surface of manamaklls (Sadasivan et al., 1996, Arosa et
al., 1999, Gardai et al., 2005). Mostly, calreticldcts as a chaperone in the ER. However,
during apoptosis, its cell surface expression isragulated as a result of ER stress

(Panaretakis et al., 2009). Once externalizedetaldin is known to associate with surface
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protein, PS or complement C1qg on target cells ardiate clearance of apoptotic cells via
activating well conserved LDL-receptor-related pmt(LRP, also known as CD91) on the
phagocyte (Paidassi et al., 2011, Gardai et alD5P0n conjugation with loss of CD47
(integrin-associated protein, IAP), a recognisedn‘tl eat-me’ signal (Chao et al., 2010).
Moreover, calreticulin is also known to congreg&bgether with PS in the process of

apoptotic cell removal (Gardai et al., 2005).

1.3.2.2.4 Cell surface sugar changes: Sialic acid

The cell surface is characterised by a projectingas coat which is covalently linked to
membrane proteins and lipids. Early studies by Dustaal. (1985) have shown that cell
surface sugars act as regulators of cell-cell afléntatrix interactions while confirming that
macrophage bind AC in preference to non-AC by éaaydrate-dependent mechanism.
They have shown that sugars inhibit macrophageifgnid apoptotic thymocytes in a dose-
dependent manner. Loss of cell surface sugars glihe process of apoptosis will bring
about cell surface charge changes which may a&cagnition signals for their clearance by
phagocytes in a charge-sensitive mechanism (Setvdl., 1989). Well-studied members of
cell-surface sugars are N-actyl neuraminic aciddi¢sacids), a highly negatively charged
nine carbon monosaccharides whose biosynthesiatédysed by sialytransferases (Varki,
1993). Sialic acids act as ‘don’t-eat me’ signaltereby preventing complement C3b and
C1q binding and subsequent phagocytosis inductiomértz et al., 2012). Loss of sialic acid
residues during apoptosis or removing sialic adal neuraminidase treatment, as well as
binding sialic acids on the cell surface with sulggnding proteins called lectins, in turn acts
as an ‘eat-me’ signal as a result of changes ifaserrglycosylation and triggers cell

clearance (Meesmann et al., 2010).

1.3.2.3 ‘Eat-me not’ signals

Is it quite evident that viable cells express ‘e®- signals but are masked by ‘eat-me not’
signals, allowing phagocytes to distinguish betwdme and dead cells (Elliott and

Ravichandran, 2010). Integrin-associated membramm¢eipn CD47 is expressed on the
surface of viable cells preventing their recogmitend uptake by phagocytes by activating
the receptor signal-regulatory proteir(SIRRx) (Tada et al., 2003, Gardai et al., 2005). Re-
distribution of CD47 during apoptosis triggers cdiarance via exposing ‘eat-me’ signals

namely PS and/or calreticulin. Similarly, platedstdothelial cell adhesion molecule-1
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(PECAM-1/CD31), oppose viable cell ingestion by gbeytes via transmitting detachment
signals, loss of which during apoptosis result&\@ uptake (Brown et al., 2002). Shedding
of complement regulator CD46 in an ADAM10 mediatednner is seen upon exposure to
UVB or staurosporine resulting in AC clearance (&isy 2003, Elward et al., 2005,

Hakulinen and Keski-Oja, 2006).

1.3.2.4 ‘Find-me’ signals: Scent of dying cells

Before a macrophage can remove an apoptotic tetlust find it. Along with several ‘eat-
me’ and ‘eat-me-not’ signals which differentiateblie cells from AC and regulating their
clearance, several other apoptotic changes bringitafind-me’ signals. These ‘find-me’
signals establish a chemotactic gradient which egiichonocyte extravasation to the close
proximity of dying cells. Membrane blebbing andeasded apoptotic bodies carrying surface
markers act as ‘find-me’ signals generating a chaot@ gradient and induce macrophage
chemotaxis (Torr et al., 2012). Phagocytes, wiap&ors, sense these ‘find-me’ signals in the
process of detecting the dying cells at the eartitgyes of apoptosis. Some of the ‘Find-me’
signals produced in a caspase-dependent manneudénctriphosphate nucleotides
(ATP/UTP) (Elliott et al., 2009), phospholipids diklysophospahtidylcholine (LPC) and
sphingosine-1-phosphate (S1P) (Gude et al., 2008}ee chemokine CX3CL1 (fractalkine)
(Truman et al., 2008).

1.3.2.4.1 Fractalkine (CX3CL1)

Fractalkine has been established as the only cisshemokine ‘find-me’ signal identified
(Peter et al.,, 2010). A soluble fragment of frddted which serves as an intercellular
adhesion molecule on the plasma membrane is reledseng apoptosis in a caspase
dependent manner and acts as chemoattractant (firetral., 2008). CX3CR1, the receptor
for fractalkine on monocytes sense the chemokirtkiaduce monocyte migration both
vitro andin vivo and mice lacking fractalkine show defective moneawigration (Truman et
al., 2008). However, expression of fractalkinengstied to few cell types and is more specific
for Burkitt's lymphoma or germinal centre B cellggman et al., 2008).

1.3.24.2LPS

LPS was the first discovered “find me” signal. LBSeleased from AC by the caspase-3-

dependent activation of phospholipase A2, resuitintpe conversion of phosphatidylcholine
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to LPS (Lauber et al. 2003). LPS stimulated macagehchemotaxis is thought to via the G-
protein-coupled receptor G2A (Peter et al. 2008pweler, the concentration of LPS
required to stimulate macrophage chemotaxis regpddebe quite high. Moreover, LPS in
circulation being higher than the levels releasgdA€, LPS is considered an unlikely

candidate as a chemotatic mediator (Nagata e0&0)2

1.3.2.4.3 Nucleotides ATP and UTP

Extracellular nucleotides such as ATP and UTP,assd as a consequence of cell damage
have been identified as chemotaxins for various druimmune cells (Elliott et al. 2009).
Release of these nucleotides is mediated via pamnehxannels opened during apoptosis in a
caspase-dependent manner. These nucleotides asedséy G-protein-coupled seven-
membrane-spanning receptors P2Y2 on the immuns keglding to monocyte chemotaxis.
However, as they are readily degraded by extrdeellaucleotides, they may act as
chemoattractants to tissue resident macrophagesrriditan serving as long-range “find me”
signals (Ravichandran, 2010).

1.3.2.5 ‘Stay-Away’ or ‘Keep-Out’ signals

None of the find-me signals are specific for monesyalone and also recruit neutrophils
(Chen et al., 2006). However, the AC clearance gg®aecruits minimal neutrophils and is
recognised as a non-immunogenic and non-inflammagosocess (Savill et al., 2002).
Bournazouet al., (2009) for the first time observed iron-bindingygbprotein lectoferrin
(LTF) as a potent inhibitor of neutrophil migratiovhile showing no effect on monocyte
migration facilitating non-inflammatory AC clearancSuch keep-out signals may ensure

clearance of AC remains non-inflammatory.

1.3.3 Phagocytic clearance of AC

Phagocytosis accompanies cell death. llya llyichtdWeikoff's classic experiment in the
1880s describing the phagocytic event by amoebelt$ en starfish established the link
between cell engulfment and host defence. EveresiMetchnikoff first described

phagocytosis, this spectacular event has beenreegnized as a vital function of immune

cells.
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1.3.3.1 Mechanism of AC clearance

Apoptosis is well recognized as a healthy procesk dying cells are engulfed by various
phagocytes of the body. It is the rapid removalcpss by phagocytes, before the cells
undergo necrosis that makes the whole programmephafgocytosis a well-studied
mechanism. Phagocytosis is a complex cellular eaadtincludes a series of events in the
process of apoptotic cell clearance. These can ibeled into recognition, tethering,
signalling and phagocytosis (Gregory and DevitQ8QFigure. 2). Recognition is the initial
and most important step in the clearance of apigptetls and begins intercellular interaction
which leads to tethering, the second stage of fuptatic programme. Tethering leads to
signalling events, which thereby initiate the praiitan of anti-inflammatory mediators and
other responses e.g. finely controlled rearrangénudnthe actircytoskeleton where
phosphoinositide signalling is believed to play iarportant role mediated by Rho family
GTPases (Cox et al., 1997, Caron and Hall, 1998ha8ling events leading to remodelling
of the actin cytoskeleton supports the extensiohspseudopodia ultimately result in

phagocytosis (confinement of the apoptotic cebady within the phagocyte).

(A) (B)

Recognition Tethering Signalling Phagocytosis

Figure 2: Phases of interaction between apoptotic cell and raeophage A, Recognition
events lead td, Tethering events which facilitate the initiatioh C, two way signalling
between the macrophage and apoptotic cell leadingttation of engulfment and production
of anti-inflammatory mediators. This finally resuilh the ultimate evel?, phagocytosis.

1.3.3.2 Professional Phagocytosis: For safe dispbsa
The apparent purpose of apoptosis is safe celbd&eliciting no inflammatory response. In

spite of available phagocytes like endothelial selfibroblasts and dendric cells,
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macrophages are considered as professional phagofyt their efficiency, capacity and
ubiquity. Macrophages are the multifunctional mamdaear cells distributed throughout the
mammalian organs and are destined to mediate immes@onse and tissue homeostasis
(Chow et al., 2011). Monocytes originate in the domarrow and are then released into the
peripheral blood stream showing morphological logeneity such as variability in size,
granularity and nuclear morphology (Volkman and @ng; 1965). They are phenotypically
variable as different monocyte subsets occur astindt phenotypic subsets can be studied
by distinct surface receptors e.g. CD14, CX3CR1icuating monocytes in the blood stream,
in response to local microenvironment gets activatiéher classically (M1; associated with
pro-inflammatory phenotype) or alternately (M2; @asated with anti-inflammatory
phenotype) and differentiate into macrophages (@orhd Martinez, 2010). Similarly, the
biological functions of the activated macrophage many and these cells migrate to sites of
inflammation where they encounter pathogens andadegthem. As active scavengers,
macrophages possess a markedly enhanced abilitglesr and degrade intracellular
pathogens and unwanted or dead cells during immesponse to infection. Macrophages are
key cells of the innate immune system and provigiertte against harmful and pathogenic
foreign materials through phagocytic and microlatidactivities. Moreover, they are
specialised to suppress inflammation and promopaireby secreting anti-inflammatory
transforming growth factop- (TGF{) (Fadok et al., 1998) and prostaglandin E2 (Hughh
al., 2002) while supressing proinflammatory medmtancluding tumour necrotic factor
(TNFa), interleukins (IL) -1 and 8 (Fadok et al., 1998).

Apoptotic cell clearance is the ultimate and crupiaase in the process of apoptosis and,
moreover the most complex phase involving a wideeaof apoptotic cell-derived ligands
(section 1.2.1) to receptors on macrophages angblsolbridging molecules. Devitt &
Marshall (2011) have reviewed molecules implicaied coordinating the process of
macrophage-apoptotic cell interaction. From the umological perspectives, as mentioned
earlier, generation of “eat-me” signals by apoptoglls assist in initiating the early phases of
engulfment by both professional (macrophages & dgadcells) and non-professional
phagocytes (epithelial cells and fibroblasts) ($aud Fadok, 2000, Gregory and Deuvitt,
2004). Macrophages, through the evolutionarily eowesd innate immune receptors respond

non-specifically to stimuli and aid in uptaking tlapoptotic cells (Janeway, 1992). The
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removal of apoptotic bodies by macrophages shoeldneasured not as just mere waste

disposal process but as immunomodulatory (Voll.etl897).

1.3.3.3 Pattern recognition receptors (PRR)

As proposed by Charles Janeway, (1992), the innateune system uses a diverse range of
receptors namely pattern recognition receptors @RWRhich recognise evolutionarily
conserved core components, namely pathogen-assberailecular patterns (PAMP) to bind
microbes (Medzhitov, 2007), apoptotic cell-asswrlanolecular patterns (ACAMP) to bind
apoptotic bodies (Savill et al., 2002) and endogsrsiress signals termed damage-associated
molecular patterns (DAMP). These are defined basedheir specificity to recognize and
bind above mentioned specific molecular moietidgeylcan be either membrane-associated
PRR e.g. Toll like receptors or secreted PRR eogiptement receptors, collectins. These
PRR can be either endocytic receptors or signatiegptors.

1.3.3.3.1 Tethering and Endocytic receptors

Tethering and Endocytic receptoggist on the macrophage surface, mediating redognit
and uptake of AC. Several receptors have been deatea to date including CD14 (Devitt et
al., 1998, Deuvitt et al., 2003, Devitt et al., 2D04tronectin receptory.,fs (Savill et al., 1990,
Dupuy and Caron, 2008), mannose receptor, CD36il(Ssval., 1992) and ATP-binding
cassette transporter, ABC-1 (Luciani and Chimin®9@). Several scavenger receptors
including CD68, CD91, lectin-like oxLDL receptor @X-1), SRA1 and SRB1 recognise
oxidised lipids on the surface of apoptotic cel®gden et al.,, 2001, Peiser et al., 2002,
Nakata et al., 1999, Murphy et al., 2006).

1.3.3.3.1.1 CD14

CD14 is preferentially expressed in monocytes aratrophages and its expression is
upregulated during monocyte to macrophage diffeaganh, hence it is considered a marker
of macrophage differentiation (Daigneault et ab1@). It exists both as membrane-anchored
and soluble forms (Pugin et al., 1998, Fearns.etl@b5). CD14 is known to bind microbial
ligands including peptidoglycans, lipotectonic aartl, most notably, LPS on the surface of
Gram negative bacterial cells and aid in their rdeee (Wright et al., 1990).
Glycosylphosphatidylinositol-anchored LPS recept©Bh14 involvement in AC clearance
was demonstrated with increased phagocytic capamityCOS cells following CD14

transfection (Devitt et al., 1998, Devitt et alQ02). However, due to a lack of a cytosolic
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signalling domain, membrane bound CD14 acts ashariag receptor (Devitt et al., 2004)
while interacting with other signalling partnersdiMD-2 and Toll like receptor-4 (TLR4) to

convene ligand-dependent responses (Calvano €083, Shimazu et al., 1999).

1.3.3.3.1.2 Scavenger receptors

Scavenger receptors (SR) are a family of strudiudaverse receptors with broad ligand
specificity for low-density lipoprotein (LDL), PSnhd polyanionic compounds (Krieger and
Herz, 1994, Pearson, 1996). SR are expressed byopheages, dendritic cells and certain
endothelial cells and play an important role inacéace of a diverse array of modified host
molecules and AC (Peiser et al., 2002). Scavengegptors that bind oxidation-modified

lipid ligands act as receptors for apoptotic cetiplying that similar modifications occur in

the process of apoptosis. CD36 in collaborationhwi{fs and the bridging molecule

thrombospondin mediate apoptotic neutrophil cleega(Savill et al., 1990, Savill et al.,

1992).

1.3.3.3.2 Signalling receptors

The intracellular signalling cascades triggeredi®yPRRs lead to transcriptional expression
of inflammatory mediators and thus coordinating #lemination of infected cells and
pathogens. The Toll family of receptors play a @nle in the initiation of cellular innate
immune responses. Toll-like receptors (Aderem anddthill, 1999, Gallego et al., 2011)
and Nucleotide-binding oligomerization domain (NGB receptor (Chen et al., 2009)
mediate downstream or upstream signalling evergsoprpost phagocyte interaction with
AC. NOD-like receptors work in co-operation with IlFiike receptors in regulating

inflammatory and apoptotic responses.

1.3.3.4 Bridging molecules: hooks to grave

Along with self-decorated molecular markers on AGd ahighly specific PRR on
macrophages, several other intermediate moleculag p crucial role in mediating
phagocytic clearance of AC, acting as bridging rales which can decorate an Ac and
facilitate its engulfment by macrophages. Somehefwell characterised bridging molecules
are the MFG-ES8, Gas6, and Protein S.
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1.3.3.4.1 MFG-ES8
Milk-fat globule EGF factor-8 (MFG-ES8) is known twidge apoptotic cell exposed PS and

phagocyte vitronectin receptor (Hanayama et al.0420mediating Racl-dependent
phagocytosis (Wu et al., 2006). MFG-E8 bears aibgqhdomain for PS and an Arginine-
Glycine-Aspartic acid (RGD) motif enabling its bind to integrins. Higho,ps integrin

expressing NIH 3T3 transfectants upon addition 8\G“E8 engulfed AC (Hanayama et al.,
2002). Similarly, MFG-E8 deficient mice developeglemomegaly and suffered from
glomerulonephritis as a result of autoimmunity (Bigeima et al.,, 2004) and lupus-like

autoimmunity associated with AC accumulatiavivo (Peng and Elkon, 2011).

1.3.3.4.2 Gasb6 & Protein S

Vitamin K-dependent serum anti-coagulant factortgirp protein S and its structural
homologue Growth arrest state 6 (Gas6) are togéiawn to bind PS on AC and mediate
their clearance. They are known ligands of Tyr&8| and Mer (TAM) receptors tyrosine

kinases which represent an anti-inflammatory phgigsts system (Hall et al., 2005).

Others bridging molecules include thrombospondinctviis known to bridge macrophages
and neutrophils via,p3 and CD36 synergy (Savill et al., 1992). C1q, (iret component of
complement) a member of collectin family of classienplement cascade, is known to bind
CD91-associated calreticulin on macrophage for 8gden et al., 2001). Mice deficient for
Clg have shown defective clearance of dying cellskidney (Taylor et al., 2000).
Complement factor H, a major regulator of completr®rstem, binds cellular debris via
malondialdehyde (MDA; a lipid peroxidation produepitopes on AC and mediate their
uptake by macrophages while regulating MDA-indupecinflammatory effects in micn

vivo (Weismann et al., 2011).

Taken together, different recognition ligands oogptic cells e.g. phosphatidylserine (PS),
the ER protein calreticulin; bridging moleculeseliMFG-E8, thrombospondin and Gas6;
phagocyte receptors like CD14, integrins and kisasentributing to the recognition, binding
and signalling, leading to uptake of the dying dsflthe phagocyte in a complex process
involving cascade of events reflecting the need laintbgical significance of the apoptotic
cell clearance. In addition, protein cross-linkprgteins such as transglutaminases were also

found a play a prominent role, in apoptosis (Fetus., 1987) and macrophage phagocytosis
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(Szondy et al., 2003) with a loss of TG2 causingaired apoptotic cell engulfment (Laura
Falasca, 2005).

1.4 Transglutaminases

Transglutaminases are a family of enzymes withedahiological functions. They were first
reported in guinea pig liver by Clarke et al. (B&ret al., 1957). However, Mycek al.
(1959) for the very first time in his scientifica@rt used the official name ‘Transglutaminase’
to describe this enzyme as a protein modifier liglgaing an acyl transfer reaction between
y-carboxamide group of peptide-bound glutamine @achino group of peptide-bound lysine
(or a polyamine) resulting in formation ef(y-glutamyl)lysine isopeptide bond, a protein
cross-linking (Mycek et al., 1959, Griffin et aR002). This bond is highly resistant to
proteolysis and denaturants resulting in stable @gid protein complexes and with this
property, they are considered efficient biologioass linking agents (Chau et al., 2005).

Transglutaminases are widely expressed in naturd are well documented in
microorganisms (Kanaji et al., 1993), plants (D&lea et al., 2004), invertebrates (Mehta et
al.,, 1992) and vertebrates (Zhang and Masui, 19G9f&nardet al., 2001). Similarly,
transglutaminases are expressed in different huongans and cells, and are also able to
exert all their attributed functions within the gsarissue (Griffin et al., 2002). Apart from
their transamidating function, they are also ndi@dother enzymatic and non-enzymatic

functions making them unique as multifunctionaltpnas.

1.4.1 Family of Transglutaminases

To date, nine different members of the transglutases (TGs) family have been identified
at the genomic level in mammals (Table 1). Thesethe keratinocyte transglutaminase
(TG1), tissue transglutaminase (TG2), epidermalnsgiutaminase (TG3), prostrate
transglutaminase (TG4), transglutaminases X, YJT@&Y, TG6, TG7), Plasma factor Xllla
and the non-catalytic erythrocyte band 4.2 (Griffinal., 2002). Having a similarity in gene
straucture, protein primary structure, three-din@ma folding and catalytic mechanism, all
transglutaminase genes seems to be evolved thrgagk duplication from a common
ancestral gene (Grenard et al., 2001). These rhand TG-like genes are clustered on five
different chromosomes. Apart from erythrocyte bdm@ all transglutaminase members are

catalytically active and are related to papain-likgsteine proteases (a large family of
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peptide-cleaving enzymes) sharing a similar catalytad ‘Cys-His-Asp’ or ‘Cys-His-Asn’
(Griffin et al., 2002).

The circulatingplasma Factor Xlll is a fibrin stabilizing factor with its catalyti&d
subunits (Factor XIIIA) and carrier B subunits (kacXIlIB) encoded by the genes
F13Al1 and F13B on the human chromosome 6 p24-p@boviing cleavage by
thrombin to factor XIIIA, it becomes activated, @sging its cysteine binding site in a
C&* -dependent manner acting on fibrin to fosry-glutamyl)lysine cross-linking
forming a stable, insoluble clot (Lorand and Grah@003). Factor XIIIA may also
serve as a protein disulphide isomerase in promaqtiatelet adhesion (Lahav et al.,
2013). It is unique in its role among all transghatnases and its deficiency leads to
delayed wound healing and tissue repair (Schromua@iKohler, 2013);

Thekeratinocyte transglutaminase(TG1; encoded by the ged&ML1 in the human
chromosome 14qg11.2) is epidermal specific. TG1 he targest of TG family
(~106kD) and upon cleavage yields fragments of380and 67kDa (Kim et al., 1995).
Though majorly available in plasma membrane bownrdhf it is also available in
soluble form in the cytosol. It exists as a zymo@aminactive enzyme precursor that
requires a biochemical change such as hydrolysia eonformational change to
reveal its active site for it to become active eney and is involved in keratinocyte
terminal differentiation following activation. TGt known to be expressed in the
wound site much before the infiltration of leucastimplying that TG1 is essential
during very early stages of wound repair and atspreparation for the remodelling
of stratum corneum. TG1 plays a crucial role i ealvelope formation (Kim et al.,
1995). Abnormal keratinisation and impaired skinrriega function leading to
weakened neonatal adaptation and death, were e€porTG1 null mice (Matsuki et
al., 1998);

The tissue transglutaminase(TG2; encoded by the genBGM2 in the human
chromosome 20g11.2-g12) is a ubiquitously expressefbrm, existing both intra
and extracellularly with varied biological funct®rike cell adhesion, migration,
differentiation, transmembrane signalling, ECM argation, cell survival and

apoptosis. (Protein of interest and discussed tailde section 1.4.2);
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The epidermal transglutaminase(TG3; encoded byfGM3 on human chromosome
20g11-12) is involved in keratinocyte differenttatiand hair follicle maturation. In

contrast to TG1, it mediates intramolecular actiyKim et al., 1995) with a known

pathological role in Dermatitis herpetiformis ineti@c patients (Rose et al., 2009).
Kim et al. demonstrated abundant expression of ald8g with TG1 and TG6 in the

central nervous system (CNS) (Kim et al., 1999);

The prostate transglutaminase (TG4; encoded by the geé&M4 in the human
chromosome 3 p21.33-p22) with structural similat@yother transglutaminases. TG4
expression is evident in prostatic epithelia inemtd and humans (Dubbink et al.,
1998). Similar to TG2 members, TG4 also demongréi@nsamidase and GTPase
activities (Spina et al., 1999). It is known toypk crucial role in rodent fertility by
masking the immunogenicity of sperm cells in thedée genital tract, thus hindering
immune responses (Mukherjee et al., 1983). It$® al marker for invasive prostate
cancer cells and a novel target of prostrate réldigeases in humans (Dubbink et al.,
1996, Davies et al., 2007);

Transglutaminase 5(TG5; encoded byGM5 on human chromosome 15g15.2) was
first characterised by Aeschlimaehal. (1998) and is widely expressed by epithelial
cells. TG5 is homologous to TG2 and TG3 in struetamd function (Aeschlimann et
al.,, 1998, Candi et al., 2002). TG5 demonstrateth b@ansamidase and GTPase
activities. Its C&-mediated cross-linking activity in epidermis iscdmented by
Cassidyet al. (Cassidy et al., 2005);

Transglutaminase 6(TG6; encoded by the ged&M6 in the human chromosome
20g11-15) is expressed by neurons in the centrabns system (CNS) (Grenard et
al., 2001, Thomas et al., 2013). TG6 is implicatedluten ataxia with high levels of
IgA antibodies in patient’s serum against TG6. (Wahal., 2010a, Hadjivassiliou et
al., 2008, Cascella et al., 2012);

Transglutaminase 7(TG7; encoded by the ged&M7 in the human chromosome
15q15.2) is ubiquitous in expression with high @egof TGase activity and €a
conserved binding sites on the core domain of glatsminase, sharing the same
chromosome 15 along with TG5 and band 4.2. It enbrecently identified and little

is known about this isoenzyme (Grenard et al., 2001
38



Erythrocyte Band 4.2 (Band 4.2; encoded by the ge&#B4.2 in the human
chromosome 15 in bands ql15 to g21) is the onlylyatally inactive member of
transglutaminase family with alanine substitution &ctive-site cysteine, thus strictly
a TG structural protein. Band 4.2 is a major caustit of the red blood cell (RBC)
membrane cytoskeleton and known to interact witleotmembrane proteins like
ankyrin, cytoplasmic domain of band 3, and spediiorsgren and Cohen, 1988) and
thus contributes to membrane integrity maintenaBead 4.2 is important for normal
erythrocyte function since patients with band 4e®ailent erythrocytes are anaemic
(Korsgren and Cohen, 1991). Its deficiency is regmbrwith erythrocyte fragility,
haemolytic anaemia and hereditary spherocytosibé@et al., 1993). Via interacting
with CDA47, it interacts with Rh factor of RBC anskest in cell survival (Satchwell et
al., 2009).
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Table 1. Members of Transglutaminase Family
Protein Alternative Name Gene/Gene location | Tissuexpression Function Reference
Factor | Plasma transglutaminase F13Al/ChromosomeAsétrocytes, Blood clotting, bone growth,(Lorand and Grahan
X111A p24-p25 chondrocytes, ECM stabilization, wound 2003, Schroeder an
dendritic cells,| healing, Kohler, 2013)
platelets
TG1 TG, Keratinocytee TGM1/Chromosome | keratinocytes Epidermal keratinocytefKim et al., 1995
transglutaminase, 14 ql11.2 differentiation and cell envelopeMatsuki et al., 1998)
Transglutaminase type 1 formation
TG2 Transglutaminase type 2JGM2/Chromosome | Ubiquitous Cell adhesion, cel(Griffin et al., 2002,
tissue transglutaminase20 q11.2-q12 differentiation, ECM) Telci et al., 2008
TGc, G, G stabilization, cell  survival, Collighan and Giriffin,
apoptosis, transmembranp2009)
signalling,
TG3 Transglutaminase type 3JGM3/Chromosome | Squamous Cornified envelope formation,(Rose et al., 2009)
TGg, epidermall 20 q11-12 epithelium Hair follicle maturation
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transglutaminase

TG4 Transglutaminase type 4TGM4/Chromosome 3 Prostate Reproduction, semen coagulati{iubbink et al., 1998|
Prostate transglutaminasey22-p21.33 in rodents Dubbink et al., 1996,
TGp, Davies et al., 2007)
TGS Transglutaminase type B5TGM5/Chromosome Keratinocytes differentiation andAeschlimann et al,,
TGy, 15qgl15.2 cornified envelope formation 1998, Candi et all,
2002, Cassidy et all,
2005)
TG6 Transglutaminase type 6JGM6/Chromosome | Skin epidermis Development and motor functip(Stamnaes et al., 2010)
TGy, 20 g11-15 Fukuiet al., 2013
TG7 Transglutaminase type [7/TGM7/Chromosome | Ubiquitous Not characterized (Grenard et al., 2001)
TGz, 15 q15.2
Band 4.2| Erythrocyte Band 4.2,EPB42/Chromosome | Erythrocytes Maintain membrane integrity (Korsgramd Cohen
protein 4.2, pallidin 15

1988, Satchwell et all,
2009)
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1.4.2 Transglutaminase 2

Transglutaminase 2 (TG2, tissue transglutaminasesglutaminase C, tTG,o8) is the most
diverse and ubiquitous member of the transglutaseifamily, and one of the most well
studied (Collighan and Griffin, 2009) and biolodigacharacterised, multifunctional
molecules (Aeschlimann and Thomazy, 2000). TG2 smmalian tissue (Thomazy and
Fesus, 1989) is distributed, expressed and lochiisélifferent tissues and in different parts
of the cell. Endothelial cells, fibroblasts, monteegerived macrophages, astrocytes,
neurons, smooth muscle cells, osteoblasts, hepgateag well as a number of organ-specific
cell types show consistent expression of the prgi@&eschlimann et al., 1993, Thomazy and
Fesus, 1989). TG2 expression is known to be regalilay cytokines, peptide growth factors,
retinoids and steroid hormones (Lorand and Gratz@®3). Both at mRNA and protein level,
retinoic acid induced TG2 expression is documemtedtro andin vivo (Defacque et al.,
1995).

1.4.2.1 Structure of TG2

As revealed from cDNA sequence studies, TG2 is aameric protein with~ 685 amino
acids, with molecular weight c#80kDa and is encoded BYGM2 on human chromosome
20011-12.TGM2 is composed of 13 exons separated by 12 intronsn@ed et al., 2001). It
encodes 4 distinct domains, namely the N-termpiabhndwich domain (residues 1-138)
containing the fibronectin and integrin bindingesitthe central core domain (139-471) with
a-helices ang3-sheets, containing the substrate binding pockdtcatalytic triad ‘Cys277-
His335-Asp358’ for mediating acyl-transfer reactioonserved tryptophan vital for catalytic
activity; and two C-terminapB-barrel domains, one with a binding pocket for Gard
interaction sites with the@lB adrenergic receptor, and the other with phospas¢ G1
interaction site (Chen and Mehta, 1999) (FigureX3jay crystallography studies revealed
the nucleotide binding pockets of TG2 associateth véTP/GDP binding and include
residues 476-482 and 580-583 (Begg et al., 2006).

The B-sandwich domain on its N-terminus mediates TG@raudtion with fibronectin with a

very high affinity, which is thought to contribute regulated cell adhesion (Akimov et al.,
2000) and TG2 externalization (Balklava et al., 20MHang et al. (2005) have identified a
new fibronectin binding site with amino acid re®du88-106 and shown that Asp94 and
Asp97 residues are critical for fibronectin bindwig their mutation to Alanine. The central
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core domain carries the catalytic triad, conservgptophan and CGa binding site. Several
potential C&" binding sites have been proposed (Kiraly et &009. The twop-barrels
carrying the GTP/GDP binding site and the phosjplage C binding site on the C-terminal
domain which binds activate phospholipase C (P&L7)a key player in signal transduction
processes (Murthy et al., 1999). Nakaoka et al94)@emonstrated TG2 GTPase activity
and its ability to function as a G-protein. It i@tGTP-bound enzyme which is in the inactive,
closed conformation and &abinding open conformation which is active, suggesthe
transition from acyl-transferase activity to GTPasévity leading to a major conformation

change in the structure of the molecule (Pinkasd.e2007).
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Figure 3: Schematic representation of TG2 Structure and conformationA, Skeletal
structure and functional domain of TG2. N-termifadandwich with amino acid residue 88-
106 for fibronectin binding; heparin-binding site, catalytic triad Cys277, H335, D358
(Cysteine, Histidine, Aspartic acid), Try241 (Tryptophan) which is essential for catalytic
activity and C4&" binding site on the core domain; GTP/GDP binding site and phospholipase
C binding site carrying3-barrels.B, Three dimensional ribbon structure of TG2 in both
closed and open conformations. The distinct domains of the human TG2 molecule crystalizec
in two isoforms upon binding with GDP are TG2 inhibitor. The N-termiixahndwich
domain shown in blue, the central core domain in green and the C-tefivbaalels p1 and

2) were shown in yellow and red. (I) GDP-bound Ti&&ding to closed conformation and

(I) TG2 inhibitor bound at the catalytic site in the open conformation.

Figure with slight modifications from Pinkas et al, (2007)
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1.4.2.2 TG2 localisation and cellular distribution

TG2 is predominantly an intracellular protein, lm#n be membrane-associated well as
following externalisation to the cell surface by andefined mechanism and where it
becomes associated with the extracellular mattipchurch et al., 1991, Aeschlimann et al.,
1995, Verderio et al.,, 1998, Griffin et al., 2002¢llighan and Griffin, 2009). Though
predominantly a cytosolic protein that lacks a lopdrobic leader sequence, it is a protein
with a non-ER/Golgi-dependent externalization mera. TG2 is also known to translocate
to the nucleus via importin-3 protein (Lesort et al., 1998, Peng et al., 1998)ere it exist

in a chromatin-bound form (Lesort et al., 1998).ZTg&ts associated with importn3 in the
cytoplasm and gets dissociated once in the nugleesg et al., 1999). In the nucleus, TG2
functions as a G-protein or in presence of'Gs a transamidase and is known to cross-link
proteins such as histones and the SP1 transcrigdotor (Keresztessy et al., 2006).
Similarly, glutamate stimulation and calcium ionop#t*A mediated nuclear translocation of
TG2 have also been studied (Mann et al., 2006)h Wit N-terminal mitochondrial targeting
signal in TG2, it is also found in association witlitochondria (Piacentini et al., 2002).
Electron microscopy studies revealed that 90-95%hefmitochondrial TG2 is localized on
the mitochondrial outer membrane and inner membsgaee (Park et al.,, 2010). TG2 is
known to translocate to the plasma membrane incegsm with B-integrin (Akimov and
Belkin, 2001, Mangala et al., 2007) which has beensidered as a possible cell surface
externalisation agent (Mehta et al., 2006). Itshhadfinity for extracellular fibronectin and
syndecan-4 (Scarpellini et al., 2009, Wang et24112) were also found to be mediators of

TG2 cell surface externalization.

Another possible means of TG2 externalization igdupycling endosomes (Zemskov et al.,
2011) where TG2 is known to associate with varioyplasmic early, late, recycling
endosomes and lysosomes. It was proposed that reymithesized cytoplasmic TG2 may
target the perinuclear endosomes instead of beirgctdd to the Golgi/ER-dependent
pathway resulting in TG2 externalization or celifane TG2 where it gets internalized into
clathrin-coated pits and recruited into early emtoss in a caveolin-dependent manner. This
unconventional pathway purely depends on eithersoytTG2 tethering to phosphoinositides
on the early endosome via its phospholipid bindiitg ...(590K IRILGEPK QRKK (602)...

on the C-terminal domain (or, cell surface TG2 wéonent to early endosome following

internalization) and subsequent tight binding tdasomal membrane proteins (Roth 2004).
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It is thought to follow the long loop of the endas®recycling pathway which is regulated by
varied proteins destined to control endosome reuychnd finally externalization. Once
externalized, TG2 is either retained on the ceflase or deposited into the ECM where it is
known to interact with ECM proteins and plays a onajole in ECM remodelling
(Aeschlimann et al., 1995).

1.4.2.3 Regulation of TG2 activity

TG2 activity is mainly centred in the catalyticawli consisting of a cysteine (C277), histidine
(H335), and aspartate (D358). Along with a consgrirgptophan (W241), stabilizes the
transition state and all four residues are esddnti@atalysis (Micanovic et al., 1994, Murthy
et al., 2002, Liu et al., 2002, lismaa et al., 2008utations at any of these sites renders
inactivation of the transamidation function of TGRurthy et al., 2002, Tucholski and
Johnson, 2002).

Activity of TG2 in the intracellular environment waeported to be regulated both by*Ca
and GTP/GDP levels. The cross linking activity @2 will be enhanced in presence of high
levels C&" (Verderio et al., 2004). TG2 can bind and hydrol@sP which links intracellular
TG2 to a major signalling pathway, in which TG2 dtions as a signal transduction GTP-
binding protein, @h, transmitting outside signals downstream to dgismic targets such as
phospholipase &(PLCS) (Murthy et al., 1999). Based on the levels of‘Gad GTP in the
cell, TG2 is proposed to have ‘closed’ and ‘opephformations with notably distinct
features (Pinkas et al., 2007). Under normal caomtit TG2 exits as a latent protein in a
‘closed’ GTP/GDP-bound conformation under low’Teonditions. With the onset of stress
signals or loss of Gahomeostasis, TG2 undergoes conformational chamge ftlosed’ to
‘open’. This exposes the catalytic triad on theecdomain (Liu et al., 2002), where the
Cys277 forms a thioester bond in transamidation By@41 is essential for this process
(Chen and Mehta, 1999).

GTP is the control switch of transamidation, actasga reversible non-competitive inhibitor
of the TG2 transamidation activity. In the GDP bduorm, TG2 attains a more compact,
‘closed’ conformation state where the two C-terrhipibarrels overlap a significant surface
area of the catalytic core domain, effectively Biag substrate access to the active site. Site
directed mutational analysis at the position 5161®&), replacing tyrosine with phenylalanine

(Y516F), highlighted the importance of tyrosineattaining the closed conformation. The
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presence of high levels of Eaenders TG2 to attain an open conformation (Casetal.,
1999, Mariani et al., 2000) that exposes the TG®asite and aids in TG2 activation (Begg
et al., 2006, Pinkas et al., 2007). The calciundioig protein calreticulin is known to inhibit
GTP binding and transglutaminase activity of TG2n§ et al., 1999, Lee et al., 2003) where
it appears to be a tight regulator of G protein aadsglutaminase functions. However, TG2
is known to have higher affinity for the guaninecteotides than for Ga (Datta et al., 2006).
Therefore, the cells transamidating activity of T@&2usually latent and gets activated
depending on the need and circumstances prevailittgn the system, such as apoptosis
differentiation or stress. In addition to GTP, ogdylation of the active site cysteine is also
known to inactivate TG2 (Lai et al, 2001), whilen othe other hand,
sphingosylphosphocholine can serve to reduce ttfé réquirement for intracellular TG2
activity (Lai et al., 1997).

1.4.2.4 TG2 is a multifunctional protein

TG2 is an enzyme with wide range of biological fiimes (Nurminskaya and Belkin, 2012,
Belkin, 2011, Wang and Griffin, 2012, Lorand andatam, 2003, Park et al., 2010).
Transamidation and GTP-binding are two well-knowaldgical functions of TG2 (Fesus
and Piacentini, 2002). Unlike the majority of memsbef the transglutaminase family, TG2
binds and hydrolyses GTP in a magnesium-regulatather (Lee et al., 1989). In addition to
its transamidation activity, TG2 binds and hydrelysGTP and is involved in regulating
signal transduction and acts as a G-protein, ttaisg signals fromul-adrenergic receptors
to phospholipase @1 (Chen and Mehta, 1999). However, TG2 is knowmplay several
other enzymatic and non-enzymatic functions as shaw figure 4 (Aeschlimann and
Paulsson, 1994, Chen and Mehta, 1999, Griffin gt 2002, Lorand and Graham, 2003,
Zemskov et al., 2006).

TG2 participates in a plethora of other biologigalbcesses like extracellular matrix
stabilization, by forming a complex with fibronettand collagen which aids in wound
healing, inhibition of tumour angiogenesis, anddoemodelling (Turner and Lorand, 1989).
It also functions as an adaptor protein in fadiliig cell adhesion to fibronectin via integrins
(Akimov et al., 2000) and syndecans (Wang et &l10B) aiding cell motility and in tissue

mineralization. It is known to possess an intradafl serine/threonine kinase activity where it

is involved in phosphorylation of insulin-like grtétwfactor (IGF) binding protein-3 (IGFBP-
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3) in breast cancer cell membranes (Mishra and Myrp006). TG2 possesses extracellular
Ca*-independent protein disulphide isomerase actiil), not inhibited by nucleotides
(Hasegawa et al., 2003). PDIs catalyse the formaifodisulphide bonds within the protein
to facilitate folding into correct conformationsG2 PDI activity is catalysed by a completely
different domain used for transamidation reactisrakylation of cysteine had no effect on
PDI while its TG2 activity was completely abolishediven that inactive TG2 mediating
transamidation in high concentrations of nucleatieed in low C%, it is suggested that TG2
acts as PDI in the cytosol. PDI has potential &gtim mitochondria as cardiomyocytes and
skeletal muscle cells of TG2 knockout mice exhibitkeecreased ATP production due to an
absence of disulphide bridges provided by TG2 Ridividy (Mastroberardino et al., 2006)
resulting in destabilized respiratory complexes.e Thitochondrial protein, adenine
nucleotide translocator-1 (ANT1) is proposed toabsubstrate for PDI activity (Malorni et
al., 2009).

48



Cross linking of proteins

Incorporation of

1 - o amines into proteins
—_— Protein Modification —

Deamidation

[ Isopeptidase activity ]

Protein Kinase activity

— Tran§mem_brane
Signalling

Promotion of cell-
matrix interaction

—

Figure 4. Multifunctional TG2 . 1. In a C&" dependent manner, TG2 catalyses protein cross
linking reaction betweern-carboxamide groups of protein bound glutamine eas@mino
group of protein bound lysine or polyamine and deation of peptide glutamines. Through
its isopeptide activity, it hydrolyse:c isopeptides in Ga independent manner and also
known to have protein kinase activity. 2. In its B5Toound form, it activates the
phospholipase (PLCs8) and mediates signal transduction. 3. Moreoveacis as an integrin
and Syndecan (SDC) bound adhesion co-receptoridaoriectin (Fn) in the extracellular

matrix. (C, N, and M stands for cytoplasm, nucland membrane respectively).
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TG2 is known to play a prominent role in programneetl death and necrosis (Fesus et al.,
1987, Nicholas et al., 2003). TG2 is one of the fmmes induced during apoptosisvivo
(Szegezdi et al., 2000). Loss of Cdomeostasis with apoptosis induction, leads to TG2
activation and formation of cross-linked proteimaffalds. This function of TG2 in cell death
assists in maintaining dead cell membrane integtitgreby preventing release of harmful
cell components to the extracellular environmerdawklver, TG2 is also known to mitigate
apoptosis via its GTP binding activity, via actingt NF«B, as seen in several cancer cell
lines (Mann et al., 2006, Cao et al., 2008). Lok ®P-binding activity reverses TG2's
protective role to a death signal (Datta et alQ7)0indicating TG2 can play a dual role
depending on other parameters in programmed cathd@ark et al., 2010). Though TG2
seems to have a strong link with timevivo apoptosis programme, its up-regulation urider
vitro conditions is not detected in many cells highlighptthe need of specific environmental
conditions availablén vivo (Szegezdi et al., 2000). Importantly, in mice madestem, TG2

is studied in macrophage phagocytosis (Szondy.eP@0D3) suggesting that loss of TGR
vivo results in impaired apoptotic cell engulfment ésahk et al., 2005). TG2 is proposed to
act as an integrifi3 co-receptor for AC engulfment process (Akimowakt 2000) and also
identified as a requirement for an efficient phagacportal formation (Toth et al., 2009).
TG2" macrophages bear a proinflammatory phenotype ibatiig to develop
autoimmunity. However, all the functions attributed TG2 are apparently dictated by its
cellular localization, interaction with other prote and binding to cofactors (Zemskov et al.,
2006, Lorand and Graham, 2003, Griffin et al., 2002

1.4.2.5 Physiological role of TG2

Being known for multiple functionality in the fangilof transglutaminases, accumulating
evidence to date has demonstrated well-defineculaeellroles for TG2 which include
apoptosis and necrosis (Fesus et al., 1987, Nistatlal., 2003), cell adhesion and migration
(Akimov and Belkin, 2001, Verderio et al., 2004,nZskov et al., 2006, van Strien et al.,
2011, Wang et al., 2011), cell growth and diffeiain (Schroff et al., 1981), Gamediated
stimulus secretion coupling (Bungay et al, 1986nd a receptor mediated
endocytosis/phagocytosis (Davies et al., 1980, étlad., 2000).
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1.4.2.5.1 TG2 in cell survival and apoptosis

Several investigations to date revealed the supposle of TG2 in cell death and survival
(Fesus and Szondy, 2005, Verma and Mehta, 200K,eRat., 2010). Depending on the cell
type and type of signals, TG2 can either promotmloibit the cell death process (Piacentini
et al., 2002, Fesus and Szondy, 2005, Szondy, &04l6, Datta et al., 2007, Cao et al., 2008).
Apoptosis is a fundamental biological function iraintaining tissue homeostasis. Fesus
(1992) identified the TG2 gene to be closely reldtethose death executing genes. However,
currently its dual role is widely acknowledged. @nchormal conditions, TG2 activity is
tightly regulated by GTP activity. Majority of dasaipport the notion that transamidation by
TG2 can facilitate and inhibit apoptosis, while tB&P-bound form of the enzyme generally
protects cells against death (Fesus and Szondy)2Wiith extreme stress conditions and
depending on the G&influx, TG2 mediates the formation of cross-linkadtein scaffolds in
the dead cell (Smethurst and Griffin, 1996). Thabgisation assists in maintaining dead cell
integrity thereby preventing release of harmfull degredients in to the extracellular
environment. TG2 transamidating activity was fouade the primary biochemical function
involved in the physiological regulation of apopsoas embryonic fibroblasts obtained from
TG2 knock-out mice when reconstituted with wilde@y@ G2 resulted in a significant
exacerbation of caspase 3 activity and Poly (Alese) polymerase (PARP) cleavage, a
caspase-cleaved domain while no such outcome ideetiiupon reconstitution with
transamidation inactive C277S mutant (Rossin et 2012). TG2-induced apoptosis was
shown to associate with release of apoptosis-imgui@ctor (AIF) from mitochondria leading
to its translocation to the nucleus and subsequembiptosis of pancreatic ductal
adenocarcinoma (PDAC) cells in caspase-independarner (Fok and Mehta, 2007).
However, studied by Yoo et al. (2012) have showat thG2 promotes both caspase-
dependent and caspase-independent apoptosis \Galffa@n/Bax protein signalling pathway.
Though TG2 is strongly linked to thi@& vivo apoptosis programme (Fesus et al., 1996,
Szondy et al., 1997, Szegezdi et al., 2000), frtve @poptotic cell point of view, the
expression of TG2 cannalways be detected during the induction f vitro apoptosis
(Fesus et al., 1996, Szegezdi et al., 2000) suggetiat factors required for TG2 induction

invivo are present only in the tissue environment.

In contrast, TG2 expression is known to trigger-guovival pathways via constitutive
activation of FAK and its downstream PI3K/Aktl (Viea and Mehta, 2007). Intracellular
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TG2 is testified as an anti-apoptotic effector iredst cancer, melanoma and pancreatic
cancer cell types (Mann et al., 2006). TG2 is reggbto mediate pro-apoptotic activity by
inhibition of capase-3 and -9 through depletiorBak in HEK293 cells (Cho et al., 2010)
and in hypoxic cancer cells (Jang et al.,, 2010)e Tno-apoptotic protein Bax on the
mitochondrial membrane, which is also a bindingmmarfor TG2 acts as a key target of TG2
induced cross-linking (Rodolfo et al., 2004). HowevTG2 is also known to mitigate
apoptosis via its GTP binding activity as seenawesal cancer cell lines via activation of
NF-xB (Mann et al., 2006, Cao et al., 2008) and, wasgslin GTP binding activity reverts its
protective role to the death signal (Datta et 2007). Likewise, loss of TG2 resulted in a
defective cell cycle leading to apoptosis in endbth cells (Nadalutti et al., 2011). Taken
together, TG2 play a dual role in determining tle# fate which may depend on cell type,
stimuli and concentrations of intracellular®Cand GTP.

1.4.2.5.2 TG2 in cell adhesion and migration

Earlier studies by Gentile et al in fibroblasts gested TG2 involvement in cell adhesion
following observing their resistance to detachntgntrypsin and slower migration (Gentile
et al., 1992). Further studies to date (Wang anffiiGr2013, Wang et al., 2011, van Strien et
al., 2011) have established TG2 as a pro-adhesigepeo-migratory protein basing on its
ability to collaborate with ECM adhesion receptoasnely,1/83/85 integrins and syndecan-
4 and thus promoting receptor clustering and mewjanside-out signalling via activating
FAK, RhoA, PKGi. Similarly, TGP mediated cell surface TG2 up-regulation enhances
epithelial cell adhesion and migration on fibromed¢Priglinger et al., 2004). However more
recent work has shown that the extracellular cholgslg activity of TG2 is involved in
S100A4-related cell migration involving a synde@aandpl integrin co-signalling pathway
(Wang and Griffin, 2013). Syndecan-4 facilitatesT@2-fibronectin complex mediating
integrin dependent cell adhesion and TG2, Synddc&nockout studies revealed their
interdependence in cell adhesion and migration \&ral., 2011). Auto antibodies against
the TG2-fibronectin heterocomplex blocked epitHetialls attachment via interfering with
the heparan sulphate binding side, highlightingritie of TG2 in celiac disease pathology
(Teesalu et al.,, 2012). The pro-invasive elementbifast and ovarian cancer cells is
regulated by the cell surface TG2 in cell motilipyangala et al., 2007). Work by van Strien
et al., (2001) have implicated cell surface integrin e G2 with fibronectin on activated

astrocytes in multiple sclerosis lesion recruitméeading to lesion progression. However,
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loss of cell migration with increased adhesion eparted with over expression of TG2
(Balklava et al., 2002). Similarly, as a novel #yggutic strategy for improving attachment,
mesenchymal stem cells (MSC) were genetically exegied to overexpress TG2 to enhance
cell attachment and survival post implant (Song aét 2007). A 33.1% enhanced
adhesiveness is seen in TG2 transfected MSCs cenhparcontrol MSCs. Similarly, more
pronounced systolic and diastolic cardiac functisnevident in TG2-MSC therapy of
infracted myocardium compared to MSCs alone (Sdngl.e 2007). Taken together, TG2
plays a crucial role in cell adhesion and migrataord acting accordingly to regulate its

expression could be a therapeutic solution in nfamgan conditions.

1.4.2.5.3 TG2 in cell growth and differentiation

Birckbichler and Patterson (1978) initially reparteinvolvement of TG2 in cell
differentiation and proliferation suggesting thatle with low TG2 proliferate more rapidly
than cells with high TG2. Similarly, TG2 inhibitot&ke cystamine enhanced some of the
proliferation markers with simultaneous reductian intracellular e-(y-glutamyl) lysine
(Birckbichler et al., 1981). By using transamidatifmnctional mutants (C277S) which still
posseses some GTPase activity transfected intotastagc hamster fibrosarcoma cell line
MetB, a delayed S phase to G2/M progression wasvistio the cell cycle (Mian et al.,
1995).This suggests that the GTP bound form of TG2 mapasa molecular switch between

cell proliferation and differentiation.

TG2 is expressed in a wide array of cells involiedmmunity and inflammation including
lymphocytes, neutrophils and monocytes (Mohan ¢t2803). Interestingly, TG2'’s role in
macrophages is well documented with higher levélST@2 expression in macrophages
following differentiation (Schroff et al., 1981).f@ll the members of the TGs, TG2 and
factor XlIl are known to get expressed by monocyes macrophages. Upon monocyte
maturation to the macrophage, up regulation of B8@ markedly down regulation of factor
XIlII takes place (Seiving et al., 1991) suggestingrofound interrelation between the two
TG members while establishing TG2 as a marker facnophage differentiation. It has been
demonstrated that the expression of TG2 increasastichlly during monocyte trans-
endothelial migration and differentiation into maghages (Murtaugh et al., 1983, Akimov
and Belkin, 2001, Thomas-Ecker et al., 2007).
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1.4.2.5.4 TG2 in receptor mediated endocytosis

Via cross-linking the receptor with ligand or byalsilising the membrane for receptor
aggregation, TG2 was reported to play a prominefe m mediating receptor mediated
endocytosis. Davies et al. reported that by inmQifTG2 activity using TG2 specific amine
competitive inhibitors like cystamine, methylamiaad dansylcadaverine, this can inhibit
receptor mediated endocytosis (Davies et al.,, 198®ncentrations of cystamine that
inhibited macrophage TG2, also inhibited Fc receptediated endocytosis of red cells by
guinea pig peritoneal macrophages (Davies and Mghal1984). Enhanced macrophage
phagocytosis with increased TG2 activity is repoif@urtaugh et al., 1983) and loss of TG2
results in impaired apoptotic cell clearance (Sycetdal., 2003).

1.4.2.5.5 TG2 in Disease

TG2 is known to be expressed normally at low levielsmany different tissues and
predominantly exists inside the cell in the caiafity inactive closed conformation. TG2
when implicated in chronic diseases can be claskifunder three main categories:
inflammatory diseases such as wound healing, fibrogssue repair and autoimmune
conditions; chronic degenerative diseases; and gmeiit diseases. Under pathological
conditions, it gets activated transiently in resgmwno innate immune signals and plays a
general protective and stabilizing role in cellsl dissue. However, abnormal activation or
deactivation of TG2 is linked with different kind$ pathologies. Abnormal increases of TG2
expression in autoimmune inflammatory myopathieshsas celiac disease (Briani et al.,
2008, Molberg et al., 2000), liver cirrhosis & fisis (Mirza et al., 1997, Elli et al., 2009),
type 1 diabetes (Bernassola et al., 2002), rheudhaahritis (Picarelli et al., 2003),
dermatitis herpetiformis (Dieterich et al., 199@nal scarring (Johnson et al., 2003) are well

documented.

TG2 also play a pathological role in neurodegemneratiseases such as Parkinson’s disease
(Junn et al., 2003, Andringa et al., 2004), Hurtongs disease and Alzheimer disease (Kim
et al., 1999, Citron et al., 2001) and amyotropaieral sclerosis. It is also well established as
one of the molecular triggers in thrombosis, monkegdel neuro-AIDS by microarray
analysis (Roberts et al., 2003), and cancer (Mangiahl., 2007, Mangala and Mehta, 2005,
Verma and Mehta, 2007).
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1.4.2.5.5.1 TG2 in Coeliac disease

Several lines of evidence have suggested that BGihe of the disease relevant proteins
encountered in the coeliac gut. It is known to lga& specific deamination of dietary
peptides in the small intestines of coeliac dis€&4$®) patients which affects about 1-2% of
the population including adults and children. Giutsensitive enteropathy or CD is a
multifactorial chronic disease caused by a permiam¢olerance to ingested wheat gluten or
similar proteins from barley and rye. CD is an aatoune mediated pathology characterised
by damage of the intestinal epithelium resultimpirabnormal intestinal adaptive and innate
immune responses to dietary gluten proteins indileé (Jabri and Sollid, 2009). Patients
develop IgA antibodies against TG2 mediated deam®idgluten epitopes and autoantibodies
against TG2 in CD. Elevated levels of the enzymeswmticed in jejunal biopsies from the
CD patients suggesting involvement of TG2 in ththpgenesis of CD (Bruce et al., 1985).
TG2 activity was also shown to be associated wéhegating deamidated gluten peptides
that trigger a T-cell mediated reaction in the dnmaéstine of CD individuals. Conversion of
glutamine residues in gluten derived peptides iglitamic acid has been shown to be
catalysed by TG2. Ciccociopmbal. (2010) revealed a role of TG2-specific T-cellsdmaéd
immune response in the pathogenesis of the disease.

1.4.2.5.5.2 TG2 in inflammation and Cancer

Abnormal activation or deactivation of TG2 is a eoon trait of several inflammatory
diseases. Cytokines like T@Hnterluekin 1 (IL-1) regulate TG2 expression gr&tinocytes
and in dermal fibroblast and increase cell adheginglinger et al., 2004), while TN&-
enhances TG2 synthesis in liver cells via activatb lkBo phosphorylation. TG2 is known
to be involved in enhanced inflammation by NB-which is considered as a master switch
for inflammation (Lee et al., 2004). An increaseTiG2 activity is associated with N&B
activation where TG2 is known to aggravate inflartioraby activating the NkB cascade.
Carrying the binding motif for N&B on its promoter (Mirza et al., 1997), TG2 induties
activation of NFxB by stimulating cross-linking and subsequent deagian of its inhibitory
subunita (IkBa). This cross-linking results in dissociation of B and translocation to the
nucleus (Lee et al., 2004) where it is capablemfagulating a host of inflammatory genes,
including inducible nitric-oxide synthase and tummecrosis factow (TNF o) and even
promotes expression of anti-apoptotic proteins sagBcl-xL andBFL1 (Lee et al., 2004,
Mann et al., 2006).
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TG2 is implicated in cancer progression while gigrsimilarities with the inflammatory
responses (Mantovani et al., 2008). Conflictingcoates with respect to up- and down-
regulation in TG2 expression have been reported igtdown-regulation in primary tumors,
in tumor progression and its up-regulation in seleoy metastatic tumors giving resistance to
chemotherapy (Verma and Mehta, 2007, Kotsakis anifirGG 2007). Jiang et al.(2003) have
identified TG2 as one of the amplified genes eithgecifically or differentially in human
lung cancer models. Via a mechanism involving R@8ependent cell adhesion process
involving Syndecan-4 and fibronectin, it has begported that TG2 can mediate cell rescue
from anoikis (Verderio et al., 2003). On the contrats enzymatic cross-linking activity of
the surrounding matrix in primary tumours can préwamour progression and metastasis by

preventing angiogenesis (Jones et al., 2006).

TG2" mice revealed that TG2 has a protective role agaiardiac ischemia (Szondy et al.,
2006), while its detrimental role is shown in remsthemia with reduced inflammation
occurring in the TG2 mice (Kim et al., 2010) revealing its cell speciéiffects in ischemic
pathology. Elevated levels of intracellular?Cahich is a TG2 activator can result in the
formation of B-crystalin dimers in rabbit eye upon treating eyath calcium ionophore,
ionomycin, resembling those formdd vitro by incubation of TG2 withp-crystalline

suggesting TG2 could be a major contributor toreatagenesis (Sanderson et al., 2000).

Oxidative stress induced TGFactivation of the Smad3 signalling pathway resgltin TG2
mediated cross-linking and aggregation of lensginstis also reported (Shin et al., 2008).
Lee et al. (2012) have reported that the activabb G2 is involved in the formation of
cataract in the eye of rats and in human lens elmdicell line (HLE-B3) induced by sodium
selenite (NgSeQ) and is suppressed upon treating with TG2 inhilistamine. Similarly,
treatment with cystamine was found to have antammatory effect in the rat model of
inflammatory bowel disease (IBD) suggesting theolmement of TG2 in the pathology of
IBD (Elli et al., 2011).

Inflammatory cytokines like IL-1, TNd which are involved in atherogenesis, are known

triggers of TG2 expression and/or its activity, tee macrophage. Moreover, abundant

expression of TG2 in macrophages in atheroscleftesions (Boisvert et al., 2006) and its

association with smooth muscle cells in establiskt@édrosclerotic lesion is well documented

(Haroon et al., 2001) while TG2 plays no obviouke mm Ox-LDL uptake or degradation
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(Boisvert et al., 2006). TG2 cross-linking of Lp(a)subclass of low density lipoproteins, is
reported in the inner and middle layers of aoreering atherosclerotic lesions of cholesterol
fed rabbit. TGZ mice showed no defective vascular structure bspldyed atherosclerotic
lesion expansion and weak plaque formation leatbrgustained inflammation via defective
anti-inflammatory clearance of apoptotic cells @airt et al., 2006). Interestingly, in bone
marrow donor cells TG2 plays a protective role ioyiting atherosclerotic lesion size via

TG2 modulation of macrophage function (Boisveralet2006).

Macrophages infiltrate the site of infection andhtribute to the degree of inflammation by
generating TGH, which in turn increases TG2 expression via itgponse element in the
TGM2 gene promoter (Ritter and Davies, 1998pecifically, its release is regulated by
macrophage recognition of phosphatidylserine orpegtic cell which is an early step in the
process of phagocytosis (Fadok et al., 1992). in,tliG2 on the other hand will activate
matrix bound TGB via cross-linking latent the large T@bBinding protein-1 (LTBP-1). This
cycle of events with macrophage recruitment asafanflammation stimulates phagocytosis
of apoptotic cells and suppresses further proinitatory mediator production (Griffin et al.,
2002, Telci and Griffin, 2006) suggesting a positreedback loop between TG2 and BGF
TG2 null mice fail to activate TGB; have delayed clearance of apoptotic cells ane hav

evidence of tissue inflammation and autoimmuniof®ly et al., 2003).

1.4.2.6 TG2 knockout studies

Initial reports from the TG2 knockout mice studiegealed them to have a normal phenotype
(De Laurenzi and Melino, 2001). However, severdisseguent studies have highlighted a
number of delicate phenotypes in TG2 null mice @xpaired glucose stimulated insulin
secretion, a phenotype resembling that of matumiyet diabetes of young (MODY),
suggesting a physiological role for TG2 in glucdséerance (Bernassola et al., 2002)
defective rate of mitochondrial ATP synthesis résglin alteration of the respiratory chains

with consequences on the global production of ATRssuegSzondy et al., 2006).

From the immunity and inflammation point of vieveveral cases of abnormal phenotypes
like an impaired capability of apoptotic cell claace and deregulated cytokine production by
macrophages leading to autoimmunity such as systémpus erythematosus is reported
(Szondy et al., 2003; Falasca et al., 2005; Saeaad, 2009). Szondy et al. have shown that
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apoptosis could be induced in TG2-/- mice as indactof thymic apoptosis by
dexamethasone, anti-CD3 mAbyeirradiation shown to initiate thymocytes deathwsiny a
significant increase in annexin V+ apoptotic celowever, defective clearance of those
apoptotic cells was also shown suggesting requinermieTG2 for AC clearance. Similarly,
defective clearance of AC in the liver of TG2-/-caiupon inducing the apoptosis with
PbNO3 was also shown (Szondy et al., 2003). Redtatedof phagocytosis by TG2mice
was suggested to be a deficiency in activation GFPB1 (a known immunoregulatory
cytokine that down regulate inflammatory respons®), TGZ  macrophages when co-
cultured with AC in presence of conditioned mediwlarived from WT macrophages
efficiently ingested AC (Szondy et al., 2003). LadfkTG2 also prevented the production of
active TGFB1 in macrophages exposed to AC (Szondy et al., 200®reover, the
phenomenon of rapid decrease in proinflammatorgkiye release following phagocytosis
of AC is impaired in the absence of TG2 (Falascal.et2005). Other abnormal phenotypes
include, hyperactive B-cell proliferation (Szondy a&., 2003), poor response to chemical
wound healing (Sarang et al., 2005, Nardacci et28l03), impaired apoptotic cell-induced
integrin 3 signalling leading to RhoG and Racl activatiomehlaeen well documented (Toth
et al., 2009). TG2 is known to bind integfi@, a known phagocytic receptor, in the process
of phagocytic cup formation. However, accumulatmiintegrin B3 around the AC and
subsequent signalling is impaired in TGehacrophages (Toth et al., 2009). Taken together,
data generated form the TG2 knockout mice studasshighlighted the important role of the

enzyme TG2 in cell death, cell clearance and infition.

1.5 TG2 inhibitors

Genetic knockout, technique in which one of an piga's genes are made inoperative,
which is primarily used to understand the role spacific gene are often difficult to apply to
cell cultures and is time consuming. On the otlard) genetic knockout responses in animal
models are often explained by the compensatory amesims leading to complicated
interpretations. Moreover, absence of a protein steyw a different phenotype compared to
that of its inhibition such as macrophages fromublise of TG2 null mice express high
levels of integri33 and show enhanced integfi signalling and thus partially compensate
for the loss of TG2 in apoptotic cell clearanceokiag the technical advantages of inhibitor
usage and availability, different TG2 inhibitorseansed to assess the role of TG2 in Ac

clearance by human macrophages.
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TG2 expression in different cell types and its imement in different biological settings are
well documented. To block its activity and to urgdend its role in different pathological
states, several TG2 inhibitors were developed. Bagin their mode of action, these
inhibitors are classified into three different das namely, competitive amine substrates,

reversible and irreversible inhibitors.

» Competitive amine substrates:These inhibitors do not completely abolish TG2
activity, but rather inhibit it by competing withatural amine substrates, such as
protein-bound lysine residues, in the transamidatireaction. As a result,
transamidation occurs continuously, however, tbhpaptide bond is formed between
the protein bound natural glutamine and the cortipetamine substrates rather than
natural glutamine and natural amine (Siegel and skh)o2007). Some of the
commonly used competitive amine substrates are dansylcadaverine, putrescine,
and cystamine. Because of their commercial avditabichemical stability, non-
toxicity, these are the most widely used amine agtitipe TG2 inhibitors (Karpuj et
al., 2002).

* Reversible inhibitors: These inhibitors inhibit TG2 activity by simply ldking
subtract access to active site without covalentbdifying the enzyme (Siegel and
Khosla, 2007). Some of the commonly used reversiieitors are GTP and GDP
(Lai et al., 1998); GTP analogues such as &&IR.ai et al., 1998), and divalent metal
ions like Zrf* which competes with Gafor metal binding site in TG2 (Aeschlimann
and Paulsson, 1994).

» Irreversible inhibitors: These inhibitors are also called as suicidal inbib and are
the most widely studied TG2 inhibitors in recemhds. These prevent activity by
covalently modifying the enzyme and preventing salbs binding. These are
designed to target the active site cysteine ushmgmical functional group that are
reactive in the presence of a nucleophilic atond famm relatively stable chemical
bonds after reacting (Siegel and Khosla, 2007). @only used structurally simple
irreversible TG2 inhibitors are iodoacetamide (Mbweet al., 2000), 6-diazo-5-
oxonorleucine (DON), sulfonium methylketones (Fdiuret al., 1992), N-

benzyloxycarbonyl-I-phenylalanyl-6-dimethylsulfomu5-oxo-L-norleucine and 1,3-
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dimethyl-2[(oxopropyl)thio]imidazolium (Alcock et.a2011) and 4-Aminopiperidine
(Prime et al., 2012).

In the current study, along with the commercialsaigable Monodansylcedaverine (amine
competitive substrate) and Z-DON (irreversible bitar), cell permeable TG2 inhibitor 1, 3-
dimethyl-2-imidazolium derived R283 and cell impeable peptidic TG2 inhibitor R294
and R281 which were synthesized at Aston University (Griffin et al., 2008) were used.
R281, R283, R294 and Z-DON were designed to tdhgeactive site cysteine in the catalytic
tried of the catalytic core domain of the TG2 amd\wn to interfere with the transamidation
activity. In terms of inhibitors specificity, humamonocytes and macrophages were known to
express only two structurally related transglutaases, TG2 and the A subunit of factor XIllI
(FXIIA) of which upregulation of TG2 expression dara reduction in biosynthesis and
surface expression of FXIIIA drastically during noayte differentiation into macrophages is
reported (Akimov & Belkin, 2001) suggesting thatZ ®&hibitors are specific to TG2 and act
on no other TG in human macrophages.

1.6 Aims and Objectives

Apoptotic cell (AC) clearance by macrophages (M@s Hbeen implicated as a vital

programme in terms of immunological modulation. fehbas been a remarkable study to
date to know how apoptotic bodies reach their ggamephagocytes. Moreover, there has
been an increasing interest in the mechanisms uhderlie the rapid recognition and

engulfment of apoptotic cells. TG2 is known to pkayprominent role in the above process
and several TG2 knock-out studies have highlighitedeed in the apoptosis programme.
However, the role of cell surface TG2, especiallyhie context of M@ phagocytosis of AC is

yet to be defined. Moreover, there is no studydtedimed at describing the role of TG2 in
human macrophage functionality. With increasingiiest in understanding the clearance of
AC, in this context, this project aims to analysel @haracterize the role of TG2 in human

M@ function with particular focus on the processapbptotic cell clearance.

The specific aims of this project are
1) To establish THP-1/M@ as a model system for stugii¥ phagocytosis in terms of
characterizing the role of TG2.
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2) To characterize possible effects of both cell peie and impermeable TG2
inhibitors on M@ clearance of AC and M@ migrationAC

3) To look into the effect of TG2 inhibitors on TG2tiaiy/conformation changes

leading to alterations in M@ function
4) To look for possible TG2 binding partners in meidigtM@ clearance of AC

5) To characterize the knockdown effects of TG2 ard hinding partners in M@
clearance of AC

6) To look at possible mechanism involved in TG2 meldM@ clearance of AC

Results from this study will dissect the role of Z@& M@ function and provide clues for

therapy in inflammatory or autoimmune diseases.
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Chapter 2
Materials and Methods
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Chapter 2
2. Materials and Methods
2.1 Materials

2.1.1 Antibodies
Table 2. List of Antibodies

Primary Antibodies

Antigen Host Species | Clone Company

TG2 (CUB 7402) Mouse Monoclonal Neomarks, Pierde, U

TG2 (TG100) Mouse Monoclonal Neomarks, Pierce, UK

TG2 Rabbit Polyclonal Neomarks, Pierce, UK

B3 integrin Rabbit Polyclonal Cell signalling, USA

Isotype control Mouse Monoclonal Sigma-Aldrich, UK

lgGlk (MOPC21)

Syndecan-4 Mouse Monoclonal Santa Cruz
Biotechnology, UK

Syndecan-4 Rabbit Polyclonal Invitrogen, UK

CD44 Mouse Monoclonal Cell Signalling, UK

PKCa Mouse Monoclonal Santa Cruz, UK

Vinculin Mouse Monoclonal Sigma-Aldrich, UK

a-Tubulin Mouse Monoclonal Sigma-Aldrich, UK

B-Actin Rabbit Polyclonal Abcam, UK

Secondary Antibodies

Host Species Company

Goat anti-mouse FITC Sigma-Aldrich, UK

Goat anti-mouse PE Sigma-Aldrich, UK

Goat anti-mouse HRP Sigma-Aldrich, UK

Goat anti-rabbit FITC Sigma-Aldrich, UK

Goat anti-rabbit PE Sigma-Aldrich, UK

Goat anti-rabbit HRP Sigma-Aldrich, UK

2.1.2 Equipment

Chemotaxis Dunn CTG chamber, DCC1B@wksley and Sons LTD, West Sussex, UK
Confocal Microscopyi.eica Microsystems, UK

Cryo-freezing container NALGENEisher, Loughborough,UK

Eppendorf Centrifuge 5810®JB Labcare Ltd, Buckinghamshire, UK

Flow cytometer Quanta SBeckman Coulter High Wycombe, UK
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Flow cytometric analysis software VenturiOmannington, Sheffield, UK

Haemocytometer Double cell standa@@mlab Ltd, Cambridge, UK
Inverted fluorescence microscope Zeiss Axiovert\N20Bertfordshire, UK

Minigel Vertical Electrophorisis Apparatus and W&t Blot wet transfer systerBjo-Rad,

Hemel Hempstead, UK
Plate reader EL80®ioTek Potton, Bedfordshire UK
Spectrophotometer Model DU-Beckman Instrument (UK) Ltd, High Wycombe, UK

Chromata-vue C71 light box and UVX radiometd¥/-P Inc., Upland, CA, USA

ImageJ http://rsbweb.nih.gov.jj

Migration and Chemotaxis tool, http://ibidi.com/xtproducts/en/Software-and-lmage-
Analysis/Manual-Image-Analysis/Chemotaxis-and-Migma-Tool

2.1.3 Reagents

All general laboratory consumables were purchasmd Sigma Aldrich (Poole, Dorset, UK),
unless otherwise specified.

Other consumables were purchased from followingkens.

Macrophage mediuntnvitrogen Crop., Paisley, UK

RPMI 1640 medium, Foetal calf serum (FCS), L-GlutemPencillin & StreptomycinrPAA

Laboratories, Yeovil, Somerset, UK

Bio-Rad protein assay kiBio-Rad, Hemel Hempstead, UK
ECL Chemilunimescence development Rimersham Parmacia Biotech, UK

Human Syndecan-4 targeting siRNAs and TG2 targesiRINAs, global inactive control
siRNA and HiPerfect Transfection Reagdpiagen, UK

LipofectamineJnvitrogen, UK

Molecular marker, Pre-Stained Rec protein ladd&3&3-500/EZ-RUNFisher Scientific,
UK

Monodansylcadaverine, heparinase I, chondroitimasePMA.Sigma-Aldrich, UK

P1 peptide (NPKFLKNAGRDCSRRSS) and scrambled céntrpeptide Pls
(FNRADLKPRCGSSNKSR)Peptide Protein Research, UK
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Percoll, GE Healthcare, UK

PKCo inhibitor Go6976, human plasma fibronectin and &uticin (G418 sulphate).
Calbiochem, Nottingham, UK

Purified guinea pig liver transglutaminase (gplTdtinylated-cadaverine (BTC) and Z-
DON (Z-DON-Val-Pro-Leu-OMe)Zedira, Germany

Sepharose-A & G bead slun@E Healthcare, UK

TG2 inhibitors R281, R283 & R294&ynthesized at Aston University, UK (Griffin et al,
2008)

VD3. Biomol, Exeter, UK

Vectashield mounting mediuntector Laboratories, UK

2.2 Methods

2.2.1 Tissue Culture

2.2.1.1 Cell Culture reagents

All tissue culture reagents were purchased from RABoratories Ltd. (Yeovil, Somerset,
UK) unless otherwise specified.

2.2.1.2 Cell culture media and solutions

2.2.1.2.1 Cell culture medium (Complete RPMI, cRPMi Cells were cultured in RPMI
1640 medium containing 10% (v/v) foetal calf ser(f)a€S), 2mM L-glutamine, penicillin
(2100U/ml) and streptomycin (100pg/ml).

2.2.1.2.2 Macrophage medium Monocytes derived from blood were cultured in

macrophage medium

2.2.1.2.3 Macrophage-Apoptotic cell interaction asgy medium: serum-free RPMI 1640
containing 0.2% (w/v) BSA

2.2.1.2.4 Cell freezing medium10% (v/v) Dimethyl sulphoxide (DMSO) in FCS.

2.2.1.2.5 Cell lysis buffer (1% v/v):Nonidet, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v)
SDS, 1mM benzamidine, 1ImM NaF, 1mM N®&®,, 0.1mM phenylmethylsulfonyl fluoride
(PMSF) and 1% (v/v) protein inhibitor cocktail.

2.2.1.2.6 Binding buffer:10mM HEPES pH 7.4, 150mM NacCl, 2.5mM CaCl
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2.2.1.2.7 PMA:250uM stock made up in absolute ethanol

2.2.1.2.8 Dihydroxyvitamin D3 (VD3): 100uM stock made up by using RPMI+10% FCS

following solubilisation in DMSO.

2.2.2 Cell lines

THP-1: Human monocytic leukaemic cell lines.
Mutu : EBV-positive Burkitt lymphoma cell line (Gregoey al., 1991)

Jurkat: human T cell leukaemia cell line (American TypetGré Collection; ATCC).

2.2.3 Cell Culture:

THP1, Mutu and Jurkat cells were cultured in RPNpgemented with 10% (v/v) foetal calf
serum, 1% (v/v) P/S and 2uM L-glutamine (cRPMI) andintained at 3T in 5% CQ
humidified incubator. All the cell lines used wesgb-cultured at an interval of 48-72 hours

by feeding the cells with fresh culture medium.

2.2.4 Cell Freezing:

Cell cultures with high viability were harvesteddafollowing centrifugation, cell pellets
were re-suspended in freezing medium. Cells wesn thipetted in 1ml aliquots into
cryovials and were placed in -BDto allow slow freezing. Cryovials were finalhatrsferred

to liquid nitrogen container for long term storage.

2.2.5 Cell Thawing:

Cryovials of cells stored in liquid nitrogen weenmoved and immediately thawed afG7n

a water bath. 10 ml pre-warmed growth medium wakeddlrop wise and finally cells were
transferred into a 15ml sterile tube and centrifisgaat 300xg to remove cryoprotectants.
Following centrifugation, cells were re-suspend#ad cell culture medium and transferred to

cell culture flasks.

2.2.6 Cell concentration determination:

10ul of cells in either suspension culture or adhersgits (following treating with 5mM
EDTA and subsequent washing with 1XPBS) are gepthced in between the grated

haemocytometer and cover slip. All the cells inepagate fields were counted through a
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bench top microscope. The average number of cetiired per field was multiplied by 40

to give the cell concentration (cells/ml).

2.2.7 THP-1 differentiation to macrophage-like ce#:

THP-1 cells (human myelonocytic) were differentthieto macrophage-like cells by treating
the cells with either 250nM phorbol 13-myristatedc®tate (PMA; 250uM stock made up in
absolute ethanol) or 100nM dihydroxyvitamin D3 (@0 stock made up by using

RPMI+10% FCS following solubilisation in DMSQO) oot (double stimulated, DS) for

48/72h at 37C in 5% (v/v) CO2 incubator.

2.2.8 Preparation of Human Monocyte-Derived Macrophges

2.2.8.1 Isolation of leucocytes from blood

Monocytes were isolated from citrated blood of ttealolunteers by dextran sedimentation
and Percoll fractionation. Briefly, freshly drawiobd in 50ml polypropylene centrifugation
tube containing 3.8% sodium citrate is centrifuged350g for 20min with brake off. For
every 10ml of blood, the cell pellet obtained wasged with 5ml of dextran (6% dextran w/v
in 0.9% w/v Nacl, autoclaved) and gently mixed take uniform suspension. Tubes were
left undisturbed for 1hr to allow RBC to sedimendar gravity. The supernatant containing
leucocytes are transferred to a 50ml tube with)aregs of serum-free RPMI supplemented
with penicillin and streptomycin (sfRPMI P/S), aack centrifuged at 220g for 6min &C4
Pelleted leucocytes are re-suspended in 1ml RPSII P/

2.2.8.2 Preparation of 68% (v/v) Percoll

Isotonic Percoll stock (normally defined as 100%swnade by adding 1/f0/olume of
10XPBS to Percoll received from supplier (GE Hezdtle). Initially, 50ml of isotonic Percoll
stock solution was made by adding 5ml of 10XPB853ml of Percoll. From the 100% stock
solution, 10ml working stock of 68% Percoll wasgaeed by adding 6.8ml of 100% Percoll
stock to 3.2ml of 1XPBS.

2.2.8.3 Separation of mononuclear cells on Percgjtadient

1ml of leucocytes in 1ml RPMI P/S was layered aahgfon top of 5ml, 68% (v/v) Percoll,
in 15ml conical polypropylene tube. Tubes were gifed at 700g for 20min with brake

off. The buffy coat obtained was the layer of mamdaar cells and carefully collected using
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pasteur pipette. Mononuclear cells are re-suspemiezkcess of sfRPMI P/S and again
centrifuged at 500g for 5min to remove any trace®earcoll which goes into supernatant.
The cell pellet was re-suspended in M@ medium &aihwing cell counting (section 2.2.6),
cells were seeded at an appropriate density inreutlishes and by feeding them with pre-
warmed fresh M@ medium on day 2 and day 4, celiewaltured at 37°C in 5% (v/v) GO

incubator for 7-8 days to differentiate into hunmaonocyte-derived M@.

2.3 Phagocyte-Apoptotic cells interaction assay

2.3.1 Apoptotic cell generation:

In the current study, Mutu and Jurkat cells linesevused as apoptotic cell models. Cells at
an appropriate cell density were exposed to UVradiation at varying doses 25-200mJ?cm
as appropriate using a Chromata-vue C71 light makldv/X radiometer (UV-P Inc., Upland,
CA, USA) and incubated for 16h at €7in 5% (v/v) CQ humidified incubator to allow
apoptosis to proceed (Torr et al., 2012).

Apoptosis was analysed by (a) labelling cells vatimexin V (FITC)/ propidium iodide (PI)
in binding buffer and detecting characteristicraes via light scatter using flow cytometry;
and (b) by staining cells after they were fixedl# (v/v) formaldehyde with 4,6-diamidino-
2-phenylinole (DAPI, Sigma, 250ng/ml) or by stamimrells with acridine orange and
observed using epifluorescence microscopy to deteciear changes and scoring them as a
percentage of apoptotic cells per total numberalflsccounted. Cells that had undergone
apoptosis by exposure to 100mJ/cm2 UV radiatiolofohg incubation for 16hrs were used

for phagocytic interaction assays.

2.3.1.1 Annexin V/Propidium lodide Staining:

An early event in apoptosis is the flipping of ppleatidylserine (PS) from the inner leaflet of
the plasma membrane to the outside surface. Annékimds specifically to PS and labelled
Annexin V in a C&" dependent manner and can be used detect apopatiic Rropidium
lodide (PI) is used in conjunction with labelled maxin V as the cell membrane integrity
excludes Pl in viable and apoptotic cells, whemasotic cells are permeable to PI. In late
apoptotic and necrotic cells, the integrity of flasma and nuclear membranes decreases,
allowing Pl to pass through the membranes, intatealnto nucleic acids. Thus, dual

parameter FACS analysis allows distinguishing \@abpoptotic and necrotic cells.
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UV irradiated Mutu BL cells were stained with anmeX¥-FITC (eBiosciences Ltd, Hatfield,
UK). Briefly, cells were washed and re-suspendebimling buffer (10mM HEPES pH 7.4,
150mM NaCl, 2.5 mM CaG) containing annexin V-FITC (1ul per 2x1€ells) for 15min on
ice. Following washing once with binding buffer]lsevere diluted with 1ml binding buffer
to which Pl is added to a final concentration gfignl. Samples were analysed immediately

on a Quanta SC flow cytometer (Beckman Coulter).

2.3.1.2 Acridine Orange Staining:

Acridine orange is a nucleic acid selective fluossg cationic dye used to visualize nuclear

changes and apoptotic body formation those areacteistic of apoptosis.

For quantitative analyses, cells were stained adttidine orange (Sigma, 10ug/ml) and were
enumerated as a percentage of apoptotic cellsoparriumber of cells counted per sample
using Zeiss Axiovert 200M fluorescence microscoPar{ Zeiss Ltd, Welwyn Garden city,
Fredley, Staffordshire, UK) and Hamamstsu Orca cardeven by Volocity (Perkin-Elmer,
Cambridge, UK).

2.3.2 Assays of Phagocyte interaction with apoptaticells

Interaction (binding and phagocytosis) of phagoey{EHP-1 derived M@, HMDM®@) with
apoptotic Mutu was carried in 24 well plates ascdbsed by (Devitt et al., 2004). Briefly,
phagocytes and AC at a ratio of 1:100 were co-cedtdor 1h at 37°C in RMPI containing
0.2% (w/v) bovine serum albumin. Unbound apoptattls were removed by extensive
washing with PBS and cells were fixed with 1% (vfegymaldehyde in PBS. Cells were
stained with DiffQuik II (Medion Diagnostics GmbHjudingen, Switzerland) and cells
scored by microscopy for the percentage of macpahanteracting with apoptotic cells. At

least 200 macrophages were scored in each otcatpliwells.

2.3.2.1 M@ treatment with TG2 inhibitors

All TG2 inhibitors were initially solubilised in sem-free RPMI supplemented with
penicillin and streptomycin. THP-1/M@ or HMDM@ wenatially washed with 1X PBS to
remove traces of spent medium and were treated Math inhibitors (R281, R283, R294, Z-
Don) and incubated for 1hr at 37°C in 5% (v/v) @midified incubator. Following 1hr
incubation, medium was aspirated and cells washecketin 1X PBS before cells were co-

cultured with AC as detailed in section 2.3.2.
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2.3.2.2 Phagocyte binding/tethering assay:

M@, either treated or untreated with TG2 inhibitessdescribed in section 2.3.2.2, were co-
cultured with AC at room temperature (20°C), a temapure non-permissive for phagocytosis
(Torr et al. 2012). Following incubation for 1hr, unbound A@mn removed by washing and

the cells were fixed, stained and scored.
2.4 Toxicity studies

2.4.1 Nuclear staining with DAPI:
THP-1/DS were treated with TG2 inhibitors (R281,8B2 R294) at a concentration of

500uM in serum-free RPMI and incubated for 1 hout@ hours. Following incubation, cells
were washed with PBS, fixed with 1% (v/v) formalgéa in PBS and finally mounted with
hardfix with DAPI (VectorLabs). Cells were later aged to check for any possible toxic
effects using phasecontrast-fluorescence microscope

2.4.2 XTT assay
THP-1/M@ seeded in 96-well plates were treated vdiffierent concentrations of TG2

inhibitors (5, 50, 50Qug/ml). Following incubation for 1hr, medium was mafed and cells
were washed with 1XPBS. gDof sodium 3’-[1-(phenylamino-carbonyl)-3,4-tetodizim]-

bis (4-methoxy-6-nitor) benzeme sulphonic acid hyel(XTT) reagents mixture was added
into each well and incubated for a further 4 h. @besorbance was read at 490nm and 750nm

using a Spectrafluor plate reader. Results wereesgpd as absorbance at (490nm-750nm).

2.5 Immunofluorescence staining of cells

To detect cell surface proteins by indirect immimmfescence, cells at 5xX'.per well on 4
well glass slides (Hendley, Essex, UK) were blockith 3% (w/v) BSA in PBS, pH 7.4 for
30 min on ice. Following washes with PBS, cells evarcubated with primary monoclonal
antibodies in serum-free RPMI (1:100 dilution) &r on ice. Cell washing with PBS, pH 7.4
to remove unbound Ab was followed by incubation hwipecific secondary antibody
conjugated with either FITC or PE (1:100 dilutiday 2h on ice. Stained cells were washed
twice with PBS, pH 7.4, fixed with 1% w/v formaldgte in PBS, pH 7.4 and were mounted
with Vectashield mountant with DAPI (Vector Labaraés) and examined using confocal

microscopy (Leica Microsystems).
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2.6 Detection of protein expression by Western blthg

2.6.1. Preparation of total cell lysates

Adherent cells were washed once with ice cold RB$,7.4 following aspirating the spent
medium and were lysed with 50l of lysis buffer®@ Tris-HCI, pH 7.4, 30mM NaCl, 1%
(v/iv) NP-40, 1mM EDTA, 1 mM NaF, 1 mM N¥O4, 0.1 mM PMSF and 1% (v/v) protein
inhibitor cocktail (Sigma—Aldrich, UK)) and the s were collected with a scraper. For
non-adherent cells, cells were collected by cargiifg at 300g for 3 min at°@. The
obtained cell pellet was washed once with ice-&8$ (pH 7.4) and finally lysed with 50ul
of lysis buffer with gentle pipetting. Cell lysategere incubated on ice for 30min and
clarified by centrifugation at 300g for 3 min &CAto remove debris. Samples were stored at
-80°C until used.

2.6.2. Estimation of protein concentration (Lowry’sassay method)

Protein concentrations of the total cell lysatesewestimated before loading samples for
PAGE and western blotting. The protein contentefdellular extracts was determined using
a commercial kit from Bio-Rad based on the Lowrytmod (Lowry et al., 1951).

The Lowry’s method utilizes phenol reagent of Fadind Ciocalteau. This is essentially
phosphotungstic phosphomolybdic acid which candskiced by phenols and many other
substances with phenolic rings to ‘molybdenum bl&ebdteins reduce phenol reagent, which

may be used therefore for their determination.

Standard protein solutions (BSA) ranging from OmgIml were loaded at Sul/well angill

of cell extract diluted with dl of dH,O, were added to wells of a microtitre plate in
triplicates. To the standard protein and cell ettsamples, 28 of Reagent A, followed by
20Qul of Reagent B were added and incubated for 15 atimoom temperature. The
absorbance values were recorded at 750nm using@r8pluor plate reader to produce the
calibration graph. From the protein standard grgpbtein concentrations of the cell extracts

was estimated.
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2.6.3. Sodium Dodecyl- Sulphate Polyacrylamide G&llectrophoresis (SDS-PAGE)

Separation of charged molecules under the influerican applied electric field forms the
basis of SDS-PAGE. Protein separation by SDS-PAGE lze used to estimate relative
molecular mass, the relative abundance of majolepr® in a sample, and to determine the

distribution of proteins among fractions.

2.6.3.1 Preparation of protein extracts for SDS-PAG

Protein extracts containing known amounts of tqiatein were solubilised in an equal
volume of 2x strength Laemmli buffer (125mM Tris-H@H 6.8, 20% (v/v) glycerol, 4%
(v/v) SDS, 10% (v/v) B-mercaptoethanol and 0.004% bromophenol blue) (lnaleet al.,
1970) and were denatured af@5or 5 min. Denatured protein samples were state@(C
until use or resolved by the SDS-PAGE method.

2.6.3.2 Preparation of stacking and resolving gefer SDS-PAGE

Polyacrylamide gels consisting of 3% (w/v) stackgsj and varying percentages of resolving
gel were prepared. The stacking gel was prepasegd) ®.2M Tris in 0.2% (w/v) SDS stock
solution, pH 6.8 and the resolving gel contained5M Tris in 0.2% (w/v) SDS stock
solution, pH 8.8. The polymerisation is initiatey the addition of freshly prepared 10%
(w/v) ammonium persulphate and N,N,N’,N’-Tetramd¢tlyylenediamine (TEMED). The
recipeof stacking and resolving gels and varying con@iuns of each recipe with varying
percentages of gels are tabulated in Table 2. Regogels were allowed to polymerise for
approximately 1hr under a layer of isopropanol tovftle an even surface while getting rid
of air bubbles. Once the gels were set, isopropaaslwashed off and the edges were blotted
dry using filter paper. Stacking gels were prepaecbrding to the recipe shown (Table 3),
layering the gel solution on top of resolving gehile taking care not to leave any air
bubbles. Well comb is inserted and the gels amvaitl to polymerise for 30-45min.
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Table 3.The recipe for polyacrylamide gels

Resolving GEL Ingradients @ 2gels of 1.5mm thicknegml)

Stock solutions Final acrylamide concentratiorh@ seperating gel (%)
5 6 7 7.5 8 9 10 12

30% acrylamide/ 2.812 | 3.375| 3.937 4.218 4.5 5.062 5.625 6.75
0.8% 5
bisacrylamide

4xTris.Cl/SDS, pH 5.625| 5.625| 5.623 5.625 5.62b 5.625 5.625 5.625
8.8

H-0 14.06| 13.12 12.93| 12.65| 12.375| 11.815 11.25 10.125
5 7 6
10% APS 0.075 0.07% 0.075 0.075 0.075 0.075 0.075.0750
TEMED 0.015| 0.015 0.01%5 0.015 0.015 0.015 0.015 1%.0
Stacking GEL Ingradients @ 2gels of 1.5mm thicknes@nl)
Acryl amide (40%) 0.7312
Tris HCI 1.875
H,0 4.818
10% APS 0.0375
TEMED 0.0075

2.6.3.3 Electrophoresis

Following gel polymerisation, gel plates were pthde the gel tank, combs were gently
removed from stacking gels and the gel tank isdilvith tris-glycine running buffer pH 8.5
(25mM Tris, 192mM glycine, and 0.1% (w/v) SDS). lgekere gently washed with running
buffer to remove air bubbles and protein sampleth(& maximum of 50g of protein) were
loaded into each well. Pre-stained molecular weightkers were loaded in one well to track
protein movement. Electrophoresis was performe@0at through the stacking gel and at

120V through the resolving gel until the markerctezd the bottom of the resolving gel.

2.6.4 Western blotting of proteins from polyacrylanide gels

Proteins resolved by SDS-PAGE were electrophoigticiansferred to nitrocellulose
membranes (Gelman Biosciences, UK) using a Bio-fRatl blot system. The protein gel
from the cast was carefully removed, equilibratedce-cold transfer buffer along with fibre
pads, blotting papers and nitrocellulose membrafiee protein gel overlapped with
nitrocellulose membrane was sandwiched betweentirdgotpaper which was further
sandwiched with fibre pads. Care was taken to re&maiv bubbles by rolling a glass rod
gently on the surface of the fibre pads. The sadded membrane was inserted into the
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blotting cassette which is further assembled irttinlg apparatus facing the protein facing
side on the membrane towards anode electrode. gpperatus was also filled with a frozen
ice container to prevent over heating of the systenhthe apparatus was filled with a litre of
ice cold transfer buffer. The electro transferhad proteins was then performed at a constant
200mA for 2 hours.

Protein transfer was confirmed by the transferighlweight pre-stained molecular markers
on the nitrocellulose membrane. Following transtke membrane was washed with TBS-
Tween (pH 7.4) incubated in the blocking solutib® (w/v) skimmed milk powder in TBS-
Tween (pH 7.4) with gentle agitation for 1 hourrabm temperature to prevent the non-
specific binding of antibodies in later steps.

2.6.5. Immuno-development of Western blots

Following blocking of the membrane with the blodkisolution, membranes were incubated
with the appropriate primary antibody diluted iblacking buffer with gentle agitation at 4°C
overnight. Blots were then washed thrice for 20 miwash buffer (LXTBS-Tween, pH 7.4)
with agitation. Membranes were then later incubatéth the suitable secondary antibody
conjugated with Horseradish Peroxidase (HRP) foaRloom temperature under agitation.
Following incubation with the secondary antibodyother set of washes was performed with
1XTBS-Tween and finally rinsed with PBS.

Amersham ECL Chemiluminescence system kit was dsedmmune-detection of blots,

where the two reagents A and B are mixed in equgpgation in which the nitrocellulose

membranes are incubated for 1 min. Following intioba the membranes were drained,
wrapped in cling film and placed in an autoradipima cassette. A photographic film was
exposed to the membrane for a varying length ot t{aslepending on the intensity of the
signal). Later, the film was developed and fixethg$GBX developer and fixer (Sigma, UK).

The film was finally washed and air-dried.

2.7 Membrane Stripping

To ensure equal protein loading or to re-probentieenbrane for any other specific proteins,

primary and secondary antibodies with which a memérwas previously probed were

removed by stripping the membranes with strippinffds (100mM 2-mercaptoethanol, 2%

(w/v) SDS, 50mM Tris-HCI, pH 6.7). The membrane wiasubated in stripping buffer at
74



50°C for 30 minutes by agitating occasionally. Tinlembrane was washed in 1XTBS-Tween
(v/v), pH 7.4, thrice for twenty minutes each amacked in the blocking buffer for 1 hour at
room temperature. The immune-development was [seiormed with relevant antibodies

followed by immune detection.

2.8 Detection of cell surface protein by biotinylabn

Biotinylation is the process of attaching biotin piooteins and other macromolecules via
targeting specific functional groups including pairy amines. The extraordinary affinity of

avidin for biotin is one of the strongest known ramvalent interactions and this interaction
is exploited to detect and purify proteins. Biotation of cell surface protein was performed
using EZ-link Sulfo-NHS-Biotin (Pierce) as descdi@Vang et al., 2010).

Briefly, cells were rinsed with ice-cold PBS (pH)Band were labelled with 0.8uM sulfo-
NHS-LC-biotin dissolved in PBS (pH 8.0) at 4°C & min. Following washing with 50mM

Tris—HCI, pH 8.0, cells were lysed in 1% (w/v) SDEPBS (pH 8.0) with benzonase at
1:1000 for 30 minutes on ice. Protein concentratiovere determined and cell lysates
containing 600 g of protein equivalent (followingntrifugation at 13,0009 for 20 minutes to
remove non-broken cells) were incubated with 50alitRAvidin-Agarose resin beads at 4°C
overnight on a rotating platform. Following washimgth PBS, pH 8.0, resin bead-bound
biotin labelled cell surface proteins were extrdcby boiling with 2x strength Laemmli

buffer at 95C for 5 min. Following centrifugation, supernatamtsre collected and samples

analysed by western blotting.

2.9 Co-immunoprecipitation

Co-immunoprecipitation, to detect the interactioetween proteins, was carried out as
previously described (Wang et al., 2012). BrieflOpg of protein equivalent cell lysates
were cleared by using protein-A-Sepharose beadgroXpmately 0.5ug of appropriate
antibody was added to pre-cleared cell lysatesimrubated for another 90min atCGton a

rocking platform to form immunocomplexes with thespective protein of interest.
Immunocomplexes were pulled down by incubating wtiotein-A-Sepharose beads and
were subsequently collected via boiling in 30ul 2k strength Laemmli buffer.

Immunoprecipitated proteins were detected via wediktting by using specific antibodies.
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2.10 Detection of cell surface TG2 activity via biin-cadaverine incorporation into

fibronectin

Measurement of TG2 activity via biotin cadaverinedrporation into fibronectin was carried

out as described (Scarpellini et al., 2009, Warg.e2012) with minor modifications.

2.10.1. Coating plates with Fibronectin

Wells of a microtitre plate were pre-coated withub0of 5pug/ml fibronectin in wash buffer
(50mM Tris-HCI, pH 7.4) overnight at 4°C.

2.10.2. Detection of TG2 activity

Following rinsing wells with 50mM Tris-HCI (pH 7.4nd blocking with 3% (w/v) BSA in
50mM Tris-HCI (pH 7.4) for 30min at 37°C, cells weseeded to wells at 2X1per well in
serum-free medium containing 0.132mM biotin X-cagtawe. Wells with 100ng of gpITG
with 10mM C&" or 10mM EDTA were used as positive and negativerots, respectively.
Following incubation for 2 h at 37°C, the reactiwas terminated by addition of 2mM EDTA
in PBS, pH 7.4 and the cells were removed by 0.4%)(deoxycholate in 2mM EDTA in
PBS, pH 7.4.

Following rinsing wells with wash buffer and blooki with 3% (w/v) BSA in 50mM Tris-
HCI, pH 7.4 for 30min at 37°C, biotin-cadaverineonporated into fibronectin was detected
by incubating at 37°C for 1 h with blocking buffeonjugated with HRP-conjugated Extr-
Avidin (1:1000; Sigma-Alrich, UK). Following washinwith wash buffer, development of
reaction is initiated by using OPD (Sigma). Colderelopment was terminated by addition
of 50 ul of 2.5M HSQO, and the absorbance was measured at 450nm usicigadjper plate
reader.

2.11 Analysis of protein kinase G translocation to membrane

THP-1/M@ were washed with 1XPBS, pH 7.4 and weratlgescraped into ice-cold
homogenisation buffer (10nM EDTA, 1mM NaF, 1mM N&3%, 50nM okadaic acid,
0.1mM PMSF, 1% (v/v) protein inhibitor cocktail, a@d0mM Tris-HCI, pH 7.4). Cells were
subjected to repeated freeze-thaw cycles at°@#hd 37C, and centrifuged at 300g for
10min to pellet the nuclei and other cell debrimt&n concentration of the cell homogenates
was estimated as described in section 2.6.2. 1®@ygotein equivalent supernatant was

further centrifuged at 20,000g for 20min to sepamtosol and membrane fractions. The
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resulting supernatants were considered to be @gaopt fractions while the pellet, re-

suspended in 30ul of homogenisation buffer, wasidaned as the membrane fraction. Both
the fractions were dissolved in equal volume ofsirength Laemmli buffer and the probed-
developed with mouse monoclonal anti-RK@nd with anti-mouse secondary antibody
conjugated with Horseradish Peroxidase (HRP) (8e@i6.5)

2.12 Transient transfection

Transient transfection is most commonly used mdéedechnique to investigate the short-
term impact of alterations in gene and protein espions. When cells were transfected with
long double stranded RNA (dsRNA), they block theression of endogenous genes in
sequence specific manner. The dsRNA are recograsedcleaved by dicer which is a
member of RNAase 3 family of dsRNA specific enddeases. Cleavage by dicer will create
short ds RNA'’s that are characterised by two nuiledong 3’ over hangs which are called
siRNA’s. These siRNA’s will form a ribonucleoprateicomplex called RISC or RNAI

silencing complex which includes an unidentifiedclease nicknamed slicer. RISC first
mediates the unwinding the siRNA duplex. A singtarsded siRNA that is coupled to RISC
then binds to a target mRNA in a sequence spegifaoner and slicer activity enable the
RISC to cleave mRNA. Cleaved mRNA is recognisedthy cell and destroyed thus

preventing translation occurring and silencing éxpression of the gene from which the
MRNA is transcribed. However, as the nucleic a@éduence is doesn’t integrate in to the
host cell genome unlike stable transfection, tliecebf the targeted gene knockdown will be

temporary.

2.12.1 siRNA Transfection

In order to silence the expression of TG2 or syadetin THP-1/Md@, four different SIRNAs
targeting human syndecan-4 and another four diffee@RNAs targeting TG2 or non-
silencing control siRNA (Qiagen) were used to imtfiiknockdown’ the expression of each
protein. Immol lyophilized siRNA was dissolved i00Ll of sterile RNase-free water to
obtain a 1QM solution and stored at -20°C. Transfection wasie@ out according to the
manufacturer’s protocol with slight modificationBriefly, 5X10° THP-1 cells in 2.3ml
cRPMI were seeded to 6-well plate. Simultaneowslgomplex mixture of SIRNA to reach a
final concentration of 150ng in 100ul of serum-fRR¥EMI and HiPerfect transfection reagent

was prepared and incubated for 10min at room teatyer. SiIRNA transfection reagent
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mixture was then added drop-wise to the THP-1scellmedium with gentle swirling to
ensure uniform distribution of the transfection tane. Following 48h of incubation with
SiRNA, THP-1 cells were double-stimulated to diffietiate to macrophage-like cells.
Following incubation for another 48h, whole celsdyes were used to analyse the level of

protein expression by western blotting.

Alternatively, 5x16 THP-1 cells seeded to 6-well plates were doubleuated to
differentiate to macrophage-like cells. Followingh2of differentiation, cells were transfected
with siRNAs using HiPerfect transfection reagenia@en). Following 48h of incubation with
SsiRNA, THP-1 cells were double stimulated to difietiate to macrophage-like cells.
Following incubation for another 48h, whole celsdyes were used to analyse the level of

protein expression by western blotting.

2.13 Chemotaxis and migration studies

M@ migration towards AC was studied using a Dunrenshtaxis chamber (Hawkley
DCC100) in conjunction with time-lapse microsco@héubey et al., 2011). THP-1/DS cells
treated as appropriate with cell-impermeable TGbitor R281 (1h in serum-free medium)
were detached into 5mM EDTA at %7 and reseeded to plastic cover slip in serum-free
RPMI. Following incubation at 3T for 20 min, the coverslip was inverted on a chexis
chamber and sealed in position, with chemoattréstplaced in the outer circular well and
RPMI 1640 medium as control in the inner well. I@eigration was recorded using time-
lapse microscopy (Zeiss Axiovert 200M controlled bgprovision Volocity software)
focussing THP-1/DS cells on the bridge betweendiner and inner circular rings and cell
migration either towards chemo attractants (aspaesentative of macrophage directional
migration) or random migration was quantified usimggeJ software.

2.14 Statistical analysis

Data are expressed as the mean + S.E.M for at fleaess independent experiments>3)
each undertaken in triplicate and were undertakangulnStat (GraphPad, La Jolla, CA,
USA). Statistical analysis of results was undenmaksing one-way analysis of variance

(ANOVA) using a post-test depending on the requaet
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Chapter 3

THP-1 macrophage model system
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Chapter 3

Results 1: THP-1 macrophage model system

3.1 Introduction

Removal of dead or diseased cells is crucial fonynhiological processes like tissue
remodelling, maintaining tissue homeostasis anddsolution of immune responses. With an
estimated loss of more than®1€ells per day (Elliott et al., 2009), the need édficient

removal is obligatory. Phagocytosis is a physiataffy-ancient and an extremely complex
process known to play a crucial role in processesh sas host defence against foreign
materials, infectious agents and diseased cellgil(%4 al., 2002). In response to stimuli
circulating monocytes in the bloodstream migrata &ite of infection or inflammation where

they differentiate to macrophages and clear ajpses.

Macrophages are multifunctional, professional plestes which are equipped with a wide
range of specialized and complex receptors thatatetethering and efficient ingestion of
dead and diseased cells (Savill et al., 2002, Deand Marshall, 2011). Macrophages
recognise, bind and internalise target cells winlediating anti-inflammatory responses
(Fadok et al., 1998). They interact with pathogefis,their evolutionary conserved PAMPs
(Janeway, 1992, Janeway, 2001). However, macroghage well characterised as
professional phagocytes of apoptotic cells whiadspnt ACAMPs ligands sharing structural
similarities with PAMPs (Tennant et al., 2013). tdgimultiple receptor-ligand pairs and
bridging molecules that are recognised by CD14 atiter patter-recognition molecules
(Devitt and Marshall, 2011), macrophages activéyacdead and diseased cells, and resolve

inflammation via producing anti-inflammatory medieg (Savill et al., 2002).

3.2 THP-1 derived macrophages

In the present study, human monocytic leukaemiklioel THP-1 (Tsuchiya et al., 1980), is
used for macrophage functional studies as this meltlel provides a valuable tool for
undertaking many experiments in a controllableesystFollowing external stimulation with
phorbol ester or vitamin D3, these THP-1 cellsatightiate to macrophage-like cells while
expressing adhesion molecules like ICAMs and VCAMisomas et al., 2013). Using three
differentiation strategies using phorbol-13-ace{@®lA), 1, 25-dihydroxyvitamin D3 (VD3)
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(Murao et al., 1983) or a combination of both (deuktimulation; DS), THP-1 were
differentiated for 48h and the resultant macropHdge cells were characterised for
macrophage phenotype e.g. change in morphologyeradbe and function with their
apoptotic cell binding ability.

3.2.1 Phenotypic characteristics of THP-1/M@

THP-1 cells, following differentiation to macropleiike cells, exhibit distinct
morphological changes compared to undifferentiatells (Figure 5A). THP-1/PMA and
THP-1/DS revealed extensive morphological changéh wespect to size, shape and
spreading compared to VD3 stimulated and unstiradlaells. PMA and DS induced cells to
spread producing irregular shaped bodies (Figude Signultaneously, a consistent change in
nuclear to cytoplasm is evident (Figure. 5B). Mg both PMA and DS cell types were
strongly adherent to plastic and resistant to wegghiwith either culture medium or PBS.
Cells required treatment with EDTA and vigorous knag to strip PMA or DS cells into
suspension. On the other hand, VD3 stimulated THRdwed few signs of alteration and
still continued to possess THP-1 like morphologyemms of size, shape and adhesion. THP-
1 and THP-1/VD3 looked semi-adherent and can bevethwith simple washings with a
pipette (Figure 5A). However, THP-1/VD3 cells exbithanges in their surface proteins and
express lots of CD14 and thus become responsikB $o(Thomas et al., 2013).

Similarly, flow cytometic analysis revealed diffaces in cell volume and granularity
between differentiated and undifferentiated THRells¢(Figure 6A). THP-1/PMA and THP-
1/DS revealed an increase in electronic volumesahel scatter, suggesting an increase in cell
size and granularity. An increase in cell size 8gn of increased number of organelles like
mitochondria and secretory vesicles implying thatlsc have undergone strict internal
changes to act as active effector cells (Daignesidt., 2010). Also differentiation of THP-1
caused an increase in autofluorescence an indicdtio cytoplasmic inclusions such as
protein—bound oxidised lipids, mitochondria, lyso®s rich in hydrolytic enzymes
(Havenith et al., 1993, Daigneault et al., 2010y\{Fe 6B).
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THP-1/PMA’

Figure 5. Microscopic analysis of THP-1/M@ morpholgy. A. THP-1 cells, seeded to
tissue culture dishes, were treated with eithern®Bb(PMA, 100nM VD3, or both (DS).

Untreated cells were maintained as a control. lalg 48h differentiation, cells were
analysed by light microscopyB, (63x) DIC image of THP-1/PMA showing clear MJ
adhesion and spreading.
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A. Volume and Granularity
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Figure 6. Flow cytometric analysis of THP-1/M@ morgology. THP-1 cells seeded to
tissue culture dishes were treated with 250nM PI#@QnM VD3, or both (DS). Untreated
cells were maintained as a control. Following 48ferentiation, cells were stripped off the
plastic surface using 5mM EDTA and were analysedflow cytometry. A, Electronic
volume (EV) against side scatter (SS) plots wereegged from 5000 events arig]
histograms of auto-fluorescence at 530nm with lcgjeson x-axis and event number on y-
axis. Results shown are the representative of thospendent experiments.

However, contradictory results were observed wapect to cell density in THP-1 and THP-
1/M@. A substantial increase in cell number duréd&h of cell differentiations is seen in
THP-1 and THP-1/VD3 consistent with cell divisidfollowing another 24h culture resulted
in overcrowding of cells. However, with THP-1/PMAd THP-1/DS, no change in cell
number was evident. This suggests that PMA treatiméibited the proliferating capacity of
the cells exhibiting terminal differentiation whileHP-1/VD3 still continues to grow like

untreated THP-1.
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Similarly, both PMA and VD3 differentiating agentsere known to up-regulate the
expression of Protein kinase C (PKC) isoenzyme$anaily of protein kinase enzymes
involved in controlling the function of other prats through the phosphorylation of hydroxyl
groups of protein bound serine and threonine amairid residues. PKC activation in turn
induces a greater degree of differentiation in THeéells (Schwende et al., 2006). However,
PMA but not VD3 mediated differentiation resultedRKCu isoenzyme translocation to the
membrane fractions (Figure 7) suggesting that liitfierentiating agents induce different

signalling pathways resulting different degree iffiedentiation.
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Figure 7: PKCa expression and membrane translocation in THP-1 diérentiated
macrophages 50ug protein equivalent whole cell lysates and mamd and cytoplasmic
fractionations from 50ug protein equivalent whotdl ¢ysates of THP-1/M@ (THP-1/VD3
and THP-1/DS) were subjected to SDS-PAGE and thebranes following western blotting
were probed with mouse monoclonal RKéntibody. Equal loading was verified by probing
with anti-actin antibody on stripped membranes. M#embrane fractionation; CF:
Cytoplasmic fractionation: WCL: Whole cell lysate.

3.2.2 Functional Characteristics of THP-1/M@

M@ are well known for their ability to interact WitAC and are considered professional
phagocytes. In light of this, the ability of ourngh of THP-1/M@ with apoptotic cells was
analysed following apoptotic cell generation

3.2.2.1 Apoptotic cell generation

In the current study, a human B cell line was usgdn apoptotic cell model. Apoptosis was
induced by exposing cells to UV (312nm) using Chaitarsvue C71 light box and UVX
radiometer (UV-P Inc., Upland, CA, USA) and incudshtovernight to allow apoptosis to
proceed (Torr et al., 2012). Apoptosis was analyadter by staining cells with acridine

orange to detect nuclear changes using fluorescemoc®scopy (Figure 8A) and scoring
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them as a percentage of apoptotic cells per tatadber of cells counted (Figure 8B), or by
labelling cells with annexin V (FITC)/ propidiumdae (PI) in binding buffer and detecting
characteristic changes via light scatter using ftgtometry (Figure 8C) (Dive et al., 1992).
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Figure 8. Apoptosis induction and analysisA, Mutu were induced to undergo apoptosis by
exposing to indicated doses of UV. Following ovghtiincubation, cells were stained with
acridine orange to reveal nuclear changes arrowshpaint to viable (V) and apoptotic (A)
cells, andB, the percentage of cells underwent apoptosis wastidied.C, Flow cytometric
analysis of UV induced cells (100mJ/Qncompared and viable (non-induced) Mutu. FS and
SS analyse (left hand panels) and annexin V/Ph gtéots (right hand side) are shown.
Apoptotic cells show low forward scatter and higthesscatter, characteristic of apoptosis.
The results shown are the mean + S.E.M of a reptatsee of three independent experiments
done in triplicates. Statistical analysis was caeld using ANOVA followed by Bonferroni

post-test (***P<0.001).
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As seen from figure 8A, nuclear changes represgntiassic signs of apoptosis were
visualised. As seen from figure 8B, UV induced Heat a dose dependent manner. Mutu
exposure to 100mJ/énUV radiation followed by incubation for 16hrs pided a robust

induction of apoptosis to maximal levels and thusswhosen for all future phagocytic

interaction (binding and phagocytosis) assays.

3.2.2.2 THP-1/M@-AC interaction assay

To assess the ability of our panel of THP-1-deriivid cells to interact with apoptotic cells,
THP-1 cells or THP-1/M@ were co-cultured with U\dirced apoptotic Mutu in 24 well
plates. Human monocyte derived macrophages (HMDNE&kction 2.2.8) were used as a

known positive control.
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Figure 9. THP-1/M@ interaction with AC. THP-1/M@ (PMA, VD3 or DS) or primary
human monocyte derived macrophages (HMDM@) wereutared with apoptotic Mutu for
1h at 37C in 5% CQ. Unbound apoptotic cells were washed off and #iks dixed with 1%
w/v formaldehyde. Cells were stained with diff duitand cells were scored as a percentage
of macrophages interacting with AC using light mexope. Data shown is the mean = S.E.M
for >3 independent experiments done in triplicates.iSiedl analysis was conducted using
ANOVA followed by Bonferroni post-test (**<0.001).

HMDM®@ bind lots more AC per M@. In comparison witMDM@ all THP-1/M@ showed

interaction with AC (Figure 9). However THP-1/PMA&ATHP-1/DS showed significantly

higher level of interaction compared to THP-1/VD&reover both THP-1/PMA and THP-

1/DS exhibited high phagocytic capacity by bindimgh many apoptotic cells (phagocytic
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index), ranging from 1-5 per cell, suggesting PMiinsllated THP-1 are more efficient

phagocytic cells.

3.3 CD14 expression in THP-1/M@

CD14 is a well-studied macrophage differentiatioarker; its expression in the panel of
THP-1/M@ is assessed. CD14 expression in diffeséiny macrophages at different time
point was analysed by western blotting using mausaoclonal antibody 63D3 for CD14
(Devitt et al., 1998). Whole cell lysates of THBH and THP-1/VD3 at 24h and 48h of
differentiation in comparison with undifferentiaté&#iP-1 were subjected to SDS-PAGE and
the membranes, following western blotting, werebpwith established mouse monoclonal
63D3 antibody for CD14 (Figure 10A). Similarly, tsurface CD14 expression was assessed
using indirect immunofluorescence staining of THEells and THP-1 derived M@ models
with established mouse monoclonal 63D3 antibodyGor14, followed by flowcytometric

analysis (Figure 10B).
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Figure 10. CD14 expression in differentiated THP-Icells over time. A.50ug protein
equivalent whole cell lysates of THP-1/M@ (THP-1/RNIHP-1/VD3 and THP-1/DS
differentiated for 24h and 48h were subjected t&FHAGE and the membranes following
western blotting were probed with mouse monoclog8D3 antibody for CD14.
Undifferentiated THP-1 cells were used as contfgjual loading was verified by probing
with anti-actin antibody on stripped membranBs.Cell surface expression of CD14 in
THP-1 derived macrophagesTHP-1 and THP-1/M@ differentiated for 48h were jecbed
for indirect immunofluorescence staining for sugaxpression of CD14 with the established
monoclonal antibody 63D3 (Red) or MOPC21, isotypatml| (Blue) and were analysed
using VenturiOne analysis software. Data showrhérepresentative of three independent
experiments.
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As seen from figure 10A, detectable CD14 expres@oexpressed by all three THP-1/M@
models and enhanced CD14 expression is evidentMdt+1 differentiation to macrophage-
like cells. THP-1/PMA and THP-1/DS expressed highels of CD14 compared to THP-
1/VD3. Moreover, time-dependent expression of CDdudring the course of THP-1
differentiation to macrophage-like cells is evidedbwever, as seen from figure 10B, cell
surface expression of CD14 is more pronounced iRP-IW/D3 compared to THP-1/PMA,
contrary to whole cell expression as seen from evasblot analysis. This is in line with
Scwende et al. (1996), Daigneault et al.(2010), Endmas et al. (2013) who showed high
cell surface CD14 expression in THP-1/VD3 compaied HP-1/PMA by flowcytometric

analysis.

3.3.1 CD14 dependent AC clearance

Earlier studies by Devitt et al (1998) using HMDM@plicated CD14 in the clearance of AC
and further confirmed CD14 as a tethering recefmvitt et al., 2004). To examine the
involvement of CD14 in AC clearance by our panellbfP-1-derived macrophages, a Md@-
AC interaction assay was conducted both in presandeabsence of anti-CD14 monoclonal
antibodies 61D3 (a known blocker of AC interactisith M@) and 63D3 (an isotype
matched, non-blocker) (Devitt et al., 1998) (Figuie
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Figure 11. CD14-dependent AC clearance. ATHP-1 cells induced to differentiate with
PMA and PMA+VD3 (DS) were co-cultured with apoptoMutu for 1h at 37 both in
presence and absence of monoclonal antibodies 6@BI33 or no Ab-controlUnbound
apoptotic cells were removed by washing and THRells cwere fixed with 1% (w/v)
formaldehyde. Cells were stained with diff quickaid cells were scored as a percent of
macrophages interacting with AC by light microscoBy while M@-AC was carried using
THP-1 cells induced to differentiate with VD3 whiahowed less adhesion compared to
THP-1 cells induced to differentiate with PMA an® With minor changes in the protocol in
terms of washing. Data shown is mean +SEM f&B nndependent experiments done in
triplicates. Statistical analysis was conductech@gidANOVA followed by Bonferroni post-

test (*** P<0.001).

Irrespective of CD14 expression in PMA or VD3 diffatiated, all three THP-1 derived
macrophages used CD14 to clear AC with a varyingrete of CD14 dependence. 61D3
blocked interaction between M@ and AC in all thig¢P-1/MJ. CD14 antibody 63D3 that
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lacks blocking activity, though it is known to reéatrongly with CD14 in ELISA and on
western blot (Devitt et al., 1998) was used as awknnegative control. Though earlier
studies by Scwendet al. (1996); Daigneaulét al. (2010), have proposed that THP-1/PMA
doesn’t express CD14, it is quite evident from wasiblot analysis (Figure 10A) and M@-
AC interaction assay (Figure 11) that PMA differatéd THP-1 does express CD14 and
make use of it to clear AC.

3.4 TG2 expression in THP-1/M@ models

Transglutaminases, a family of €adependent acyl transferases catalyse covalent bond
formation between lysine and glutamine- residuesanget proteins leading to their post
translational modifications (Griffin et al., 2002)ransglutaminase 2 (TG2) is known to be
involved in monocyte extravasation to sites ofanfmation and its expression is upregulated
during monocyte differentiation to macrophage (Mugh et al., 1983). TG2 has been
proposed to be involved in the process of M@ cleegaof AC (Szondy et al., 2003). As,
characterizing the role of TG2 in M@ function i®tbore aim of this thesis, initially the TG2

expression profile in the panel of THP-1 derived M@tk analysed by western blotting.
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Figure 12. TG2 expression in M@ modelsb0ug protein equivalent whole cell lysates of
THP-1 and THP-1-derived M@ along with HMDM@ wereabysed by western blotting.
Membranes were probed using monoclonal anti-TGbady TG100 and mAb binding was
revealed by HRP-conjugated anti-mouse secondaiyaatyt Equal loading was verified by
probing with anti-actin antibody on stripped menmas Blot shown is representative of four
independent experiments.
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A detectable level of TG2 is expressed in THP-1/ENIAP-1/DS and in HMDM@, the most
adherent M@ types. However, no detectable lev@l@2 expression is seen in THP-1 and
THP-1/VD3, the least adherent types suggesting Th#?-1/VD3 stimulation may take a
different signalling pathway with respect to TG2eession when compared to phorbol ester

mediated signalling. This may be reflected in tegrée of differentiation.

To make a comparison of TG2 expression in THP-1s déroughout their differentiation
period with PMA differentiated or with PMA/VD3 (TGBxpressing) TG2 expression in
PMA and DS differentiated THP-1 at different timeiqds during differentiation was
analysed by western blotting (Figure 13).
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Figure 13. TG2 expression profile in differentiatig THP-1 cells.50ug protein equjyalent
whole cell lysates of THP-1/PMA and THP-1/DS duriddferent time points of their
differentiation were analysed by western blottifggmbranes were probed using monoclonal
anti-TG2 antibody TG100 and mAb binding was reveady HRP conjugated anti-mouse
secondary antibody.Equal loading was verified by probing with anti-tib antibody on
stripped membranes..

Detectable levels of TG2 expression are seen ih betP-1/PMA and THP-1/DS from 6-
12hr of differentiation following stimuli (Figure3).
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TG2 is a ubiquitously-expressed isoform, existimgra and extracellularly with varied
biological functions. Though TG2 is predominantlgcdlised in cytoplasm, by an
unconventional pathway it is known to be extermalig/here it interacts with cell surface and
matrix-bound proteins (Aeschlimann et al., 1995fffaret al., 2002, Collighan and Griffin,
2009). With this in mind, TG2 cell surface expressin our panel of THP-1-derived M@
was analysed via biotinylation of cell surface pmo$. Consistent with whole cell TG2
expression (Figure 12) THP-1/PMA and THP-1/DS gitprexpressed TG2 at the cell
surface (Figure 14A). Similarly, cell surface exgmien of TG2 in THP-1/DS is clearly

revealed with indirect immunofluorescence microsc@fgure 14B).
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Figure 14. Cell surface expression of TG2 in THP-M@. A, Cell surface biotinylated and
neutravidin purified surface proteins of THP-1, THM@ and HMDM@ were analysed by
western blotting. Membranes were probed using monat anti-TG2 antibody TG100 and
were revealed by HRP conjugated anti-mouse secgndatibody. B, THP-1/DS were
immunostained with monoclonal anti-TG2 antibody @aA402), which was revealed by
FITC-congugated secondary antibody. Nuclei wermstawith DAPI. Specimens were fixed
with 1% w/v formaldehyde following antibody staiginand imaged using confocal
microscopy for cell surface TG2 expression. Blaiwh is the representative of four different
independent experiments.
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3.5 TG2 expression in an apoptotic cell model

Apoptosis is a fundamental biological function imintaining tissue homeostasis (Hammar
and Mottet, 1971). Several investigations to dateealed the supposed role of TG2 in cell
death and survival (Fesus and Szondy, 2005, VemdaMehta, 2007, Park et al., 2010).
Under normal conditions, TG2 activity is tightlygndated by GTP activity. However, under
extreme stress conditions and depending on tHé i@fux, TG2 activation is no longer
inhibited (lismaa et al., 2009) and this mediatess-linked protein scaffolding in dead cells
(Smethurst and Griffin, 1996). This stabilisatiogsiats in maintaining dead cell integrity
thereby preventing release of harmful cell comptsénto the extracellular environment. In
line with the above information, TG2 expressiorMuatu cells (used as a source of apoptotic
cells) were also analysed for TG2 expression. éstargly, neither viable nor apoptotic
cells/apoptotic bodies of Mutu showed detectablelteof TG2 expression by western blot

analysis (Figure 15).
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Figure 15. TG2 expression in Mutu B cells0ug protein equivalent cell lysates of viable,
apoptotic cells and apoptotic bodies (micro pastitlof Mutu were analysed by western
blotting. Membranes were probed using monoclonalBB2 antibody TG100 and mAb
binding was revealed by HRP-conjugated anti-moesersgdary antibody. Equal loading was
verified by probing with anti-actin antibody on ipped membranes. Blot shown is the
representative of three independent experiments.
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3.6 Discussion

Phagocytosis of AC by professional macrophagest®ramateur phagocytes is considered
to be the ultimate step in the process of apop{t@sr et al., 1972)Defective clearance of
AC by M@ is known to result in chronic inflammatcapd autoimmune disease. Mechanisms
by which apoptotic cells can be recognized andlypatmoved without triggering immune
response have been of great interest for sevesaabyApoptotic cells express different cell
surface changes which allow their recognition bycrophages, while macrophages on the
other hand express several specific receptors armtitb the recognition signal directly or
indirectly. Bridging molecules may facilitate thedirect binding. As a whole, an array of
apoptotic cell-associated molecules, macrophagepters and soluble bridging molecules
work in a well-synchronized manner for rapid cleae of apoptotic cells (Savill et al., 2002,
Devitt and Marshall, 2011).

In the present study THP-1, a human monocytic leoka cell line was used as a
macrophage model system which, following stimulatitifferentiates to macrophage-like
cells. THP-1 is a widely used cell line to modehtan macrophage function (Schwende et
al., 1996, Tominaga et al., 1998, Daigneault et2010, Auwerx, 1991). THP-1 cells are
known to behave more like native monocytes comptreadher cell lines like U937, HL-60,
KG-1 or HEL (Auwerx, 1991, Daigneault et al., 201THP-1 differentiation to macrophage
like cells was induced by phorbol -1,3-acetate (AMA25-dihydroxyvitamin D3 (VD3) or
both (PMA+VD3) for 48h. Both PMA and VD3 differeation agents were known to
upregulate the expression of PKC isoenzymes byt BMA treatment will result in PKC
isoenzyme translocation to membrane, which couldatigieved by varied differentiation

signalling pathway.

THP-1 cell differentiation resulted in macrophade-Icells characterised by morphological
changes and their ability to interact with apopmtotells, which is a well-established
functional characteristic of monocyte-derived matiages (Devitt et al., 2003). PMA on its
own or double stimulation induced characteristiaphological changes in THP-1/PMA and
THP-1/DS: increases in cell size, cell volume, gtanty, cell adhesion, cell spreading and
formation of lamellipodia-like structures. Howeva&fD3-mediated differentiation induced
few morphological changes as they retained theappee of undifferentiated THP-1 cells.

Moreover, THP-1 and VD3 differentiated THP-1 congento proliferate over the period of
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differentiation while use of PMA on its own or imrgugation with VD3 had a profound
effect on regulating cell density. This is consisteith these cells having a more immature
monocytic phenotype when compared to the PMA ordelss, that both showed reduced
division and possible cell fusion (Miyamoto et &Q12). It might be suggested that THP-
1/PMA and THP-1/DS are macrophages as they ardnaligndifferentiated cells. A slight
reduction in cell number is observed with PMA di#fetiation which could be either because
of triggered cell adhesion property or cell fusi@Miyamoto et al., 2012). Signalling
processes mediated by STAT6 and DAP12, or losg8iT3-induced cell fusion resulting in
multinucleated giant cells (Miyamoto et al., 2012imilarly cell-cell adhesion, mediated by
E-cadherin induces fusion which is in consisterthvaur cell spreading observation which
may lead to cell-cell adhesion (Helming and Gorda@09). However, Mystkowska &
Sawicki, (1987) have shown that the effect of PMA mouse embryos is not due to cell
fusion but inhibition of cytokinesis before karyoksis suggesting PMA treatment affected
cell division and cell proliferation and there 13 real loss of cells by cell death (Mystkowska
and Sawicki, 1987).

Similarly, CD14 (one of the best-characterised mpltage markers) was up regulated during
THP-1 differentiation to M@-like cells in all threEHP-1/M@ models confirming
macrophage identity in the panel of THP-1/M@ iredtfve of varying morphological
differences. Moreover, M@-AC interaction assay Hart confirmed phagocytic ability of
THP-1/M@. Cell surface expression of CD14 is momenpunced in THP-1/VD3 compared
to THP-1/PMA and is in line with earlier studies Bgomaset al. (2013). At the same time,
studies by Scwenda al., (1996) and Daigneaudt al., (2010) proposed that THP-1/PMA do
not express CD14, but it is evident here from westéot analysis (Figure 10A) and MJ-AC
interaction assay that PMA differentiated THP-ledpress CD14 and make use of it to clear
AC establishing THP-1/PMA, THP-1/VD3 and THP-1/DS aseful M@ model system.

However, the differences in these results are ulbt finderstood.

As a platform to the core aim of this thesis, TGpression profiles in the panel of THP-1-
derived M@ was analysed by western blotting. A cielele level of TG2 is expressed in the
whole cell lysates of THP-1/PMA and THP-1/DS. Viaface biotinylation and by indirect

immunofluorescence, TG2 expression on the M@ ceefiase is clearly revealed. However,
THP-1 and THP-1/VD3 expressed no detectable TG2esgpn, suggesting that VD3
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derived THP-1/M@ continue to be more like undiffeiated THP-1 in terms of TG2
expression. Lack of TG2 expression in THP-1/VD3lso consistent with morphological
changes following differentiation where THP-1/VDBosved no changes in morphology as
like THP-1/PMA and THP-1/DS. Similarly, no deted@ali G2 expression is seen following
induction of apoptosis in Mutu cells. These resuitghlight THP-1/PMA and THP-1/DS
cells as powerful models to address the functiom®@®2 at the cell surface of macrophages.

This has not been addressed to date.
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Chapter 4

Loss of TG2 activity affected M@

Interaction with AC
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Chapter 4
Result 2: Loss of TG2 activity affected M@ interadbn with AC

4.1 Introduction

Diverse physiological and pathological processémte cell apoptosis, and the final stage in
the apoptotic programme is the removal of apoptits (Henson and Hume, 2006). Prompt
removal of apoptotic cells is essential, failurevdiich results in release of self-antigens

leading to several autoimmune diseases (Michlewskdh, 2007).

Transglutaminases are a family of"Cand thiol- dependent acyl transferases well knosvn f
their ability to catalyse covalent bond formatiogtveeeny-carboxamide groups of peptide
bound glutamine anekamino groups of peptide bound lysine (or, a patyree) (Griffin et
al.,, 2002). TG2 is a unique and well-studied memberthe transglutaminase family
(Collighan and Griffin, 2009) with multiple functis (Fesus and Piacentini, 2002,
Aeschlimann and Thomazy, 2000). In addition towtdl established cross-linking function,
it also possesses GTPase activity, deaminatiomitgctprotein disulphide isomerase activity
and protein kinase activity. TG2 is predominanttpressed in the cytoplasm, but via a yet to
be defined mechanism; it gets translocated to tleens (via interacting with importia3)
(Peng et al., 1999), mitochondria (Piacentini et2002) and even to the cell surface where it
is known to interact with extracellular matrix peots. It functions as an adaptor protein in
facilitating cell adhesion to fibronectin via intags (Akimov et al., 2000) and even aids in

integrin clustering and signalling (Janiak et 2006).

TG2 involvement in M@ and in M@ function has be&mdged. It is known to be involved in
monocyte extravasation to sites of inflammation eawen its expression is upregulated during
monocyte-M@ differentiation (Murtaugh et al., 1983\lost importantly, TG2 is well
recognized in macrophage phagocytosis of apoptetls (Szondy et al., 2003) while in vivo
loss of TG2 results in impaired AC engulfment (Skpmet al., 2003, Falasca et al., 2005).
M@ infiltrate sites of infection and contribute tbe inflammatory response through the
production of cytokines. One such cytokine is TEFwhich is required for TG2 induction
via its response element in thEGM2 gene promoter (Ritter and Davies, 1998) thus
promoting phagocytosis (Fadok et al.,, 1993). Moezpvothet al. (2009) confirmed that
TG2 is needed for efficient phagocytic portal fotima. Similarly, Hodreaet al. (2010)
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proposed that TG2 is expressed and active on thec8li&urface. However, the function of

cell surface TG2 in AC clearance is not known.

Based on our understanding of TG2 involvement irtnoghage phagocytic function from
the mouse model work, this chapter dissects thetifium of TG2 in human macrophages by
using the human monocytic leukaemia cell line, TH®Rhile simultaneously working on the
human blood monocyte-derived macrophages. Usinge-dsiected irreversible
transglutaminase inhibitors 1, 3-dimethyl-2-imidi@m derivative R283 (cell permeable),
peptidic inhibitors R281 and R294 (Cell impermeabdich were synthesized at Aston
University (Griffin et al., 2008) along with comnagally available Z-DON Z-DON-Val-Pro-
Leu-OMe), which are designed to target the active cystesglue in the catalytic triad of the
TG2 core domain, the work presented here will asséwether the role of TG2 in apoptotic
cell clearance is activity or conformation-depengdeiether it is involved in other phases of
apoptotic cell clearance (e.g. attraction, bindemgd/or phagocytosis) and whether cell

surface TG2 is functional.

4.2 TG2 inhibitors reduce THP-1/M@ interaction with AC

To confirm the role of TG2 in M@ clearance of apmt cells, three different THP-1/M@
models were generated by stimulating with PMA (THPMA), 1,25-dihydroxyvitamin D3
(THP-1/VD3) or by both PMA and VD3 (THP-1/DS). THPPMA and THP-1/DS were
known to express TG2 while no detectable level§@2 expression are seen in THP-1/VD3
(Figure 12). After 48h of differentiation, cells mewashed and treated with either cell
permeable (R283 & Z-DON) or cell impermeable (R2&1R294), irreversible TG2
inhibitors at 500uM in RMPI containing 0.2% (w/wp\bne serum albumin for 1h (Griffin et
al., 2008). Cells were washed with fresh cultuetlam and were co-cultured with apoptotic
Mutu for 1h at 37C. Unbound AC were removed by washing, macrophagese fixed with

1% w/v formaldehyde, stained with Diff quik Il asgored as a percentage of macrophages

interacting (i.e. tethering or phagocytosing) wk@ using light microscopy (Figure 16).

102



1007 *kk

c IA ] [ Control
o -
S L—h‘ﬁ; —— O Res3
1= ] nlim Bl R294
Q S ARE T = Z-DON
S
S 25
2

G:

THP-1/PMA THP-1/VD3 THP-1/DS

Figure 16. TG2 inhibitors affects THP-1/M@ clearane of AC. THP-1cells stimulated to
differentiate with VD3 (THP-1/VD3); PMA (THP-1/PMAQr both (THP-1/DS) were treated
with the indicated TG2 inhibitors for 1h at°8Z R281, R283 and R294 were used at 500uM
and Z-DON at 100uM final concentrations. Inhibitozated cells were washed and co-
cultured with apoptotic Mutu for 1hr. Unbound AC meemoved by washing, macrophages
were fixed with 1% w/v formaldehyde, stained witlf[Quik Il and scored as the percentage
of macrophages interacting with AC using light mogzopy. Atleast 200 M@ were scored in
each replicate well. Data shown is mean +SEM fe8 mdependent experiments done in
triplicates. Statistical analysis was conductedg#iNOVA followed by Dunnett’s post-test.
(*P<0.05*** P<0.001)

During 1h period of M@-AC co-culture, THP-1/PMA adddP-1/DS untreated with TG2
inhibitors showed ~80% of M@ interacting with aas¢ one AC, whilst a significantly lower
number of THP-1/VD3 interacted with AC. Upon treatthwith TG2 inhibitors, a profound
inhibition in M@-AC interaction is seen in THP-1/PMand THP-1/DS, while no such
significant reduction in interaction is seen witHH-1/VD3 in comparison to its control and
this is in consistent with TG2 expression (Figud®).1 This suggests a likely different
differentiation phenotype in THP-1/VD3 unlike THPFPMA and THP-1/DS with respect to
TG2 expression. All four TG2 inhibitors includinget cell impermeable inhibitors R281 and
R294 reduced M@-AC interaction in those M@ thatresped TG2 (Figure 12) suggesting
that TG2 is mediating at least some of its actiainthe cell surface. Moreover, as seen from
figure 17, a dose-dependent TG2 inhibitor activityseen in all three THP-1 macrophage
models which are more pronounced in TG2 expresEiig-1/PMA and THP-1/DS.
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Figure 17. TG2 inhibitors can reduce M@-AC interacton in a dose-dependent manner.
THP-1/M@ were treated with the indicated concerdret of cell impermeable TG2 inhibitor
R281 and cell permeable TG2 inhibitors R283 anddR2Xheck the dose dependency effect
of TG2 inhibitor on M@-AC interaction. Inhibitoraated THP-1/M@ were co-cultured with
apoptotic Mutu for 1h at 3. Unbound AC were washed, macrophages were fixtrd W%

w/v formaldehyde, stained with Diff quik 1l and sed as a percentage of macrophages
interacting with AC using light microscopy. Atleg&®0 M@ were scored in each replicate
well. Data shown is mean +SEM foe3 independent experiments done in triplicates.
Statistical analysis was conducted using ANOVA dakd by Dunnett's post-test. (***
P<0.001; NS: Non significant)

With respect to THP-1/VD3, though there is a sigaifit reduction in interaction in the
presence of TG2 inhibitors at higher concentrations such significant reduction in
interaction was evident at lower concentrations.réddwger, any significant reduction in
interaction seen with THP-1/VD3 is significantly ofulower than that seen with THP-
1/PMA and THP-1/DS at a similar TG2 inhibitor contation. The slight insignificant
variations with varying inhibitor concentrationsagomparison to control could be because of
small levels of TG2 not easily detected by Westdoiting; an effect on other TG family
members in the cells, or a toxic effect experienmgdells with TG2 inhibitors being used at
such a high concentration. If toxicity is an issa@ising the slight effects in presence of TG2
inhibitors in THP-1/VD3, a similar toxic effect mayso be in THP-1/PMA and THP-1/DS,
contributing to a reduction in M@-AC interactiono &ddress any possible toxicity effect on
M@ due to TG2 inhibitors, cells were treated withibitors and checked for nuclear (using

DAPI) and other morphological changes in TG2-exgires THP-1/DS and cell viability
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using the XTT assay. The XTT assay is based ordheersion of water soluble 2,3-bis (2-
methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) cartyl]-2H-tetrazo-lium hydroxide
(XTT) reagent to an orange coloured formazan bywelgt respiring cells. Mitochondrial
succinoxidase and cytochrome P450 systems, asawéhvoprotein oxidases are considered
to be primarily involved in the conversation of XTd formazan (Altman, 1976, Roehm et

al., 1991).
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Figure 18. TG2 inhibitors exert no toxic effect onTHP-1/M@. A, THP-1/DS treated with

or without cell impermeable TG2 inhibitor R281 @0pM final concentration for 1hr.
Following washing, cells were stained with DAPKefd with 1% w/v formaldehyde and
imaged using fluorescence microscoBy.THP-1 derived macrophage-like cells were treated
with both cell impermeable (R281, R294) and cethpeable (R283, Z-DON) TG2 inhibitors
for 1h and subsequently incubated with XTT reagkmt 4h. Colour development, a
representative of cell viability was read at 490rbata shown is mean +SEM for n=3
independent experiments done in triplicates. Stedis analysis was conducted using
ANOVA followed by Dunnett’s post-test (**£<0.001).
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As seen from nuclear staining (Figure 18A), no ¢jfegaim nuclear morphology is noted with
R281 treatment and as evident from phase imagesrahted cells look healthy with respect
to cell adhesion and spreading. Yet, TG2 inhibiteated THP-1/M@ noted to have multiple
nuclei compared to untreated THP-1/M@ which cowddalpossible cell fusion phenomenon
common in M@. However, Mystkowska & Sawicki, (198¥§ve shown that PMA treatment
inhibits cytokinesis before karyokinesis preventoalj division using mouse embryo models.
Similarly, the cell viability test using the XTTagent showed no evidence of cell death with
any of the TG2 inhibitor used on either of the THRMJ model but clearly revealed

hydrogen peroxide at 2(QM-induced cell death in all models.

4.3 TG2 inhibitors inhibited THP-1/M@ binding to AC.

Following AC recognition, the second stage in the édearance mechanism is binding which
initiates signalling events leading to AC engulfme®o, to determine the effect of TG2
inhibitors on macrophage binding to AC, THP-1/Mdlldwing treatment with TG2
inhibitors were co-cultured with apoptotic Mutu2°C which will facilitate just binding of
M@ to AC (Figure 19).

*k%k

oS

W

VT TN - TR - T -
]
‘|

% M@-AC Binding
H

(@)

[ [ [ [ [
Control R281 R283 R294 Z-DON

Figure 19. TG2 inhibitors affected THP-1/M@ bindingto AC. TG2 inhibitor treated HP-
1/DS were co-cultured with apoptotic Mutu for 1h24PC in 5% CQ.Unbound AC were
washed off and macrophages were fixed with 1% w/hnaldehyde. Cells were stained with
diff quik 1l and cells were scored as a percentaigmacrophages interacting with AC using
light microscope. Atleast 200 M@ were scored inhe@plicate well. Data shown is the mean
+ S.E.M for n=3 independent experiments done iplitates. Statistical analysis was
conducted using ANOVA followed by Dunnetts post-{gs* P<0.001).
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In contrast to data from interaction (binding arthgocytosis) assays, (Figure 16 & 17)
where approximately 80% of macrophages interactiéldl AC, only approximately 35% of
phagocyte showed binding to AC at this reduced &ratpre (Figure 19). Importantly, TG2
inhibitors exerted a significant reduction in M¢htling to AC as seen in inhibitor-treated
M@ and inhibition of cell tethering was shown by thle TG2 inhibitors tested. Data from
figure 16 and figure 19 suggests that TG2 playsanment role both in macrophage binding
to and subsequent phagocytosis of AC and moretseiggests that TG2 at the macrophage
cell surface is responsible for, at least, pathf effect.

4.4 Inhibition of TG2 reduces interaction of HMDM@ with AC

To check the effect of TG2 inhibitors on in vitrdfdrentiated HMDM@ clearance of AC,
isolated monocytes, following differentiation for87days were treated separately with all
four TG2 inhibitors for 1hr and co-cultured withaggotic Mutu for another 1hr. As seen
from figure 20, TG2 inhibitors showed a similar teat of inhibition in HMDM@-AC
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Figure 20. Inhibition of TG2 reduces interaction of HMDM@ with AC. TG2 inhibitor
treated HMDM@ were co-cultured with apoptotic Mditw 1h at 37C in 5% CQ, Unbound
AC were washed off and macrophages were fixed Wthw/v formaldehyde. Cells were
stained with diff quik 1l and cells were scoredapercentage of M@ interacting with AC
using light microscope. Atleast 200 M@ were scaredach replicate well. Data shown is the
mean = S.E.M for B3 independent experiments done in triplicates.iSiedl analysis was
conducted using ANOVA followed by Dunnetts post-{gs* P<0.001).
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All four TG2 inhibitors reduced HMDM@ interactioniti AC. Similar interaction patterns
were seen in both THP-1/M@ (Figure 16 & 17) and HWID in the presence of TG2
inhibitors suggesting that THP-1/M@ are good maaleHMDM@ in terms of phagocytic

function and TG2 expression. Moreover, it clearhplies that TG2 plays a crucial role in

mediating M@-AC interaction loss of which will impghagocytic function.

Similarly, the effect of TG2 inhibitors on macrogea eating yeastGandida albicans)
(Keppler-Ross et al., 2010k,.coli (Fluorescent K-12 strain) or resin beads (Gilbettal.,
2008) was also tested. Clearance efficiencl.obli, latex beads or yeast cells by both THP-
1/DS and THP-1/DS/R281 was carried out by replach®@ (Figure 21) in a standard

interaction assay.
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Figure 21. TG2 inhibitors reduced AC replacements p-take by THP-1/DS. THP-
1/DS+R281 were co-cultured with latex resin begesst and fluorescent labell&ccoli for

1h at 37C in 5% CQ, Unbound latex beads, yeast Brcoli were washed off and
macrophages were fixed with 1% formaldehyde, sthmvéh Diff quik Il and scored as a
percentage of macrophages interacting with resad$eyeast or E.coli using fluorescence
microscopy. THP-1/DS co-cultured with AC was mamméa as known positive control.
Atleast 200 M@ were scored in each replicate vizdita shown is the mean + S.E.M for n=3
independent experiments done in triplicates. Siedis analysis was conducted using
ANOVA followed by Bonferroni post-test (**<0.001).
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Clearance efficiency of resin beads, yeadt.ooli by TG2 inhibitor R281 treated THP-1/DS
was impaired compared to untreated THP-1/DS assadsa with AC. Taken together, it is
evident that TG2 plays a common role in M@ phagosigt of AC and other immune
stimulatory particles and their clearance is redungresence of TG2 inhibitors.

4.5 M@ TG2 is active for AC clearance

The results presented above suggest that TG2 iafsknhibit both M@ binding to and M@
interaction with AC in both THP-1/M@ and HMDM@. Fhindicates a TG2 requirement in
mediating M@ clearance of AC. However, it is natasl whether inhibition of M@-TG2 or
AC-TG2 (or both) promotes M@-AC interaction. In erdo understand the target of TG2
inhibitors and to check the effect of TG2 inhib#ayn individual cell types with respect to
M@-AC interaction, an interaction assay was perfdrwvhere M@ alone treated or AC alone
were treated with TG2 inhibitors for 1hr prior to-culture with AC. The results of these

assays are shown in figure 22.
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Figure 22. M@ TG2 is crucial for mediating M@-AC interaction. THP-1/DS and
apoptotic mutu were treated with the indicated Ti@di#bitors for 1hr and subsequently co-
cultured for 1hr at 3. Unbound AC were removed by washing, macrophages fixed
with 1% w/v formaldehyde, stained with Diff quik Bnd scored as the percentage of
macrophages interacting with AC using light micasg Atleast 200 M@ were scored in
each replicate well. Data shown is mean +SEM fe8 mdependent experiments done in
triplicates. Statistical analysis was conductech@#&iNOVA followed by Dunnett’'s post-test
(* P<0.05; *** P<0.001).
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M@ alone treated with TG2 inhibitors but not AC radotreated resulted in a significant
reduction in M@-AC interaction (Figure 22), implgrthat the TG2 inhibitor affects M@-
TG2 and is critical in facilitating AC clearancehi¥ is in agreement with TG2 expression
studies that suggest Mutu cells do not express (Fi@ire 15).

It is evident that in both THP-1/M@ (Figure 16) aHMDM@ (Figure 20), TG2 has got a
vital role to play and loss of which will affectetin phagocytic function resulting in impaired

AC clearance. Additionally, M@-TG2 is central iretabove process (Figure 22).

4.6 TG2 knockdown in macrophages results in reduceability to interact with AC

TG2 inhibitor studies suggest that TG2 plays al vitée in M@-AC interaction. To confirm
this suggestion by another approach, TG2 knockdeas undertaken to assess the effect on
M@-AC interaction. Initially transient transfectiamsing siRNA to knockdown TG2 was
undertaken. THP-1/DS were transfected with foufed#nt siRNA targeting human TG2
using HiPerfect transfecting reagent as per theufaaturer’s instructions. Global inactive
control siRNA was used as a control. Following 48hransfection, whole cell lysates of
TG2 siRNA transfected THP-1/DS were analysed foRTéXpression by western blotting.
However, no knockdown in TG2 expression was seéh any of the TG2 siRNA. With a
slight modification in the existing protocol, THPeglls following only 24h stimulation with
PMA/VD3 to differentiate towards M@ were transfetfer another 48hrs (taking the overall
differentiation time to 72h). Following washing, @la cell lysates were analysed by western
blotting to check the level of TG2 knockdown. Agisdrom figure 23, TG2 siRNA#1 and to
a lesser degree siRNA#6 showed significant knockdmwT G2 expression in comparison to

inactive control siRNA and loading control.
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Figure 23. THP-1/DS TG2 Knockdown A, Four different siRNA targeting human TG2
were used to transfect THP-1/DS using HiPerfecinsfiecting reagent. 24h post-
differentation, cells were transfected with siRNé another 48hrs. THP-1/DS transfected
with NS siRNA was used as control. Whole cell lgsatvere analysed by western blot
analysis. Equal loading was verified by probing hwignti-actin antibody on stripped
membranesB, Densitometric analysis of TG2 expression knockdowHP-1/DS using
ImageJ. Densitometry values relative to the loadiowgtrol were calculated and are shown as
a % of DS. Statistical analysis was conducted usiNg®VA followed by Bonferroni post-
test (*** P<0.001).
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Using siRNA#1 which showed a significant knockdownTG2 expression (Figure 23A),
M@-AC interaction assays were carried out whilengsNS siRNA transfected cells as

control (Figure 24).
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Figure 24. TG2 knockdown reduces M@-AC interaction A. TG2-siRNA#1 transfected
THP-1/DS were co-cultured with apoptotic Mutu fdr 4t 37C. Unbound AC were removed
by washing, macrophages were fixed with 1% wi/v faldehyde, stained with Diff quik Il
and scored as the percentage of macrophages tmgradath AC using light microscopy.
Atleast 200 M@ were scored in each replicate we#dta shown is mean +SEM for n=3
independent experiments. THP-1/DS transfected W& siRNA was used as controls.
Statistical analysis was conducted using ANOVA dakd by Bonferroni post-test (***
P<0.001).B. Representative western blot showing TG2 knockdowon transfecting with
siRNA TG2#1 using HiPerfect transfecting reagentthe left panel. SIRNA#1 targeting
human TG2 is used to transfect THP-1/DS using H#eertransfecting reagent. 24h post-
differentation, cells were transfected with siRNér finother 48hrs. THP-1/DS transfected
with NS siRNA was used as control. Whole cell lgsatvere analysed by western blot
analysis. Equal loading was verified by probing hwignti-actin antibody on stripped
membranesC. Densitometric analysis of TG2 expression knockdow THP-1/DS by
ImageJ. Densitometry values relative to the loadiogtrol were calculated and shown as a
% of DS in the blot shown in B.
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Interestingly, in parallel with TG2 inhibitor stedi, TG2 knockdown in THP-1/DS resulted
in a significant reduction in interaction betweeaamphages and AC in comparison to NS
SsiRNA transfected cells (Figure 24). Taken togetHmoth the approaches indicate the
importance of TG2 in this process. With a subsgamgduction in M@-AC interaction with

TG2 knockdon, the additional TG2 inhibitor effect 8G2 knockdown THP-1/DS was tested

(Figure 25).

NS
10 *%% *%k%
c
S _
S 75
@
E | _
< — —
8
)
=S
O T T T T T T
OIS N S S &
g ¥ ¥ o
v S S &
ISR MR R
Q& S < .Q.é Q§
A\ A\
V\& &\6 é-o%
S

Figure 25. TG2 siRNA/R281 double inhibiting effect. THP-1/DS and TG2 knockdown
THP-1/DS/TG2 siRNA #1 treated with and without T@hibitor R281 were co-cultured
with apoptotic Mutu for 1h at 3Z. Unbound AC were removed by washing, macrophages
were fixed with 1% w/v formaldehyde, stained withfQuik Il and scored as the percentage
of macrophages interacting with AC using light rmggopy. Atleast 200 M@ were scored in
each replicate well. THP-1/DS transfected with NSBNsA were used as controls. Data
shown is mean +SEM for3 independent experiments. Data shown is mean +f&IEN>3
independent experiments. Statistical analysis waslwected using ANOVA followed by
Bonferroni post-test (***#<0.001; NS: Not significant).

As seen from figure 25, there was not a signifiadifference in M@-AC interaction when
TG2 knockdown THP-1/DS were treated with cell impeable TG2 inhibitor R281. This
further confirms that cell surface TG2 is neededcfearance of AC by human Md@.
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4.7 Cell surface TG2 protein crosslinking activitymediates M@-AC interaction

TG2 on the M@ cell surface is found to be requic@dAC clearance as loss of TG2 results in
reduced M@ clearance of AC. It is known that the-directed TG2 irreversible inhibitors
used to check TG2 involvement in M@-AC interactldnck the transamidating activity by
covalently modifying the enzyme and prevent substanding (Siegel and Khosla, 2007).
However they may also exert their effect by al@rinG2 conformation. Such changes to
TG2 could affect binding of TG2 to its high affipiigands such as heparan sulphates (Wang
et al., 2010). So, to address this issue and utashelsvhether loss in TG2 activity or change
in conformation of the molecule was contributingtihe effect on AC clearance, an amine
competitive inhibitor, monodansylcadaverine (MDCasvused which also blocks protein
cross-linking by competing with natural amine swdgt such as protein bound lysine residue
without changing the TG2 conformation (Siegel ando®&la, 2007). M@-AC interaction
assays were carried using THP-1/DS treated with MID@ the results were shown in figure

26.
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Figure 26. TG2 activity is key for mediating M@-AC interaction. THP-1/DS were treated
with monodansylcadaverine (MDC) for 1h af’@7 Inhibitor treated cells were washed and
co-cultured with apoptotic Mutu for 1hr. Unbound A®ere removed by washing,
macrophages were fixed with 1% w/v formaldehydainstd with Diff quik 1l and scored as
the percentage of macrophages interacting with ai@gulight microscopy. Atleast 200 M@
were scored in each replicate well. THP-1/DS/R2@&tewised a positive control. Data shown
is mean £SEM for B3 independent experiments. Statistical analysis egaslucted using
ANOVA followed by Dunnetts post-test (**P<0.001).
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MDC reduces M@-AC interaction to the same degre¢hasrreversible cell impermeable
inhibitors R281 suggesting alterations to TG2 aigtikather than conformation is responsible
for altered AC clearance (Figure 26). Given tha thsults suggests, the activity of cell
surface TG2 is important in AC clearance, the presef in situ cell surface TG2 activity in
live cells was demonstrated (Figure 27), using aepbased assay via biotin cadaverin

incorporation into fibronectin for 2h (Scarpelliti al., 2009, Wang et al., 2012).
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Figure 27. TG2 inhibitors altered THP-1/DS cell suface TG2 activity. Cell surface TG2
activity was tested by assessing biotinylated cadavincorporation into fibronectin. THP-
1/DS treated with or without TG2 inhibitors (R283283 & R294 at 500uM and Z-DON &
MDC at 100 pM) were seeded on fibronectin-coatedesl and incubated in the presence of
biotin-X-cadaverine at 3T. Fibronectin incorporated TG2 is conjugated wetttravidine
peroxidase and colour development following treativgth 3,3’,5,5'-Tetramethyl benzidine
in DMSO representing cell surface TG2 activity xpeessed as mean absorbance at 450nm.
TG2 is added exogenously to THP-1/DS/R281 and iatmd for 20min before the cells
seeded on fibronectin coated plates. Guinea pa&y NG in serum free medium containing
biotin-X-cadaverine and 10mM EDTA are used as kngwsitive and negative controls.
Data shown is mean +SEM for8 independent experiments in triplicates. Staasamalysis
was conducted using ANOVA followed by Dunnett’s ptest (*** P<0.001).

Compared with TG2 activity by using purified TG2T6G2 activity shown by THP-1/DS on
their own, a significantly lower level of TG2 tramsidation activity was found at the surface

of THP-1/DS upon treatment with either irreversibfeamine competitive inhibitors (Figure
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27). This suggests that TG2 inhibitors acted oerialgg M@ cell surface TG2 activity, loss of
which resulted in reduced M@-AC interaction. Noyaleidding purified active TG2 to R281
treated THP-1/DS resulted in partial compensatamtltie loss of TG2 activity in inhibitor
treated M@ suggesting that exogenous TG2 could eosgie for the loss of M@-AC
interaction. Following this, cell surface TG2 adigvin TG2 knockdown THP-1/DS was also
tested (Figure 28).
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Figure 28. siRNA knockdown of TG2 results in loss of cell sudce TG2 activity. Cell
surface TG2 activity was tested via biotin cadavencorporation into fibronectin. TG2
knockdown THP-1/DS were seeded on fibronectin ebptates and incubated in presence of
biotin-X-cadaverine. Fibronectin incorporated TG2cbnjugated with extravidine peroxide
and colour development following treatment with’ 5,%’-Tetramethyl benzidine in DMSO
representing cell surface TG2 activity is expresssd mean absorbance at 450nm. A
significant loss of cell surface TG2 activity isssein presence of both irreversible and amine
competitive TG2 inhibitors. Guinea pig liver TG serum free medium containing biotin-X-
cadaverine and 10mM EDTA are used as known positiMenegative controls. Data shown
is mean +SEM for »3 independent experiments done in triplicates.iShitzdl analysis was
conducted using ANOVA followed by Dunnett’s possité¢=** P<0.001).

TG2 knockdown in THP-1/DS resulted in loss of aliface TG2 activity (Figure 28) and
with each siRNA used, a similar pattern of actildgs is seen which is in line with reduced
TG2 expression with TG2 knockdown (Figure 23) inmpdy that loss of TG2 results in

reduced cell surface TG2 expression which is redtin reduced cell surface TG2 activity.
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To further strengthen our observations, THP-1/D3eweeated with a mouse monoclonal
antibody capable of blocking TG2 activity (D11D1@B patent filing 1209096.5). Mouse
lgG1l« monoclonal-MoPC21 isotype control antibody treal@dP-1/DS was used as a

control (Figure 29).

*k%k

100

75

J—

50

25

% M@-AC Interaction

O T T T T T
Untreated 12ng 25ng 50ng MoPC21

Figure 29. TG2 activity-blocking antibody reduces MA-AC interaction. THP-1/DS
treated with mouse monoclonal TG2 activating blogki antibody (D11D12) at
concentrations of 12, 25 and 50ng/ml and MoPC25Gig/ml were co-cultured with
apoptotic Mutu for 1h at 3C. Unbound AC were removed by washing, macrophages
fixed with 1% w/v formaldehyde, stained with Diftidgg 11 and scored as the percentage of
macrophages interacting with AC using light micasg Atleast 200 M@ were scored in
each replicate well. IgG1 isotype control antibddyated THP-1/DS were used as control.
Data shown is mean £SEM for n=3 independent exparimmdone in triplicates. Statistical
analysis was conducted using ANOVA followed by Deittis post-test (***P<0.001).

Treating M@ with a TG2 activity-blocking antibodghibited M@-AC interaction in a dose-
dependent manner (Figure 29) reconfirming thecaitrole being played by transamidating

activity at the cell surface in mediating M@-ACerdction.

4.8 Exogenously added active TG2 partially compentss both TG2 inhibitor and TG2
knockdown effects on M@-AC interaction

As evident from cell surface TG2 activity assaygj(Fe 27), exogenously added active TG2
partially compensates for the loss of TG2 in R2&kted THP-1/DS. Taking this into
consideration, M@-AC interaction assay was doné Wwiath TG2 inhibitor treated and TG2
knockdown THP-1/DS while adding back both activd aractive TG2 (Figure 30). This was

undertaken to strengthen the need for M@ cell sarfigG2 activity in AC clearance.
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Figure 30. Exogenously added active TG2 compensatis loss of MJ-AC interaction

by TG2 inhibitor R281 and by TG2 knockdown. THP-1/DS, THP-1/DS/R281 and THP-
1/DS/TG2 siRNA#1, treated with or without activedammactive TG2 for 20min were co-
cultured with apoptotic Mutu for 1h at %7. Unbound AC were removed by washing,
macrophages were fixed with 1% w/v formaldehydainstd with Diff quik Il and scored as
the percentage of macrophages interacting with 8i@gulight microscopy. Atleast 200 M@
were scored in each replicate well. Data shown mam+SEM for R3 independent
experiments done in triplicates. Statistical analygas conducted using ANOVA followed
by Bonferroni post-test (**<0.001).

Under regular conditions, THP-1/DS have shown ~&Wraction with AC. Treatment with
TG2 inhibitor (R281) or knocking down TG2 by siRN#esults in reduced interaction
between M@ and AC to ~45-55%. However, TG2 inhibiteatment on TG2 knockdown
M@ (double treatment) by siRNA together showed adher reduction in AC clearance
suggesting TG2 activity on the M@ cell surface &xenost, if not all of its cell surface
effects on AC clearance. Upon adding active TG2)erously to either TG2 inhibitor treated
M@’'s or TG2 knockdown M@ or M@ with double treatmiea partial compensation to
reduction in interaction is seen (~15-20%) witheffect by inactive TG2, again suggesting

that active TG2 on M@ cell surface is needed ford&arance (Figure 30).
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4.9 TG2 inhibitors reduce M@ migration towards cheno-attractants

Cell migration is an important event in the procesghagocytosis. M@ sense ‘find-me’
signals such as triphosphate nucleotides (ATP/UERiptt et al., 2009), phospholipids like
lysophosphatidylcholine and sphingosine-1-phospllaaeiber et al., 2003) and chemokine
CX3CL1 (fractalkine) (Truman et al., 2008) releadeyl AC. Membrane blebbing is a
characteristic feature of apoptosis and releaseg@tapic bodies carrying surface markers act
as ‘find-me’ signals generating a chemotactic gratlihat induces macrophage chemotaxis
(Torr et al., 2012). Cell attachment, spreadind emvolvement of different ‘outside-in’ and
‘inside-out’ signalling events leading to cytoskalerearrangements, altogether form a
complex of cellular events contributing to cell maigon (Abram and Lowell, 2009). Though
the cross-linking activity of TG2 is not requireaor fcell adhesion (Akimov et al., 2000), as
non-TG2 expressing THP-1 are semi-adhesive, its molcell spreading (Stephens et al.,
2004), focal adhesion formation (Verma et al., 2088toskeleton remodelling (Janiak et al.,
2006) in association with fibronectin (Akimov et,&000) and signalling through integrins
are well documented. Previous studies by Balajthgl.e(2006)have shown impaired and
extravasation migration by neutrophils in TGghice. Here the role of TG2 in M@ migration

was assessed.

M@ migration in response to AC derived-attractamizy be defined as the first crucial in
vivo event in the process of AC clearance. To deitee the effect of TG2 inhibitors on M@
migration to AC, untreated THP-1/DS cells or cetisated with TG2 inhibitor R281 were
analysed by Dunn chemotaxis chamber assays forahgity to migrate towards AC placed
in the outer circular well (Figure 31). THP-1/DSagéd in the bridging area between the
outer and inner circular wells were focussed atastiqular area and cells directional
migrating towards chemo attractants in the outell we cells random circular migration

irrespective of chemo attraction was analysed.
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FIGURE 31. TG2 inhibitor R281 affects M@ migration towards AC. A, The effect of
TG2 inhibitor R281 on M@ chemoattraction towards Af&as tested using the Dunn
chemotaxis chamber coupled with time-lapse imagih7C for 20h. Cell migration was
tracked using ImageJ software and tracks were sedlysing Chemotaxis and Migration toll
2.0, IBIDI, and were plotted as distance migrated/All M@ are mapped to the cross hairs
at the start of the assay and their final destmais plotted by the closed circle with the line
showing the path taken. In each case, the ACa(a#nt) is positioned at the top of the plots.
Untreated M@ show migration towards the AC (greimed), whilst inhibitor treated M@
show no direction (green and red lines). Altere@ationality is shown in the rose diagram.
B, represents the Euclidean distance migrated byi#ie andC, velocity at which the cells
migrated both in presence and absence of TG2 tohilibata shown is mean +SEM ford
independent experiments. Statistical analysis waslucted using ANOVA followed by
Bonferroni post-test (*P<0.01; *** P<0.001).
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A dramatic loss of M@ migration towards AC is séeM treated with TG2 inhibitor R281
(Figure 31), with loss in M@ directionality as showy rose diagram (Figure 31A).
Euclidean distance migrated (Figure 31B) and veglami migration (Figure 31C) had altered
significantly with TG2 inhibitor treatment. Takeongether, it is evident that M@ TG2 is
needed for directional migration to, bind to andgw@hAC.
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4.10 Discussion

Transglutaminase 2 (TG2) is a ubiquitously-expréssiéosterically-regulated enzyme with
well-documented enzymatic and non-enzymatic functibis a multifunctional enzyme with
transglutaminase, GTPase/ATPase, deamination, iprdisulphide isomerase, and protein
kinase functions. While being ubiquitously expreksseis well known for its involvement in
many cellular functions including adhesion, migvati growth, differentiation, survival and
apoptosis and at the same time involved in vanmaikological conditions e.g. inflammation
and autoimmunity. Most importantly, with respect poesent study, it is known to be
expressed in monocyte/macrophages. A series ofvon mouse model studies to date have
showed that TG2 plays a prominent role in monoeyteavasation to sites of inflammation,
whose expression upregulated during monocyte diftgation to macrophage (Murtaugh et
al., 1983) and involved primarily in macrophage gi@tosis (Szondy et al., 2003).
Simultaneously, macrophage infiltration to sites iofection will generate TGPB1
contributing to the degree of inflammation, whichturn may increases TG2 expression via
its response element in TGM2 gene promoter (Ratet Davies, 1998). Here, for the first
time, underin vitro conditions, using different cell-permeable and emmpeable TG2
inhibitors and knocking down TG2, the role of T@2human macrophages using the human
monocytic leukaemia cell line, THP-1 while simukausly working on the human blood

monocyte-derived macrophages was studied.

Though TG2 is predominantly a cytoplasmic protaipyotein with non-ER/Golgi-dependent
externalization, it is known to be externalisedhat cell surface by an ill-defined mechanism
(Griffin et al., 2002, Collighan and Griffin, 2009%everal possible externalisation agents
such asp-integrins (Akimov and Belkin, 2001, Mangala et, &007), fibronectin and
syndecan-4 bound heparan sulphates (Scarpellil.e2009) and recycling endosomes
(Zemskov et al., 2011) were detailed. It had beewpgsed that TG2 is expressed by
macrophages and it is well demonstrated that needed for efficient phagocytic portal
formation (Toth et al., 2009). Moreover, TG2-/- mistudies revealed its importance in
phagocytosis, where loss of TG2 resulted in implagoptotic cell clearanga vivo (Szondy

et al., 2003, Falasca et al., 2005). However, te,d® detailed study defining the molecular
mechanism by which TG2 mediates AC clearance wadadle and there is no evidence

about during which stage of clearance process greton, tethering, signalling and
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engulfment) does TG2 play a prominent role. MorepV¥&2 involvement in AC clearance

in human system has never been identified.

Following the TG2 expression studies from chaptef gis thesis, where a detectable level
of whole cell TG2 expression (Figure 12) and cetface expression via biotinylation of cell
surface proteins (Figure 14A) is revealed by westdot analysis in the most adherent MJ
types THP-1/PMA, THP-1/DS and HMDM@. Similarly,liceurface expression of TG2 in
THP-1/DS is clearly revealed with indirect immunmftescence microscopy (Figure 14B)
while no detectable TG2 expression is revealed utuMells (used as a source of apoptotic
model). Here, this chapter was focussed on undetistg the role of TG2 in human
macrophage function using different TG2 inhibitot@rgeting both cell surface and
intracellular TG2. Similarly analyses were carrmat by knocking down TG2 using small

interfering RNAs specifically targeting human TG2.

Several TG2 inhibitors have been used to date hibiinTG2 and to understand its role in
different pathologies. In this study, cell permeablG2 irreversible inhibitors R283 and Z-
DON, cell impermeable TG2 irreversible inhibitor28 and R294 along with amine
competitive inhibitor monodansylcadaverine (MDC)ravaised depending on the specific
study. All the inhibitors were designed to tardet factive cysteine residue in the catalytic
triad of the TG2 core domain. Upon treating THP-@Mith either cell-permeable or cell-
impermeable TG2 inhibitors, a profound degree mhition in interaction between M@-AC
was seen in THP-1/PMA and THP-1/DS, in a dose diég@nmanner, while no such
significant reduction in interaction is seen withiH-1/VD3 (Figure 16). This is consistent
with the low degree of differentiation seen in THRAD3 which continue to be monocyte-
like and TG2 expression studies by western blotiinglysis showed THP-1/VD3 expressed
no detectable TG2 (Figure 12 & Figure 14A) suggesthat type of stimulus and degree of
differentiation may contribute to TG2 expressionTiiP-1/M@ and that there is no specific
target infon THP-1/VD3 to be specifically targeteg TG2 inhibitors. However, observed
dose dependency could be either because of smalsl®f TG2 not easily detected by
western blotting, or could be an effect on other fB@ily members in the cells. Though
THP-1/VD3 expressed no TG2 they are well establishe THP-1/M@ either in terms of
phagocytic function or cytokine production (Devidt al.,, 1998). Moreover, most
encouragingly, HMDM@ responded in the same manoelf G2 inhibitors as did THP-
1/PMA or THP-1/DS, suggesting THP-1/M@ are a trggglica of HMDM@ in terms of TG2
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expression and phagocyte function. THP-1/M@ showesimilar interaction efficiency to
resin beads, yeast &:coli which is inhibited in presence of TG2 inhibitossiggesting that
TG2 is needed and plays a common role in phagasytos AC and other immune
stimulatory particles. It is not clear however iIGZ mediates clearance of these different

particles in the same way.

TG2 is well acknowledged in apoptosis as a cradgdg protein, facilitating packing of intra
cellular contents and resolving inflammation (Smeth and Griffin, 1996). Similarly,
upregulation of TG2 expression during monocyte tacrophage differentiation is well
documented (Murtaugh et al., 1983). Whilst the @nes of TG2 in M@ has been noted
(Hodrea et al., 2010) its role in dealing with A€ ot clear. TG2 expression studies by
western blotting and immunofluorescence stainingedf surface TG2 revealed that TG2 is
present at the M@ cell surface while no detectdifk2 expression is noted in viable or
apoptotic Mutu. Moreover, M@ alone treated with TiBBibitors but not AC alone treated
resulted in a significant reduction in M@-AC intetian implying that TG2 inhibitor affected
M@-TG2 and is critical in facilitating AC clearancdowever, slight reduction in M@-AC
interaction is also seen when AC alone treated W2 inhibitors, even though no TG2
expression is seen in AC (Figure 15) and this mayhe TG2 inhibitor treatment effect on
AC cells continues to effect M@-AC interaction as toxicity effect is evidentipon TG2
inhibitor treatment (Figure 18Y.aken together these data suggest, for the first,tthat cell
surface TG2 on the human M@ is likely to be crutmalpromoting AC clearance.

To further confirm the importance of TG2 in M@ fiion, AC clearance studies were done
upon knocking down TG2 expression in M@ using hurh&?2 specific SiRNA. In line with
the noted TG2 inhibitor effect, reduced expressdnTG2 resulted in reduced M@-AC
interaction. Transient transfection of THP-1 witiRNA before stimulating them to
differentiate with PMA or DS resulted in no knockdo in TG2 expression. However
transfecting THP-1 cells following 24h of differ@tton resulted in a robust and consistent
knockdown in TG2 expression. It may be that withstimulation the siRNA have no target
as TG2 isn't expressed in THP-1 cells (Figure MYreover, as seen from figure 13, TG2 is
expressed 6-12h following differentiation in THRedlls. However, fully differentiated THP-
1/DS (48h differentiated) resisted siRNA transfacti suggesting that THP-1 cells
differentiation to ‘complete’ M@-like cells may iidit efficient transfection or M@ being
‘hard core’ phagocytic cells, may be simply takiqgand destroying siRNA.
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TG2 is known to have a great role in M@ functiord aas evident from TG2 expression
studies and effect of TG2 inhibitors and TG2 knamkd studies on M@-AC interaction, M@
cell surface TG2 is active for AC clearance. Ak lour site-directed TG2 inhibitors used to
check TG2 involvement in M@- AC interaction (Figut) are irreversible inhibitors and
can both block the transamidase enzyme activity atet TG2 conformation (Siegel and
Khosla, 2007). Such changes to TG2 conformatioacatbinding of TG2 to its high affinity
ligands such as heparan sulphates (Wang et al0)20& address the involvement of TG2
activity and/or conformation in M@-AC interactionsionodansylcadaverine (MDC: blocks
TG2 crosslinking function without any irreversildeange in TG2 conformation [(Siegel and
Khosla, 2007)]) was used. MDC reduced M@-AC intBoscto the same degree as other
inhibitors used suggesting alterations to TG2 dgtivather than conformation was
responsible for altered AC clearance. Given thatattivity of cell surface TG2 is important
in AC clearance, we next sought to confirm the Tagfvity in live cells. Cell surface TG2
activity was measured via biotin-cadaverine incoafion into fibronectin (Scarpellini et al.,
2009, Wang and Giriffin, 2012). Interestingly, adas cell surface TG2 activity is seen upon
treatment with TG2 inhibitors in THP-1/M@. HMDM@ eed a similar pattern of cell
surface TG2 activity. Additionally, TG2 knockdowesulted in loss of cell surface TG2
activity consistent with reduced TG2 expressionwileer, ‘add back’ of purified exogenous
active TG2 to the inhibitor treated M@ resultedpartial compensation in TG2 activity
suggesting that active TG2 on M@ cell surface isdee for mediating MJ-AC interaction.
Furthermore, a TG2 activity blocking Ab that maylyomind cell surface exposed TG2
inhibited M@-AC interaction in a dose dependent nean Taken together these data
demonstrate an important role for TG2 cross-linkengivity at the surface of M@ in
mediating AC removal.

TG2 is well-documented for its role in M@ differatton, adhesion and spreading in co-
operation with integrins, migration and phagocyd#kimov and Belkin, 2001, Szondy et
al., 2003). Involvement of TG2 in M@ growth andfdrentiation, adhesion and phagocytosis
is studied by knocking down TG2 or by functionakdoof TG2 using TG2 inhibitors.
Treating adherent THP-1/M@ with TG2 inhibitors fbh for M@-AC interaction studies
showed no effect on M@ adhesion. However, trealid§-1 cells with TG2 inhibitors before
differentiation, or treating them while stimulatitttem to differentiate to M@-like with PMA

or PMA/VD3 resulted in loss of cell adhesion andespling. As M@ migration to dying cells
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is an important event for in vivo phagocytic remlo@B AC and as M@ has been shown to
migrate towards AC along a gradient of AC-derivettroparticles (Torr et al., 2012) we
focused on determining the role of TG2 in M@ migmatto AC. THP-1/DS cells were
assessed for their migration towards AC microplasian the presence or absence of the TG2
inhibitor R281 using a Dunn chemotaxis chamber (KHayw DCC100) in conjugation with
time-lapse microscopy. Macrophage migration andrndatraction towards apoptotic Mutu
is dramatically reduced (Figure 31A), with loss M directionality as shown by rose
diagram. Euclidian distance migrated and velocftyn@ration had altered significantly with
TG2 inhibitor treatment suggesting the involvemeinT G2 for M@ directional migration to,
bind to and engulf AC.

It is evident from this chapter that:

TG2 mediates human M@ binding to AC

TG2 mediates human M@ interaction with AC

TG2 mediates human M@ directional migration to AC

M@ cell surface TG2 rather than intracellular TG2 important for M@-AC

0N

interaction
5. Activity of the enzyme rather than conformationingortant for mediating M@-AC
interaction
Taken together, these suggest looking for partaetise M@ cell surface that may work with
TG2 to get it to the surface and act as a subdtwafBG2 to mediate AC clearance. This now

forms the focus for next chapter.
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Chapter 5

TG2 associates with syndecan-4 on MJ

cell surface
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Chapter 5
Result 3: TG2 associates with Syndecan-4 on M@ csliirface

5. 1 Introduction

TG2 is predominantly an intracellular protein, mean®-associated as well as in cytosolic
form (Upchurch et al., 1991, Aeschlimann et al.93,9Verderio et al., 1998, Griffin et al.,
2002, Collighan and Griffin, 2009). Though predoartly being a cytosolic protein that
lacks the hydrophobic leader sequence, TG2 is &eipravith classical non-ER/Golgi-
dependent externalization. Once externalised T&2ound on the cell surface and in
association with the extracellular matrix (Aescldim et al., 1995, Balklava et al., 2002,
Collighan and Griffin, 2009) where it is known toomote cell-matrix interactions via cross-
linking fibronectin and collagen (Aeschlimann anldomazy, 2000, Chau et al., 2005). TG2
is also reported to mediate non-enzymatic functiortbe matrix as an integrin co-receptor to
fibronectin (Akimov et al., 2000, Telci et al., &)Oleading to cell adhesion and integrin
clustering and integrin-mediated signalling (Jarealal., 2006). More interestingly, M@ cell
surface TG2 is known to mediate the formatiorp®fintegrin and MFG-E8 complexes for
promoting AC engulfment (Toth et al., 2009) wherE®AES is already established to link to
phosphatidylserine on AC. Loss of TG2, MFG-E8 orthhbampairs AC clearance by
macrophages leading to autoimmunity (Szondy ef@D3, Hanayama et al., 2006).

Whilst, cellular stress is a key trigger for TG2erralization (Lorand and Graham, 2003,
lentile et al., 2007), the mechanism of how TG2tamyeted to the cell surface is still

ambiguous. Fibronectin and integrins are the twannénding partners of TG2 and have
been highlighted for their possible role in TG2ertlization (Akimov and Belkin, 2001,

Telci et al., 2008). Recently, Scarpellini et &0Q9) have shown that TG2 has a very high
affinity for heparan sulphates by using heparindmap sulphate (HS) solid binding assays
and by surface plasmon resonance. Heparan sulpbhegesovalently bound to the core

protein of cell-surface proteoglycans includingdseans.

Syndecans are family of four membered transmembeatiesurface proteoglycans bearing
heparan sulphate (HS) glycosaminoglycan (GAG) (Belthet al., 1999) that are virtually
expressed in all cell types (Bernfield et al., 199hey are well-known to be involved in
multiple cellular processes e.g. cell adhesion]ifgration, differentiation, migration and

signal transduction (Tumova et al.,, 2000). Scaiuekt al. (2009) also proposed that
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syndecan-4 mediates membrane trafficking of TG2lsvtdemonstrating that fibroblasts
deprived of syndecan-4 failed to externalize TGfeaively. They also showed that the
extracellular cross-linking activity of TG2 is deqent upon heparan sulphate proteoglycans
(HSPG). Another possible means for TG2 externatimas through recycling of endosomes,
as TG2 is known to associate with various cytoplasgarly and late, recycling endosomes

and lysosomes (Zemskov et al., 2011).

Irrespective of the method of externalization, Ti&Zound on the human M@ cell surface
and loss of TG2 activity in presence of TG2 inlalstor loss of cell surface TG2 expression
by knocking down TG2 resulted in reduced M@-AC iattion suggesting that TG2 activity
at M@ cell surface plays a prominent role in med@M@ interaction with AC (Figure 16 &
24). In this context, focus was laid on possibleZTgartners at the M@ cell surface and as
HSPG syndecan-4 is a known binding partner for Ti&2;ole in exhibiting TG2 and in its
possible function in TG2 mediated clearance of A&3studied in this chapter.

5.2 Syndecan-4 is expressed in THP-1/M@ and assdeswith TG2
TG2 has a strong binding affinity for heparan sabels (HS) of the cell surface receptor

syndecan-4 which is important in the translocatioih TG2 to the cell surface and

extracellular matrix (Scarpellini et al., 2009, Waand Griffin, 2012). Changes in the
expression of HSPGs are known to mediate M@ aabinglaskin et al., 1991, Edwards et
al., 1995). Syndecan-4, a heparin sulphate progeagl (HSPG) acts as a receptor for TG2
via its HS chains and can mediate an RGD-indepdrmdihadhesion mechanism via a TG2-
FN complex (Wang et al., 2010). Syndecan-4 is knoavbe expressed in both monocyte
and M@ (Yeaman and Rapraeger, 1993). In this contes first analysed the expression
profile of syndecan-4 in our panel of THP-1/M@ Dbyestern blotting and

immunofluorescence microscopy (Figure 32).
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Figure 32. Syndecan-4 is expressed by THP-1 and THPM@. A, Whole cell lysates of
undifferentiated THP-1(THP-1) or those stimulatedifferentiate with VD3 (THP-1/VD3);
PMA (THP-1/PMA) or both (THP-1/DS) were quantifiadd 50 g equivalent of cell lysates
were analysed by western blotting. Membranes wexbegu using monoclonal anti-
syndecan-4 antibody 5G9 and mAb binding was redeble HRP-conjugated anti-mouse
secondary antibody. Stripped membranes were re-probed with frditin antibody to
ensure equal loadin@®, Highly adherent THP-1/DS which were also knowrexpress TG2
were immunostained with monoclonal anti-syndecam#ibody 5G9 and mAb binding was
revealed by FITC-conjugated anti-mouse secondarybady. Specimens were fixed
following antibody staining and imaged using corddor cell surface TG2 expression.
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Though TG2 expression is specific to PMA and PMAB/8tlimulated THP-1 cells (Figure
12), syndecan-4 expression is seen in THP-1 csllwell as in TG2 expressing and non-
expressing THP-1/M@ (Figure 32). Immunostained spens of THP-1/DS that showed
strong TG2 expression also revealed a clear punetaining for syndecan-4 (Figure 32B).
As TG2 is known to have a strong binding affinity heparan sulphate (HS)/heparin and
which is studied to mediate the translocation of2T@ the cell surface and extracellular
matrix (Scarpellini et al., 2009, Wang and Griff2)12), possible interaction between TG2
and syndecan-4 was studied via co-immunopredipitainalysis. Syndecan-4 immuno-
complexes, generated as a result of incubatinglpaed whole cell lysates of THP-1/DS
with monoclonal anti-syndecan-4 antibody were mi&ied using protein A-sepharose beads
and TG2 antigen in the syndecan-4 immuno complesesresolved by PAGE and western
blotting by probing the membranes using anti-TG&baaly (TG100; Figure 33).
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Figure 33. TG2 interacts with syndecan-4A, 150ug of protein equivalent THP-1/M@ cell
lysates pre-cleared with protein A-Sepharose besddsy was incubated with mouse
monoclonal syndecan-4 antibody 5G9 to form synde&cammuno-complex. So formed

immuno-complexes were precipitated with protein ép&hrose beads, extracted into
Laemmli buffer and were resolved by western blgttiMembranes were immunoblotted
using anti-TG2 antibody, TG100 to detect TG2 amtige the complex. TG2 antigen in

syndecan-4 immuno-precipitates were pointed by wardoeads. Blot shown is the

representative of 4 independent repeats.
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As seen from figure 33, TG2 co-precipitates withhdscan-4 on THP-1/M@. Interestingly,
TG2 antigen is revealed in syndecan-4 immuno coxeglérom THP-1/PMA and THP-1/DS
which were known to express TG2 but not in THP-13/Bhich is consistent with lack of
TG2 expression in THP-1/VD3 (Figure 12) standingadahown positive control. However,

lack of a standard isotype control IP is the litidta of this experiment.

5.3 Loss of syndecan-4 in THP-1/DS reduces cell $ace TG2 expression

Having reported that HSPGs (e.g. syndecan-4) actsraceptor for TG2 via their HS chains
(Scarpellini et al., 2009, Wang et al., 2012), ¢fffect of syndecan-4 knockdown on TG2 and
M@-AC interaction was evaluated.

Four different human SDC4 specific SIRNAs (Qiagemye tested for their ability to reduce
SDC4 expression following transfection into celgng the Hi-Perfect transfection reagent.
Transfecting THP-1 cells with siRNA for 48h and rthstimulating the transfected THP-1
cells to differentiate to M@-like cells for a fugh48h resulted in loss of cell adherence and
spreading in THP-1/DS. As HSPGs are known to belugvin cellular processes including
cell adhesion, migration and signal transductionngdva et al., 2000), loss of syndecan-4
may have also resulted in loss of cell adhesionreldeer, as cell surface TG2, found in
association with syndecan-4 is also known for & rin mediating cell adhesion and
migration, loss of syndecan-4 may have also resulieloss of cell surface TG2 finally
resulting in loss of THP-1/M@ adhesion. Relying earlier experience with efforts to
knockdown TG2 where proper knockdown was seen dnysfecting THP-1 cells after their
differentiation was induced. Similar methodologyswallowed for syndecan-4 knockdown
work. Following 24h differentiation with PMA and \@) THP-1/DS were transfected with
one of the four different siRNA targeting human dgocan-4 using HiPerfect transfecting
reagent as per the manufacturer’'s instructions dofurther 48hrs (taking the overall
differentiation time to 72h). Non-specific (NS) §IR was used as a control. Following
washing, whole cell lysates were analysed by westdotting to assess the level of

syndecan-4 expression.
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Figure 34. THP-1/DS syndecan-4 knockdown. ATHP-1 cells double stimulated to
differentiate to M@-like cells for 24h, were traested with four different SIRNA targetting
human syndecan-4 for a further 48h using HiPetiactsfecting reagent. Whole cell lysates
of syndecan-4 siRNA transfected THP-1/DS were a®al\by western blotting for syndecan-
4 expression. THP-1/DS transfected with non-spe¢iS) siRNA was used as a control.
Stripped membranes were re-probed with frditin antibody to ensure equal loadiiij.
Densitometric analysis of syndecan-4 expressiorckmhawn in THP-1/DS using ImageJ.
Densitometry values relative to the loading contvete calculated and are shown as a % of
DS. Statistical analysis was conducted using ANClglowed by Bonferroni post-test (***
P<0.001). Data shown is a representative of threkependent experiments. Statistical
analysis was conducted using ANOVA followed by Bamdni post-test (***P<0.001).

As seen from figure 34, syndecan-4 siRNA#2 showgxifecant knockdown in syndecan-4

expression in comparison to NS siRNA and loadingtrab. Subsequent work in this thesis
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with syndecan-4 knockdown used this construct, SDEIRNA#2 for knockdown of
syndecan-4. Given that TG2 is bound to syndecahid,possible that, loss of syndecan-4
may result in loss of TG2 as well. With this ideannind, TG2 cell surface expression was
analysed, via biotinylation of cell surface protion THP-1/DS cells following syndecan-4
knockdown (Figure 35A). Similarly, whole cell TGZpression in syndecan-4 knockdown
THP-1/DS (Figure 35A) and syndecan-4 expressiond2 knockdown THP-1/DS were also
analysed (Figure 35B).
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Figure 35. Loss of Syndecan-4 results in loss oflicgeurface TG2. A, Expression of whole
cell TG2 and cell surface TG2 (upon on biotinylatiof cell surface proteins) in SDC4
knockdown THP-1/DS was analysed by western blotthg siRNA transfected THP-1/DS
and non-transfected THP-1/DS were used as cori&polSyndecan-4 expression in TG2
knockdown THP-1/DS was analysed by western blottiNg siRNA transfected THP-1/DS
and non-transfected THP-1/DS were used as cor8tapped membranes were re-probed
with antif}-actin antibody to ensure equal loading. Data sh®mhe representative of four
independent experiments.
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As seen from figure 34, syndecan-4 siRNA#5 shovguifecant knock down in syndecan-4
expression in comparison to NS siRNA and this kdo@kn is robust as seen from all four
repeats. Similarlyloss of syndecan-4 in THP-1/DS resulted in the lafssell surface TG2
expression (figure 35A). However, no change in whotll TG2 expression is seen with
syndecan-4 knockdown suggesting that cell surfaé2 i anchored to syndecan-4 and loss
of which resulted in loss of cell surface TG2 exsgien. Interestingly, no loss of syndecan-4
expression is seen upon knocking down TG2 in THPS1(Figure 35B) strengthening the
idea that TG2 is held anchored to syndecan-4 onckliZsurface.

5.4 Loss of syndecan-4 in THP-1/DS reduces cell $ace TG2 activity and M@-AC

interaction

Our results from chapter 4 suggest that cell serféB2 activity is important in AC clearance
by M@. Loss of TG2 activity as a consequence of Ti@#bitors or as a result of TG2
knockdown resulted in reduced M@ interaction witE AFigure 16 & 24A). In line with

these studies and the results of figure 35, ceflasa TG2 activity following syndecan-4

knockdown was analysed in THP-1/DS cells (Figure 36
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Figure 36. Cell surface TG2 activity is reduced fdbwing syndecan-4 knockdown in
THP-1/DS cells.Cell surface TG2 activity was tested via biotin @aerine incorporation
into fibronectin. 24h differentiated THP-1/DS tréawded with four different syndecan-4
siRNA were seeded on fibronectin coated plates iandbated in presence of biotin-X-
cadaverine. Fibronectin incorporated TG2 is comedavith Extr-Avidin peroxidase and
colour development following treatment with 3,3535Tetramethyl benzidine in DMSO
representing cell surface TG2 activity is expressethean absorbance at 450nm. NS siRNA
transfected THP-1/DS was used as control. Guingaliper TG in serum free medium
containing biotin-X-cadaverine and 10mM EDTA arediss known positive and negative
controls. Data shown is mean +SEM for3nindependent experiments. Statistical analysis
was conducted using ANOVA followed by Bonferronsptest (*** P<0.001).

As seen from figure 36, a significant loss in celtface TG2 activity as a result of syndecan-
4 knockdown is evident which is consistent withslod cell surface TG2 expression (Figure.
35A). As TG2 activity on the M@ cell surface is falto be crucial for mediating M@-AC
interaction, the ability of THP-1/DS to interactttviAC following knockdown of syndecan-4
was analysed. Non-transfected and NS siRNA tratedle€EHP-1/DS were used as controls.
Simultaneously, syndecan-4 siRNA or NS siRNA traotfd and non-transfected THP-1/DS
were treated with R281 to check any further readuncin M@-AC interaction (Figure 37).
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Figure 37. Syndecan-4 knockdown in THP-1/DS cellsmpairs M@-AC interaction.
Syndecan-4 siRNA transfected, NS siRNA transfeetied non-transfected THP-1/DS cells
treated with or without cell surface TG2 inhibi®281 were co-cultured with apoptotic Mutu
for 1h at 37C. Unbound AC were washed off and M@ were fixedhwit% w/v
formaldehyde, stained with Diff quik Il and scorasl a percentage of M@ interacting with
AC using light microscopy. Atleast 200 M@ were stbin each replicate well. Data shown
is mean +SEM for 13 independent experiments. Statistical analysis egmlucted using
ANOVA followed by Bonferroni post-test (NS: Non-gificant).

As seen from figure 35, loss of syndecan-4 resutiddss of M@ cell surface TG2 activity
which was shown to affect M@-AC interaction (Figu#®). Similarly, loss of syndecan-4
even resulted in reduced M@-AC interaction (FigB7 implying that loss of syndecan-4
resulted in loss of cell surface TG2 activity leaglito a significant reduction in M@
interaction with AC (Figure 37), on par with inHibig effect shown by cell impermeable
TG2 inhibitors R281. However, when syndecan-4 kdogkn THP-1/DS treated with R281,
no further reduction in M@-AC interaction is seamgesting that either knocking down
syndecan-4 leading to the loss of cell surface ©Gidhibiting cell surface TG2 activity has

the same inhibiting effect on M@-AC interaction.

5.5 Heparan sulphate side chains of syndecan-4 atee receptors of cell surface TG2

HS chains on the core syndecan-4 are complex pmiisaides consisting of alternatiig

acetylated oN-sulphated glucosamine units and uronic acids tighly negatively charged
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binding sites for protein ligands (Bishop et al.020 Lortat-Jacob et al. 2012). They are
known to immobilize and regulate the turnover ajahds that act at the cell surface
(Bernfield et al., 1999). With TG2 being a well-kmo binding partner for syndecan-4 via its
HS chains with a unique binding site within the fignof transglutaminases (Lortat-Jacob et
al., 2012), we further looked to identify, whetHess of HS will have a direct impact on
mediating M@-AC interaction. Upon treating THP-1/B&h heparinase I, an enzyme that
depolymerizes heparan sulphate glycosaminoglydanosigh a beta-elimination mechanism
(Shayaet al., 2010), cell surface TG2 activity was measuredniogrporation of biotinylated

cadaverine into fibronectin, as described in experntal procedures (Figure 38).
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Figure 38. Loss of HS chains of syndecan-4 reducelicsurface TG2 activity. Cell surface
TG2 activity was tested via biotin cadaverin inargiion into fibronectin. THP-1/DS treated
with heparinase 1l (HEP 1) to digest HS side clsaiof syndecan-4 were seeded on
fibronectin coated plates and incubated in preseasfckiotin-X-cadaverine. Fibronectin
incorporated TG2 is conjugated with extravidinegxete and colour development following
treatment with 3,3',5,5’-Tetramethyl benzidine INMBO representing cell surface TG2
activity is expressed as mean absorbance at 450hifA-1/DS treated with chondroitinase
(CHON) to digest chondroitin sulphate is used atr@brfor heparinase |l digestion, while
guinea pig liver TG in serum free medium containogtin-X-cadaverine and 10mM EDTA
are used as known positive and negative controéa Bhown are mean +SEM fop$
independent experiments. Statistical analysis waslwected using ANOVA followed by
Bonferroni post-test (***<0.001).
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Loss of HS upon digestion with heparinase Il reliin loss of cell surface TG2 activity
while no significant change is seen with chondnaise treatment (Figure 38). With loss in

cell surface TG2 activity upon loss of HS, effe€¢tHS loss on M@-AC interaction was

analysed (Figure 39).
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Figure 39. Loss of HS reduces M@-AC mediated by lesof TG2 THP-1/DS treated with
heparinase Il enzyme to digest HS chains of synddcavere washed twice before co-
culturing with AC for 1h at 3. Unbound AC were washemM@ were fixed with 1% w/v
formaldehyde, stained with Diff quik 1l and scores a percentage of macrophages
interacting with AC using light microscopy. THP-BOreated with chondroitinase enzyme
and untreated were used as controls. Data shownesn +SEM for r3 independent
experiments. Statistical analysis was conducteaigudNOVA followed by Bonferroni post-
test (*** P<0.001). (Heparinase IIl: HEP 1l and ChondroitinaSEION)

Removal of HS through digestion with heparinasee$iults in reduced M@ interaction with
AC (Figure 39). This result is in parallel with tedd AC removal following loss of cell
surface TG2 activity through treatment with TG2ibmtors (Figure 27); knockdown of TG2
(Figure 28) or knockdown of syndecan-4 (Figure 3g@katment with chondroitinase as a
control showed no changes either in TG2 activitigFe. 38) or in M@-AC interaction

(Figure. 39) identifying HS as prominent recepforsTG2 at the human M@ cell surface.

5.6 Syndecan-4 bound TG2 via HS is crucial in mediag M@ interaction with AC

To further strengthen our understanding of TG2-sgaa-4 binding via HS on the M@ cell
surface, the P1 peptidé®NPKFLKNAGRDCSRRSS"), which competes for the heparin
binding domain within the TG2 molecule was usedngékit al. (2012) demonstrated that P1
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peptide showed specific binding towards syndecamd was able to block the interaction
between TG2 and syndecan-4. To check the effe®lopeptide on M@-AC interaction,
THP-1/DS treated with varying concentrations of g&ptide and P1s were co-culture with

apoptotic B-cells for 1h at 3.
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Figure 40. TG2 heparan binding domain competing Plpeptide results in a dose
dependent reduction in M@-AC interaction. THP-1/DS treated with varying
concentrations of P1 peptide were co-culture witbpdotic B-cells for 1h at 3T. Unbound
AC were washed, macrophages were fixed with 1%fertwaldehyde, stained with Diff quik
Il and scored as a percentage of M@ interacting WIiT using light microscopy. P1s peptide
used at similar concentrations was used as cord@la shown is mean +SEM ford
independent experiments. Statistical analysis waslwected using ANOVA followed by

Dunnett’s post-test (**<0.001).

As seen from figure 40, P1 peptide (but not a sbtadhcontrol peptide) reduces M@-AC
interaction in a dose-dependent manner. A sigmficaduction in M@-AC interaction is seen
with P1 peptide at 100-200pg/ml in TG2 expressiiktPT1/DS which could be through the
loss of TG2-HS binding leading to the loss of aetiG2 from the M@ cell surface. No such
reducing effect is seen with the scrambled analogis (FNRADLKPRCGSSNKSR)
suggesting that the importance of HS bound TG2&usial in mediating M@ interaction

with AC.
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To further confirm the involvement of TG2 activity M@-AC interaction, THP-1/DS treated
with P1 peptide were treated with active TG2 exagsty (Figure 41).
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Figure 41. Exogenous TG2 partially compensates thiess of TG2 activity. THP-1/DS
treated with P1 peptide were further treated wittiva TG2 exogenously and co-cultured
with AC for 1h at 37C. Unbound AC were washed, macrophages were fixtd 186 w/v
formaldehyde, stained with Diff quik 1l and scores a percentage of macrophages
interacting with AC using light microscopy. THP-BDP1s treated with TG2 exogenously is
used as control. Data shown is mean +SEM &8 mdependent experiments. Statistical
analysis was conducted using ANOVA followed by Bamdni post-test (**P<0.01; ***
P<0.001).

THP-1/DS treated with P1 peptide (P1; which compébe heparin-binding domain within
TG2 for binding to HS) but not a scrambled P1 mkp(sP1) show reduced interaction with
AC. However, upon addition of active TG2 exogerptise loss of M@-AC interaction was
found to be rescued outcompeting the blocking etié®1, replacing TG2 at the cell surface
(Figure 41), and it fits with the rescue seen mkhockdown experiments too suggesting that

the importance of syndecan-4 bound cell surface Vi@2HS is crucial in mediating M@

interaction with AC.
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5.7 Discussion

TG2 is a multi-functional, ubiquitous protein bettenown for its cross-linking enzymatic
reaction in a C& dependent manner. TG2 is predominantly a cytofitagmotein whose
activity was reported to be regulated by?Cand GTP/GDP levels while its cross linking
activity will be enhanced in presence of high lev@E" (Verderio et al., 2004). Through its
non-ER/Golgi-dependent externalization, the preseoicthis enzyme in the extracellular
environment is evident, an ideal location with higé* and low GTP concentrations for its
transaminase activity (Verderio et al., 1998). ©mxternalized, it either remains tightly
bound to the cell surface or is released to theaealiular matrix and mediates several
enzymatic and non-enzymatic functions in collaboratwith its extracellular binding
proteins like fibronectin, collagen and integridskimov et al., 2000, Balklava et al., 2002,
Telci et al., 2008). Not all the externalised TG2aictive enzymatically and most of it is
found to remain inactive in spite of prevailing éavable conditions of high G4GTP in the
extracellular environment (Siegel et al., 2008).iMthcellular stress is the key trigger for
TG2 externalisation (Nicholas et al., 2003, Loramdi Graham, 2003, lentile et al., 2007),
even its extracellular activation is purely depeariden stress. It is the demand for activation
like cell proliferation/differentiation in respong® tissue injury/repair or by TGF-in
response to oxidative stress will trigger fromlatent phase to a catalytically active.

Several theories to date have been put forward ameans of TG2 externalization.
Fibronectin and integrins are the two main bindipgrtners of TG2 and have been
highlighted for their possible role in TG2 exteimation (Akimov et al., 2000, Telci et al.,
2008). Having known for its affinity to heparin (@hetti et al., 2005), a highly sulphated
analogue of heparin sulphate side chains on theéesams, Scarpellirgt al. (2009) proposed
heparan sulphate proteoglycan (HSPG) as the kegptexs for cell surface TG2 and their
possible involvement in TG2 externalization. Birgliof TG2 to heparin is also known to
protect TG2 from thermal unfolding and proteolytiegradation (Gambetti et al., 2005). In
line with the affinity studies of TG2 to HS (Scallpe et al., 2009), coupled with our
observations in terms of TG2 surface localisatiod @s involvement in mediating M@-AC
interaction, possible involvement of syndecan-4 #&mdanchored HS side chains in TG2

mediated M@ phagocytosis was studied in this clmapte

Syndecan-4 is a well-established member of the esyand family of transmembrane type

heparan sulphate proteoglycans (Bernfield et &#99) Syndecan-4 was shown to be
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expressed by mouse peritoneal macrophages and enomamocyte-macrophage cell lines
(Yeaman and Rapraeger, 1993, Boyanovsky et al.9)2@hanges in the expression of
HSPGs are even known to mediate M@ activation (inaskal., 1991, Edwards et al., 1995).
With an established affinity of TG2 for HS, the iamfance of syndecan-4 in TG2
externalisation and its expression in mouse maaggd, syndecan-4 expression profile in
THP-1/M@ model system was analysed. Through the ofewestern blotting and
immunofluorescence staining, a clear expressiosyntlecan-4 in THP-1/DS model system
that also shows strong TG2 expression was revedledugh TG2 expression is quite
specific to PMA or double stimulated THP-1 celimdecan-4 is expressed by THP-1 as well
as by all three THP-1/M@ models (Table 4).

Table 4. TG2 and syndecan-4 expression profile inHP-1 cells and THP-1/M@

TG2 Expression Syndecan-4 Express|on
THP-1 NO YES
THP-1/PMA YES YES
THP-1/VD3 NO YES
THP-1/DS YES YES

More interestingly, co-immunoprecipitation analysisvealed the possible interaction
between cell surface TG2 and syndecan-4 in TG2essprg THP-1/M@ confirming that cell

surface TG2 is in syndecan-4-bound form. In supmdrithe above statement, loss of
syndecan-4 as a result of sSiRNA knockdown resutiegte loss of cell surface TG2 (which is
evaluated by cell surface protein biotinylation)owtver no such loss in syndecan-4
expression is seen upon knocking down TG2 cleartygssting that cell surface externalised
TG2 is in syndecan-4 anchored form either direotlyndirectly. As TG2 is known to have

strong binding affinity to HS of syndecan-4, tregtiTHP-1/DS with heparinase Il for

digesting HS side chains of the core syndecan-£onte resulted in loss of cell surface TG2
expression. Data presented here indicates thdb$iseof syndecan-4 or loss of HS results in
loss of cell surface TG2 and its associated agtiVibus the loss of TG2 from the cell surface
is the likely explanation for syndecan-4 knockdowfiects have to reduce interaction
between M@ and AC. This is strongly supported gy dbility of exogenous TG2 to rescue

M@-AC interaction inhibited by the loss of syndeearThis is in line with the outcome from
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chapter 3, suggesting that M@ cell surface TG2Z/agtis a key regulator for M@ interaction
with AC.

Understanding TG2 activity in mediating M@ interaotwith AC was further strengthened
by using TG2 heparin-binding domain mimicking pdptiP1’. This peptide from TG2 lacks
TG2 activity but competes with TG2 for binding t&HUse of P1 peptide at a concentration
of 200pg/ml showed a significant reduction in M@-A@eraction and this effect was dose-
dependent. This effect noted in THP-1/DS expres$i@g upon treatment with P1 peptide at
a high concentration may possibly replace cellaai@fTG2 overtime, leading to suppression
of M@-AC interaction through loss of TG2 activitihterestingly, upon addition of active
TG2 exogenously, the loss of M@-AC interaction agsult of P1 peptide was found to be
rescued, suggesting that the importance of syndéchound TG2 via HS is crucial in
mediating M@ interaction with AC. Quantifying thelkcsurface TG2 activity on THP-1/M@
following P1 peptide treatment would have provigedonvenient explanation for the TG2
activity need on the M@ cell surface for mediatM@-AC interaction. Further addition of
exogenous TG2 coupled with TG2 inhibitor treatminthe P1 peptide treated THP-1/MJ
could confirm whether there the requirement of Tgs&sence or TG2 activity for the rescue
effect seen with exogenous TG2.

Taken together with the inhibitory effect of the pdptide, which competes with the heparin
binding domain within the TG2 molecule, these datpport the notion that cell surface TG2,
in association with HS of syndecan-4 mediates M@#At€raction. Knockdown of syndecan-
4 expression and inhibition of TG2 activity with Z@nhibitors showed no further reduction
in AC clearance suggesting TG2 exerts most, if albof its cell surface effects on AC

clearance through its association with syndecatdedvever, there could be a possibility that
cell surface legends other than HS chains on swmdécmay be responsible for TG2

association and thus mediating M@ clearance of AC.
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Chapter 6
TG2 interacts with CD44 at the
macrophage cell surface: A possible
role for TG2 in mediating CD44 cross-
linking
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Chapter 6

Result 4: TG2 interacts with CD44 at the macrophageell surface: A possible role for

TG2 in mediating CD44 cross-linking.

6.1 Introduction

The transmembrane glycoprotein CD44 is an HSPG amdestablished receptor for
hyaluronan that is known to play a critical roleinmmune cells modulating proliferation and
differentiation, cell adhesion, migration, and amfimation (Fadok et al., 1998, Pure and Culff,
2001, Ponta et al., 2003). CD44 is encoded by @lesihighly-conserved gene and is located
on chromosome 2 in mice and chromosome 11 in huiiiNans et al., 1997). The CD44 gene
is composed of 20 exons of which exons 1-5 and8Lér& constant, whereas exons 6-15 and
19-20 are variants (Screaton et al., 1992). CD44tndard’) or CD44H expressed by
haematopoietic cells represent the basic form o#A€With a molecular mass of 40kDa
(Jalkanen et al., 1986). However, by undergoing mer alternative mRNA splicing and
posttranslational glycosylation of CD44S (Levescqued Haynes, 1999), results with a
molecular mass of 80-100kDa on SDS-PAGE. Similagkpression of variant isoforms in
parallel with glycosylation results in the genewatiof multiple isoforms of different
molecular sizes (80-230kDa) especially by differeatcinomas (Gunthert et al., 1991).
Primary blood monocytes are known to express CD#dE|ncreased expression of variant
isoforms along with CD44S is evident as monocytfferéntiate to macrophages, in vitro
(Mackay et al., 1994). Similarly, expression ofigas CD44 isoforms by macrophages is

known to be increased at sites of chronic inflamomafLevesque and Haynes, 1996).

Structurally, CD44 comprises a 248 amino acid edlialar domain that includes binding
site for hyaluronan, other CD44 ligands includiradjagen, laminin and fibronectin (Ishii et
al., 1993, Jalkanen and Jalkanen, 1992) and smesl-f and O-linked glycosylation and
chondroitin sulphate binding. Its transmembrane @armomprises of a 23 amino acid and its
intracellular domain comprising 70 amino acids winb-80% homology between species
which mediates CD44 interaction with intracellulsinding partners (Stamenkovic et al.,
1989). Though, lacking intrinsic kinase activitigetcytoplasmic tail of CD44 interacts with a
variety of signalling mediators. It also containmding sites for the actin-cytoskeleton
adaptor proteins ankyrin and members of ERM (esadixin/moesin) family for actin
cytoskeleton reorganization for mediating cell et and motility.
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As a well-known cell-cell and cell-matrix interamtis mediator, CD44 is associated with
several inflammatory processes (Pure and Cuff, Otxlroles in recruiting peripheral blood
monocytes to the sites of inflammation (Guazzonealgt2005) and lymphocyte homing
during inflammation (Stoop et al., 2002) are weticdmented. Moreover, CD44 is also
known to be a ligand for E-selectin which, in cogen with P-selectin, facilitates
neutrophil extravasation into inflamed sites (Kataa et al.,, 2005). Phagocytosis is a
hallmark of M@ and substantial evidence is avadabstablishing CD44 as a prominent
phagocytic regulator (Hart et al., 1997, Tederlgt2902, Leemans et al., 2003, Vachon et
al., 2006, Hart et al., 2012). Hart et al., (20&&)ognised the multifunctional cell surface
receptor, CD44 as one of the key regulators inntedi M@ capacity of AC clearance
confirming that, when cross-linked by CD44 monodloantibody (mAb), augments AC
clearance. A well-defined role for CD44 in AC bingj ingestion and clearance is evident as
mice deficient in CD44 showed a moderately decetaskearance in AC following
bleomycin-induced lung injury with a 13-fold incesain uncleared AC compared to wildtype
mice (Teder et al.,, 2002). Compelling evidence asvravailable establishing CD44 as a
phagocytic receptor to AC (Vachon et al., 2006) let@D44-/- mice are characterised by
impaired apoptotic neutrophil clearance, accumaotatif low molecular weight hyaluronan
fragments with proinflammatory functions, and impdi activation of TGHB1 following
lung injury. Similarly, a well characterised effeaft M@ CD44 cross-linking in association
with augmented AC clearance is provided by Haatl.e2012).

Interestingly, a monoclonal antibody (6B9) that weported to recognize cell surface TG2
(Mohan et al., 2003) was confirmed to be an angbetognizing CD44 (Stamnaes et al.,
2008) leading to the possibility that CD44 and TiG2ract. Given (a) that CD44 (an HSPG)
cross-linking is required on M@ to augment AC céeme, (b) the established link between
TG2-CD44 (via mAb 6B9), (c) that TG2 binds HS ahdttTG2 exhibits strong cross-linking
activity, the possibility that TG2 may interact WwiCD44 to promote AC clearance was
investigated, initially focussing on the expressmofile of CD44 in our THP-1/M@ and
primary HMDM@ cell systems.
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6.2 CD44 is expressed in macrophage.

To assess CD44 expression in our macrophage systanie cell lysates of THP-1 and THP-
1/M@, primary HMDM(, viable and apoptotic Mutu wesealysed by western blotting for
CD44 expression (Figure 42).
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Figure 42. CD44 expression profile in THP-1/M@, HMDM@ and apoptotic cells.50ug
equivalent whole cell lysates of THP-1, THP-1/M@VMEIM@, viable and apoptotic Mutu
were analysed by western blotting using a 5% geemldranes were probed using
monoclonal anti-CD44 antibody and mAb binding wasealed by HRP-conjugated anti-
mouse secondary antibody. Stripped membranes wearysobed with antB-actin antibody to
ensure equal loading. Data shown are the reprasentd three independent repeats.

As evident from figure 42, western blot analysisGid44 in THP-1/PMA, THP-1/DS and
HMDM@ reveals detectable CD44 expression that fedeal TG2 expression (Figure. 10,
14). Interestingly, two distinct molecular weighartals for CD44 were expressed one
equivalent to ~130-160kDa and the other equival®ri80-90kDa. Red and blue arrowheads
indicate high and low molecular weight bands for4a(Figure 42). CD44 is known to
contribute a range of isoforms due to extendivandO-glycosylation or alternative splicing
resulting in expression of varied isoforms randiragn 80 to 200 kDa (Screaton et al., 1992,

Skelton et al., 1998). Human monocytes are knowrexpress CD44S but following
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differentiation express high molecular weight igais along with low molecular weight
isoforms suggesting that CD44v expression is aategtiwith monocyte differentiation to
tissue macrophages (Levesque and Haynes, 1996 iNterestingly, high molecular weight
CD44 isoform expression is consistent with TG2 egpion in THP-1/M@ though the low
molecular weight isoform expression is not seenndifferentiated THP-1. The expression
of TG2 and high molecular weight CD44 with THP-Iffefientiation to Md-like cells
suggests that the high molecular weight CD44 cbeld result of TG2 bound isoform.

6.3 TG2 cross link CD44 on M@ cell surface

Hartet al. (2012) have proposed that cross-linking of CD¢4riAb augments AC clearance.
While TG2 is well known for its cross-linking funeah, there could be a possibility that the
high molecular weight CD44 (as evident from figd® could be a TG2 cross-linked product
of CD44 that may be generated through TG2 actiVitthis hypothesis were true, treatment
with TG2 inhibitors would result in a reduction loss of the high molecular weight CD44
band, as TG2 cross-linking were inhibited. To addrhe possibility that the high molecular
weight CD44 is a TG2 cross-linked form [cross-lidk® itself (CD44-CD44) or other
partner molecules, possibly including TG2], CD44$mssion in TG2 inhibitor treated cells
was examined (Figure 43).
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Figure 43. TG2 cross-link CD44. A50ug equivalent whole cell lysates of THP-1/DS +TG2
inhibitors were analysed for CD44 expression byteresblotting. Membranes were probed
using monoclonal anti-CD44 antibody and mAb bindimgs revealed by HRP-conjugated
anti-mouse secondary antibody. Stripped membranese we-probed with anfi-actin
antibody to ensure equal loadirtg. Densitometric analysis of the high and low molacu
weight bands of CD44 bands obtained with diffefEGR inhibitor treatments, using ImageJ.
Densitometry values relative to the loading contvete calculated and are shown as a % of
untreated control. Blot shown is the representatofe three different independent
experiments, while the densitometry shown is tipee®gentative of the blot shown.
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In agreement with the hypothesis, inhibition of T@&s associated with a significant loss in
the high molecular CD44 (~150-160kDa, red arrowdhezoupled with an increase in the
intensity of low molecular weight CD44 (~80-90kDdue arrow head) consistent with the
notion that the high molecular weight CD44 speeaigses from TG2 activity (Figure 42). As

M@ CD44 cross-linking is known to associate witlgaented AC clearance (Hart et al.,
2012), this may suggest a possible mechanism bghvhz2 exerts its effect on promoting
M@ clearance of AC adding an extra bit of weightetrlier established data in a way that
TG2 may be the possible CD44 cross-linker favou@iiifi4 mediated M@ clearance of AC.

To look specifically into possible interactionsWween TG2 and CD44, whole cell lysates of
both THP-1/DS and HMDM@ were subjected to co-imnpreaipitation analysis. TG2
immuno-complexes generated as a result of inculpatie-cleared whole cell lysates of THP-
1/DS and HMDM@ with monoclonal TG2 antibody (TG10@re precipitated using protein
A-Sepharose beads. Following western blotting, CD#tigen in the TG2 immuno

complexes was resolved by probing the membraneg asi anti-CD44antibody (Figure 44).
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Figure 44. TG2 co-precipitates with CD44 150ug of protein equivalent THP-1/M@ and
HMDM@ whole cell lysates precleared with protein S&pharose beads slurry were
incubated with TG2 antibody to form TG2 immuno-cdexp So formed immuno-complexes
were precipitated with protein A-Sepharose beagsaeted into laemmli buffer and were
resolved by SDS-PAGE using 8% gels and western tifot Membranes were

immunoblotted using anti-CD44 antibody, to dete®4@ antigen in the TG2 immuno-

complex. CD44 in TG2 immuno-complexes from THP-1/M@l PMDM were pointed with

the arrow heads. Molecular weight standards shovkbai.

153



Precipitation of TG2 resulted in the co-precipdatiof CD44 (Figure 44) suggesting a
possible interaction between these proteins. Istergly, in parallel with CD44 western
analysis, both high and low molecular weight barids CD44 were detected in co-
immunoprecipitation. However, the low molecular gigi band (~95-110kDa; Figure 44)
detected were not identical to the molecular wedfithe band (~85-95kDa; Figure 42) seen
in western blots suggesting that CD44 bands ab&858Da may be the consequence of
either partial or complete posttranslational madifion. As CD44-TG2 interaction is evident,

the possibility that TG2 inhibitors may reduce theeraction was tested. M@ treated with

and without TG2 inhibitors were analysed by co-inmmprecipitation (Figure 45).
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Figure 45. TG2 inhibitors blocked TG2-CD44 interacton. 150ug of protein equivalent
whole cell lysates of HMDM@ treated with and withdiG2 inhibitor were pre-cleared with
protein A-Sepharose beads slurry and incubated W&R& antibody to form TG2 immuno-
complex. So formed immuno-complexes were precgitatith protein A-Sepharose beads,
extracted into laemmli buffer and were resolvedIBS-PAGE using 8% gels and western
blotting. Membranes were immunoblotted using ard4@ antibody, to detect CD44 antigen
in the TG2 immuno-complex. CD44 in TG2 immuno-coexgs HMDM@ were pointed with
the arrow heads. Molecular weight standards shovkbai.

Notably, as evident from co-immunoprecipitation lgs&, TG2-CD44 interaction was
significantly reduced following treatment with T@#hibitor R281 as was the expression of
the high molecular weight CD44(~150kDa, Red arr@ad) (Figure 45). This suggests that

by inhibiting TG2 cross-linking activity, there i@ great reduction in the upper band.
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However, the precipitation of the lower band wosliggest that TG2 and CD44 are still

capable of interacting, mostly likely through TG& lhteractions.

To further strengthen our preliminary observatioG®44-TG2 cross-linking by TG2 was
analysed by co-immunoprecipitation in TG2 knockdoenSDC4 knockdown THP-1/DS,
while observing the presence of CD44 in the antRTT&GG100) immunoprecipitates (Figure
46).
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Figure 46. Loss of TG2 or syndecan-4 results in Issof CD44 antigen in TG2
immunoprecipitates. THP-1/DS were transfected with TG2 siRNA or syrated siRNA
using HiPerfect transfecting reagent. 150ug of ggnoequivalent cell lysates of TG2 or
syndecan-4 knockdown along with non-transfected -IHPS were pre-cleared with protein
A-Sepharose beads slurry and incubated with TGbaohy (TG100). So formed immuno-
complexes were precipitated with protein A-Sepahrosads, extracted into laemmli buffer
and were resolved by SDS-PAGE using 8% gels andewedblotting. Membranes were
immunoblotted using anti-CD44 antibody, to deteB¥4@ antigen in the anti-TG2 immuno-
complex. Antibody heavy chain (HC) and light chélii€) were marked. Molecular weight
standards shown in kDa.

Loss of TG2 or syndecan-4 (which reduces cell serfBG2 expression and activity; Figure
35A & 36) resulted in the loss of the low moleculaeight form of CD44 (Figure 46)

suggesting that TG2 interacts with CD44. Howevdd4€ interaction with syndecan-4, a
known binding partner for TG2 on M@ cell surfacenmat be ruled-out. To address the
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possible interaction between syndecan-4 and CDgAdexan-4-CD44 interaction was
analysed by co-immunoprecipitation in TG2 knockdoW#P-1/DS (Figure 47).
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Figure 47. Loss of TG2 results in loss of CD44 amggen in syndecan-4
immunoprecipitates. THP-1/DS were transfected with TG2 siRNA using étiect
transfecting reagent. 150ug of protein equivaletitlgsates of TG2 knockdown along with
non-transfected THP-1/DS and R281 treated THP-M2& pre-cleared with protein A-
Sepharose beads slurry and incubated with syndécantibody. So formed immuno-
complexes were precipitated with protein A-Sepahrosads, extracted into laemmli buffer
and were resolved by SDS-PAGE using 8% gels andewedblotting. Membranes were
immunoblotted using anti-CD44 antibody, to dete®4@ antigen in the anti-syndecan-4
immuno-complex. Antibody heavy chain (HC) and ligh&ain (LC) were marked. Molecular
weight standards shown in kDa.

Interestingly, loss of TG2 results in loss of CDA4yndecan-4 immuno-complex suggesting
that CD44 interacts with TG2 and not with syndedai-aken together, it is quite evident
that TG2 interacts with CD44, on the M@ cell suefand this crosslinking can be a possible

TG2 mediated molecular mechanism in M@ clearand®Qf
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6.4 Discussion

Interaction of cell surface adhesion moleculesegithith components of extracellular matrix

or with neighbouring cells is known to influencerieas cell behaviours including adhesion,
migration, proliferation and signalling (Fadok &t 4998, Pure and Cuff, 2001, Ponta et al.,
2003). Cell surface CD44 is one such cell adheseoaptor known for its interaction with its

principal ligand hyaluronic acid (HA), a polymertivirepeating disaccharide units of N-
acetyl-o-glucosamine and D-glucuronic acid (Underh®92, Knudson, 1998). CD44 is also
well known for its active participation in a numhmrinteractions with ECM components like

fibronectin, collagen, laminin, osteopontin, andimmametalloproteinases (MMPs) (Weber et
al., 1996, Cichy and Pure, 2003, Ponta et al., 003

CD44 is known to be expressed in several cell typetuding erythrocytes, epithelial cells,
endothelial cells, fibroblasts and smooth muscliscglial cells, leukocytes and a variety of
tumour cells (Xu et al., 2002, Lesley et al.,, 1998am et al., 2004, Cao et al., 2006,
Rajarajan et al., 2008, Vigetti et al., 2008, Skira al., 2010). CD44 is even found to be
expressed in embryo (Wheatley et al., 1993). CDgspa critical role in immune cells
modulating proliferation and differentiation, cedldhesion, migration, and inflammation
(Fadok et al., 1998, Pure and Cuff, 2001, Pontl.eP003). In cooperation with HA, CD44
is known to regulate directed migration in neutitpfAlstergren et al., 2004) and through
being an E-selectin ligand in co-operation withdrestin facilitate controlled neutrophil
rolling and extravasation to inflamed sites (Katageet al., 2005). Moreover, it is known for
its requirement for peripheral blood monocyte réorant to sites of inflammation
(Guazzone et al.,, 2005) with reduced numbers of M@atheroscelorotic lesions from
CD44/ApoE double-deficient mice (Cuff et al., 200&)well-defined role for CD44 in AC
binding, ingestion and clearance is evident as mdefcient in CD44 show a moderately
decreased clearance of AC following bleomycin-irethtung injury with a 13-fold increase
in uncleared AC compared to wildtype mice (Tederaki 2002). Hartet al. (2012)
recognised the multifunctional cell surface rece@®44 as one of the key regulators in
defining the M@ capacity of AC clearance confirmthgt, when cross-linked by monoclonal
antibody, augments AC clearance.

Results from chapters 4 and 5 reveal a functioolal for M@ cell surface TG2 with a clear
role for M@ cell surface TG2 activity in mediatid-AC interaction. As CD44 (an HSPG)
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cross-linking is required on M@ to augment AC ciaere, and that TG2 exhibits strong
cross-linking activity, it is a possibility that Gmay interact with CD44 to promote AC
clearance. Work presented here shows CD44 is esgieimn TG2-expressing M@ (THP-
derived and HMDM@) suggesting that TG2 might exéd effect through CD44.
Interestingly, two distinct molecular weight CD44rlls equivalent to ~130-160kDa and
~80-90kDa were detected (which may be due to hgéereous glycosylation). CD44 exists
in variant isoform as a result of alternative Splicor variable glycosylation (Screaton et al.,
1992, Skelton et al., 1998, Levesque and Hayneé39),1Ponta et al., 2003) and the observed
CD44 bands were in line with earlier findings (dadkn et al., 1986, Stamenkovic et al.,
1989). CD44s (‘standard’) is a single chain typeinsmembrane protein containing 341
amino acids is the most prevalent form with a mal@cmass of 40kDa. However, extensive
post-translation glycosylation results in CD44s86kDa (Underhill, 1992, Mackay et al.,
1994). In terms of TG2, the high molecular weigii4d was assumed to be a possible TG2
cross linked isoform. As, M@-AC interaction studiesth TG2 inhibitors revealed their
ability to inhibit the cross-linking activity of TZ; treatment with TG2 inhibitors should
result in loss of high molecular weight CD44 barsdaaresult of loss of TG2 activity. In
agreement with the hypothesis, inhibition of TG2haa cell-impermeable inhibitor resulted
in a significant loss in the high molecular CD4sbdaletected by western blotting. This was
associated with an increase in the relative intgnsi the low molecular weight CD44,
suggesting a possible interaction between TG2 and4CAs M@ CD44 cross-linking is
known to mediate augmented AC clearance (Hart.e®@ll2), loss of assumed TG2-cross-
linked CD44 band as a result of treatment with Ti@#bitor implies that TG2 may be a
possible CD44 cross-linker favouring CD44 medidid clearance of AC.

In agreement with the western blotting analysisinemunoprecipitation studies revealed an
interaction between TG2 and CD44, with the expossif both high and low molecular

weight bands of CD44. However, it is not clear wieetthe high molecular weight band is a
CD44-CD44 cross-linked form or CD44 cross-linkedotber partner molecules, including

TG2. Future work looking at the presence of TGRigh molecular weight band of CD44 by
mass spectrometry analysis could suggest the pres#im G2 and CD44 together in the high
molecular band. If TG2 is interacting with CD44 W&, there might be a possibility that the
TG2 will not be the final component that is covdlgtinked to CD44 as it gets dissociated in
the western blot analysis, unless the TG2-CD44 cietson is SDS resistant. (lismaa et al
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2009). Similarly, if TG2 is not seen in the high lewular weight band of CD44, it can be
presumed that the upper band may be a CD44 comgadoimplex that was generated by TG2
activity and TG2 is not a final component of the42Dcomplex. Here, cross reactivity of the
anti-TG2 antibody used with CD44 (Mohan et al., 200an be ruled out as TG100 cannot
recognise CD44 (Hodrea et al., 2010). Co-immunapitation studies of TG2 revealed
complete loss of the high molecular weight CD44dbapon treatment with TG2 inhibitors.
This suggests TG2 activity at the cell surfaceesponsible for the formation of the high
molecular mass CD44 band through possible cro&sfinof CD44. Furthermore, loss of
TG2 or syndecan-4 (which reduces cell surface Ti@&)lted in reduced co-precipitation of
the low molecular weight CD44 band. This confirnmsitt TG2 interacts with CD44 via
heparin binding sites possibly providing a physiydal equivalent of monoclonal antibody
cross-linking which contributed for augmented A@athnce by M@ (Hart et al., 2012).
Moreover, loss of TG2 resulted in loss of CD44 yndecan-4 immuno-complex suggesting
that TG2 interacts with CD44 and not with syndedai-aken together, these data would
support the hypothesis that TG2 exerts its effachilwgmenting M@ clearance of AC, at least
in part, through CD44 cross-linking while bindingFH@&-E8, a protein known to bridge
another binding partner for TGR3 integrin to AC and mediate its uptake via signglithe
recruitment of Crkll-DOCK180-Racl complex and tlaasivating GTPase Racl (Hanayama
et al., 2002, Akakura et al., 2004, Toth et al.0Q0(Figure. 48). Although data presented
here suggest that TG2 mediated CD44 cross-linkirggreents AC clearance by M@, further
work is required to assess the details of thigattgon and cross-linking e.g. to assess CD44
is homo-dimerised or linked to other partners gagsincluding TG2. Similarly, loss of
CD44 cross-linking as a result of loss of TG2 attier TG2 expression resulted in reduced
M@ clearance of AC, further work needs to look ittte effect of M@ clearance of AC due

to loss of CD44 expression by knocking down CD4gregsion in MQ@.
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CD44

Figure 48. CD44-TG2 cross talk augments macrophaggearance of apoptotic cells. A.
Cytoplasmic TG2gets externalized and, binds toHSPGs on the M@ cell surface and
interacts with MFG-E8 via integrir3, which specifically binds AC by recognizing
phosphatidylserine (PS), the best characterizedmea signal expressed on the surface of
AC and mediate its uptake whi® simultaneously cross-linking surface glycoprot€in44

in the process of augmenting M@ clearance of AC.
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CD44 has been implicated in cell adhesion to aetsardf matrix components and may be
associated with cytoskeletal proteins and intratall signalling pathways (Lesley et al.,
1993). CD44 is widely known for mediating leukocytegration to sites of inflammation
(DeGrendele et al.,, 1997), a process managed bygslwsietal rearrangements and
downstream signalling events. Earlier studies asgphasised CD44’s involvement in
cytoskeletal-dependent  phagocytosis of heat-killeBaphylococcus aureus by
polymorphonuclear cells (Moffat et al., 1996)ycobacterium tuberculosis by murine MJ
(Leemans et al., 2003) and apoptotic polymorphaardeukocytes (PMNs) by human M@
(Hart et al., 1997). M@-CD44 ligation mediated aegted AC intake is evident boith vitro
by treating mice M@ with CD44 mAb, prior to co-auk with apoptotic neutrophils (Hart et
al.,, 1997, Hart et al., 2012) anth vivo by injecting PMN labelled with 5-
chloromethylfluorescein diacetate (CMFDA) followinmjecting CD44 mAb into the
peritoneal cavity of wild type or CD44mice and estimating the proportion of M@ which
phagocytised apoptotic PMN within 7 min by flow egtetry (Teder et al., 2002, Hart et al.,
2012). Studies by Cufet al. (2001) demonstrated CD44 promotes M@ recruitntent
atherosclerotic lesions (sites of extensive cedtde while M@ from CD44 mice showed
reduced migration into areas of inflammation (Stebpl., 2002) and a defective clearance of
AC (Teder et al., 2002). Cross-linking CD44 maynsigwithin the cells as the cytoplasmic
domain of CD44 has been reported to interact with tytoskeletal and intracellular
transduction molecules (Isacke, 1994). With refeeeto M@ migration studies from chapter
4 (Figure. 31), loss of CD44 cross-linking due @sd of TG2 activity as a result of TG2
inhibitors could be the possible explanation fatuged migration and directionality towards
chemoattractants. Moreover, altered cytoskeletadadycs following CD44 cross-linking
may alleviate M@ interaction with AC as memberseafin/radixin/moesin (ERM) family
(Tsukita et al., 1994) angrc family kinases (llangumaran et al., 1998) are distaed as
molecular linkers of CD44 and actin-based cytoskeltAs with professional Md, several
semi-professional, so-called ‘amateur’ phagocytegluding fibroblasts, endothelial,
epithelial and mesenchymal cells (Gregory and De2@04, Devitt and Marshall, 2011) are
known to express TG2 (Olsen et al., 2011, Oh ekall3) and CD44 (Rajarajan et al., 2008,
Vivers et al., 2002). Given that CD44 is expresse@mateur’ phagocytes and so is TG2, a
similar AC clearance mechanism by amateur’ phagscgan be anticipated. However, in
terms of activity of Rho family GTPases which hasem linked to control of AC
phagocytosis (Leverrier and Ridley, 2001, Hartlet2012) have shown a specific induction
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of Rac2 activation in mouse M@ following CD44 mAkdtment, which is not expressed by
non-professional phagocytes such as fibroblasts ay provide a clue that CD44 cross-

linking may not augment AC clearance in amateugphgtes as with in professional MJ@.

TG2 mediated CD44 cross-linking leading to alteogtbskeletal dynamics may result in
reduced M@ migration favouring stabilised interastof M@ with AC. Taken together the
above results possibly identify a previously unggiped role for TG2 in AC clearance by
M@ suggesting that TG2 and CD44 may work togetbemediate M@ migration to and

clearance of AC.
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Chapter 7

Discussion & Future Work
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Chapter 7

7.1 Discussion & Future work

Prompt and efficient removal of apoptotic cellsneeded to prevent undesired immune
responses to apoptotic cell-derived potential aptfgens, which may lead to chronic
inflammatory and autoimmune diseases (Peng andnEIlRO11, Miyanishi et al., 2012,
Nagata et al., 2010, Munoz et al., 2010). Substaetiidence has been generated over the
years in revealing the molecular mechanisms sudiognphagocytic clearance of apoptotic
cells. Removal of apoptotic cells by professionagocytes involves an array of phagocyte
receptors which directly or indirectly, via manyligade intermediate bridging molecules
facilitate recognition of apoptotic cell-associatggnds and their uptake (Savill et al., 2002).
Deficiency of molecules involved in the clearan€@jpoptotic cells such as MFG-E8 or C1q
can result in activation of the immune system aaad lead to systemic lupus erythematosus
(SLE)-type chronic autoimmune diseases (Pickerimg) Walport, 2000, Yamaguchi et al.,
2010). The MFG-E8 mice develop splenomegaly and suffer from glonwerephritis as a
result of autoantibody production (Hanayama et a006). An understanding of the
molecular mechanisms involved in the clearancepobptotic cells may provide substantial
evidence associated with autoimmunity and poteriti@rapies. As evident from TG2
knockout studies, TG2 is reported to play a prominele in the clearance of apoptotic cell
clearance, a process known to be immunosuppreasiweanti-inflammatory (Szondy et al.,
2003).

TG2 is a multi-functional extracellular protein (B@, 2011, Wang and Griffin, 2012)
known to accumulate in cells undergoing apoptasigler bothn vivo andin vitro conditions
(Fesus, 1993, Szondy et al., 2003). It is also kndowovcorrelate with apoptosis induction.
However, studies have reported that TG2-mediatedselinking of intracellular proteins is
not essential to the apoptotic process (Griffiralet 2002). Other studies demonstrate that
TG2knockout mice do not display a morphological phgpetassociated with dysregulated
apoptosis (De Laurenzi and Melino, 2001) suggestiatyother TG enzymes (Grenard et al.,
2001) could be compensating for the loss of TGthat TG2 is not so important. Moreover,
Deaseyet al. (2013) have shown that the compensation showrthi®r @G members is tissue
specific and includes transcriptional and functlas@mpensation. The extent of redundancy

within the TG family with respect to apoptotic celkarance is not known. There is still
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extensive evidence indicating that TG2 is up-retgalan cells that are more prone to, or
destined to undergo, programmed cell death (Piagesttal., 2002). From the apoptotic cell
point of view, death might trigger TG2 expressi®his may not be needed for AC clearance
but may be a cause or an effect of the apoptotcgss. However, increased expression of
TG2 occurs in the process of monocyte differerdgrato M@ (Akimov and Belkin, 2001) and
it is thought to contribute to formation of the pgbaytic portal in association with the
phagocytic receptorayfiz and its bridging molecule, MFG-E8, which specifigabinds
phosphatidylserine (PS) on the surface of AC, enflocess of apoptotic cell engulfment by
M@ (Toth et al., 2009). TG2 also mediates crogs-a@tween M@ and AC via activation of
TGHA1, a well-known immunoregulatory cytokine, which specifically released by
macrophages ingesting AC (Fadok et al., 1998) byré¢laognition of PS on the AC (Fadok et
al., 1992) while TGBL1 is required for in vivo induction of TG2 in bokhd and AC (Szondy
et al., 2003). Defective cross-talk between M@ A@din TG2 null mice highlighted the role
of TG2 in apoptotic cell clearance by M@. Howewee functional role played by TG2, the
underlying molecular mechanisms involved and pdssilis2 partners that may be involved
in the process of M@ clearance of AC are still futly understood. The current study act to

address the role of cell surface TG2 in the hum&hiMthe process of AC clearance.

This study demonstrates that irreversible TG2 indiib (including both cell permeable and
impermeable inhibitors) cause a significant reductin human M@ interaction with AC.
The effect of TG2 inhibitors on M@-AC interactios seen with both THP-1/M@ and
primary HMDM@. Treatment of M@ alone was sufficig¢atinhibit AC clearance suggesting
human M@ TG2 is key to AC clearance as no TG2 ipressed by apoptotic mutu.
Additionally, the ability of cell-impermeable TG2hibitors also suggests that cell surface
TG2 on the human M@ is key. Given the effect dfilators on the M@ and taking the
inhibitory effect shown by the cell impermeable Ti@Ribitor R281 into consideration, it can
be suggested that TG2 on the human M@ cell suifaceucial in contributing to the uptake
of AC by M@. This is confirmed by the comparabléibition shown by the extracellular
acting inactivating TG2 antibody D11D12. Furthermof G2 inhibitors have been shown
here for the first time to inhibit M@ tethering A& through undertaking the M@-AC assay at
20°C, a temperature non-permissive for phagocytosevifDet al., 2004). Thus TG2 plays a
role in both M@ binding to and subsequent engulfin@EnAC. In parallel with this TG2

inhibitor approach, a significant reduction in M@:Anteraction is seen with knock-down of
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TG2 using small interfering RNA, again highlightitige need for TG2 in M@ clearance of
AC. Importantly, treatment of ‘TG2 knock-down M@’ itw TG2 (including cell-
impermeable) inhibitors together showed no furifner additive) reduction in AC clearance.
This suggests TG2 activity exerts most, if notddlits effects on AC clearance at the cell
surface of human Md@. Interestingly, the TG2 intubieffect is also seen with primary
HMDM@ thus confirming THP-1/M@ as an excellent M@del system for TG2 mediated
AC clearance studies.

A dose dependent inhibition of AC clearance by Ti@#bitors was shown with testing at
three different concentration (500, 50 and 5uMgspective of the inhibitor used. Inhibition
of AC clearance may also be explained by toxicat$féy TG2 inhibitors on M@. However,
toxicity studies (XTT assay) showed no sign of ralecellular metabolic activity in TG2
inhibitor treated M@ compared with untreated. Samyl, microscopic observations revealed
no sign of alterations in morphology, attachment apreading with one hour TG2 inhibitor
treatment (the inhibitor treatment period for M@-A@eraction studies). This would suggest
that the effects of TG2 inhibition on AC cleararee not the result of reagent toxicity.
However, prolonged (2 days) incubation of THP-1/M@th TG2 inhibitors, especially
during the process of THP-1 differentiation to M&el cells induced signs of altered cell
adhesion as evident from suspension cell counts dltered M@ adhesion could be the
result of non-specificity of the TG2 inhibitors threir role in affecting cell adhesion via TG2
inhibition, as TG2 is well acknowledged as a ceélhe@sion molecule (Akimov and Belkin,
2001, Verderio et al., 2003, Mangala et al., 20@8) demonstrated by Akimov and Belkin,
(2001) and Folet al. (2006), cell surface TG2 was found to be co-liaea with51- ands3-
integrins in podosomes (specialized adhesive stres} of adherent macrophages. Knock-
down of TG2 via siRNA or treatment with the functé blocking antibody, D11D12 led to
significant decrease in cell adhesion and migratibmonocytes (Akimov and Belkin, 2001,
Fok et al., 2006). In the current study, proloni&@d treatment with TG2 inhibitors resulted
in loss of cell adhesion, though no effect on gability is evident from DAPI or acridine
orange staining and assessment of nuclear morphologatment with TG2 inhibitors also
resulted in reduced M@ migration towards AC anthiBne with earlier studies by Balajthy
et al. (2006) who showed impaired migration by neutraphil TG2" mice. This highlights
the importance of TG2 in the migration of human ropbages for the first time. However,

effect of TG2 inhibitors on human M@ migration tads AC may or may not be specific and
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future work needed to assess the effectivenessG# ifhibitors in inhibiting human M@

migration towards other chemo attractants.

Having confirmed whole cell and cell surface TGpmrssion in THP-1/M@ (PMA and DS
stimulated but not VD3) and HMDM®@, and having séka effect of TG2 inhibition and
TG2-knockdown using siRNA on M@-AC interaction, thenctional role of TG2 in the
context of M@-AC interaction was addressed. Givet the TG2 inhibitors used may affect
TG2 function either by inhibiting TG2 activity do#y (competitive inhibition) or by
changing its conformation (an indirect effect oni\aty), the effect of the TG2 competitive
primary amine substrate, monodansylcadaverine (M@ used. MDC blocks TG2
crosslinking with no change in enzyme conformatiSiegel and Khosla, 2007). Inhibition of
AC clearance by MDC suggests that TG2 activityrig@l for effective M@-AC interaction.
In parallel, altered cell surface TG2 activity ma&a&sl via biotin-X-cadaverine incorporation
into fibronectin following TG2 inhibitor treatmenf,G2 knockdown and the effect of the
TG2 activity blocking antibody provides evidencesupport of TG2 activity in mediating
M@-AC interaction. Moreover, the use of ‘P1 pepti(e peptide that mimics the heparin
binding domain of TG2) resulted in a significantduetion in M@-AC interaction in
comparison to its scrambled analogue. More interglyt the compensation effect seen with
the active TG2 added exogenously suggested thatctinety of TG2 is crucial in mediating
M@ interaction with AC. Similarly, adding back aciTG2 even compensated for the loss of
M@-AC interaction by both TG2 inhibition and TG2dekdown. Taken together, with no
detectable TG2 expression in B cells (viable orpapkic), it can be concluded that the cell

surface TG2 activity in human M@ plays a crucidénm efficient clearance of AC by M@.

Following this, the current study focussed on idmattion of possible TG2-binding partners
at the M@ cell surface. Though TG2 is predominaralycytosolic protein that lacks a
hydrophobic leader sequence for ER-mediated exisatian, TG2 is exported to the cell
surface and associates with extracellular matridibig proteins including fibronectin,
collagen and integrins (Akimov et al., 2000, Aesolainn and Thomazy, 2000, Balklava et
al., 2002, Chau et al., 2005, Telci et al., 2008hronectin is a well-established binding
partner for TG2 in the extracellular matrix (Hartgaé, 2005). Similarly, TG2 is known to
have a very strong affinity for heparin (Gambettiak, 2005) and interacts with heparan

sulphate proteoglycans including syndecan-4 (Sdarpet al., 2009, Wang et al., 2012).
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Thus a possible syndecan-4 mediated TG2 interagtiofnHP-1/M@ model system was

analysed.

Syndecan-4 is expressed in THP-1 cells and in B&# expressing (THP-1/PMA and THP-
1/DS) and non-expressing THP-1/M@ (THP-1/VD3) Mddals. Through the use of western
blotting and immunofluorescence staining of nompeEaible macrophages, a clear expression
of syndecan-4 in THP-1/DS model system that alsowshstrong TG2 expression was
revealed. Due to time constrains, this study addesyndecan-4 expression in only THP-1/
M@ and not in primary HMDM@. Interestingly, as esid from co-immunoprecipitation
studies, TG2 was found to interact with syndecamd is consistent with earlier studies
(Scarpellini et al., 2009, Lortat-Jacob et al.,200/ang et al., 2012). Loss of syndecan-4 by
siRNA resulted in significant loss of cell surfat&2 expression thus supporting earlier
studies by Scarpelliret al. (2009) and Wangt al. (2012) who proposed HSPG as mediators
for TG2 cell-surface trafficking. Similarly, lossf @ither syndecan-4 or digestion of cell
surface HS chains, upon treatment with heparinesedulted in a significant reduction in
M@ cell surface TG2 activity and M@ interaction wAC supporting the notion that HSPGs
are the cell surface adhesion receptors for exiseta TG2 which is known to be in
heterocomplex with fibronectin in the extracellukmvironment (Scarpellini et al., 2009,
Telci et al., 2008, Verderio and Scarpellini, 2010%5ing a TG2 heparin binding domain
mimic peptide ‘P1’ (Wang et al., 2012) which congsetith TG2 for binding to syndecan-4
data here showed a significant reduction in M@-Ariaction in dose-dependent manner,
further strengthening the need for TG2 binding &l surface syndecan-4. Interestingly,
addition of active TG2 exogenously, rescued the sM@-AC interaction seen as a result
of treatment with P1 peptide, again suggestingrtiportance of TG2 activity via syndecan-4

as crucial in mediating M@ interaction with AC.

Syndecan-4 is a signalling molecule, implicated imbegrin co-signalling induced by
interaction with extracellular TG2 or free TG2 etextra cellular space (Telci et al., 2008,
Verderio et al., 2009). Clustering of syndecan-4 baen shown to initiate a signalling
cascade that results in Ri@ependent PK&and Racl activation in focal adhesion formation
and directional migration acting via the syndecarnbplasmic domain (Woods et al., 2000)
(Lim et al., 2003, Keum et al., 2004, Tkachenkalet2005, Tkachenko et al., 2006, Bass et

al., 2007). PKG@ is also known to serve as a major target for PMkKawa et al., 1989)
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stimulation which results in the expression of T@G2 THP-1/M@. Moreover, once
externalized, available TG2-activating concentraioof C&" and subsequent structural
changes brought about by HS binding may favour tthasition from a closed inactive
conformation of TG2 towards an open active form aral thus contribute to extracellular
TG2 activity.

Interaction of cell surface adhesion moleculesegitivith components of the extracellular
matrix or with neighbouring cells are known to udhce cell behaviour including
phagocytosis. Cell surface TG2 is known to interadth both integrins and HSPGs
(Scarpellini et al., 2009, Wang et al., 2012) tinfkiencing their synergistic signalling and
cell adhesion. HSPGs may also bind TG2 on adjacelis in the process of cell-cell
interaction and signalling. Similarly, TG2 may alsiad CD44 (a HSPG), a principal surface
receptor for the extracellular matrix molecule lyahan and a well-known cell-cell and cell-
matrix interaction mediator. CD44 is known for ngting peripheral blood monocytes to
sites of inflammation (Guazzone et al., 2005) anlymphocyte homing during inflammation
(Stoop et al., 2002). Several studies have provaidxstantial evidence establishing CD44 as
a prominent phagocytic regulator (Vivers et al.020Vachon et al., 2006, Hart et al., 2012).
CD44 is also implicated in apoptotic cell clearai€eder et al., 2002) where co-signalling
between CD44 and other receptors (e.g. phosphseidyge receptors, CD36 scavenger
receptors, vitronectin receptors,f{s) and calreticulin (Fadok et al., 1998) (Fadok and
Henson, 2003, Gardai et al., 2003)) expressed laggidytes is evident. Mice deficient in
CD44 show defective clearance in AC following blg@m-induced lung injury suggesting a
role for CD44 in AC binding, ingestion and clearan@eder et al., 2002). CD44 is also
recognised as a key regulator in controlling MQJaxaty to clear AC as CD44 cross-linking
with bivalent monoclonal antibodies profoundly awgs phagocytosis of apoptotic
neutrophils, an effect which was found to be indejemt of its principal ligand, hyaluronan
(Hart et al., 1997)Given this role of CD44 crosslinking augmenting AC clearance and the
established role of TG2 in cell surface heparindlig and protein cross-linking, the
possibility of an interaction between TG2-CD44 wgpothesised. Such an interaction may
be mediated by mAb 6B9 which in reality binds to 43Drather than cell-surface TG2
(Stamnaes et al., 2008) but augments phagocytfogiss was laid on understanding any
functional link between CD44 and TG2 in the con@®@-AC interaction.
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TG2 expressing M@ (THP-1/PMA, THP-1/DS and HMDM@peess detectable CD44 with
two distinct bands, a light band equivalent to 988Da and an intense larger band
equivalent to ~130-160kDa. CD44 exists in variagforms as a result of alternative splicing
or variable glycosylation (Screaton et al., 199@nt8 et al., 2003). CD44s (‘standard’) is
found to be the most prevalent form of CD44 withlecalar mass of 40kDa which with
extensive post-translation glycosylation resultsCib44s of 80-100kDa (Underhill, 1992,
Mackay et al., 1994). Thus the 80-90kDa band notedd in the current study corresponds
to this. The higher molecular mass band (130-16Qkietected by anti-CD44 western
blotting, was considered as a possible TG2 crog®dl isoform. Surprisingly, upon treatment
with TG2 inhibitor R281, a shift in the intensity lmigh molecular weight CD44 band (~150-
160kDa) to low molecular weight (~80-90kDa) CD44ntawas evident suggesting that
CD44 cross-linked by TG2 may contribute to therggychigh molecular weight CD44 band.
Camp et al. (1991) showed that in resident macrgghahere is a detergent insoluble CD44
fraction, but in elicited macrophages all of the 44Dwas detergent soluble. As CD44 (an
HSPG) cross-linking has been shown to augment Afarahce (Hart et al., 2012), it is
possible that TG2 may interact with CD44 mediated syndecan-4 binding to promote its
crosslinking and AC clearance. In parallel with tees blot analysis, CD44 is detectable in
the immunoprecipitates of TG2 suggesting interacti@tween the TG2 and CD44. Co-
immunoprecipitation of TG2-CD44 with cell lysatesdted with TG2 inhibitor completely
abolished the high molecular weight band suggestiisgociation of TG2-CD44 cross-

linking upon TG2 inhibitor treatment.

M@-AC interaction studies in the presence of TGRibrtors reveal their ability to inhibit
TG2 activity thus contributing to loss of AC intetimn. Treatment with TG2 inhibitors
should have resulted in loss of the putative TG&silinked high molecular weight CD44
band as a result of loss of TG2 activity. In agreetwith this hypothesis, inhibition of TG2
with a cell-impermeable inhibitor R281 resultedarsignificant loss of the high molecular
CD44 band and increase in the relative intensitytred low molecular weight CD44
suggesting a possible functional interaction betw&&2 and the high-molecular weight
CD44. As M@ CD44 cross-linking is known to mediaieggmented AC clearance loss of
assumed TG2-cross-linked CD44 band as a resulteatment with TG2 inhibitor implies
that TG2 may be the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>