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Abstract Monocytes and macrophages are key players
in inflammatory processes following an infection or tis-
sue damage. Monocytes adhere and extravasate into the
inflamed tissue, differentiate into macrophages, and pro-
duce inflammatory mediators to combat the pathogens.
In addition, they take up dead cells and debris and, there-
fore, take part in the resolution of inflammation. The mul-
tifunctional enzyme tissue Transglutaminase (TG2, tTG)
is known to participate in most of those monocyte- and
macrophage-mediated processes. Moreover, TG2 expres-
sion and activity can be regulated by inflammatory media-
tors. In the present review, we selectively elaborate on the
expression, regulation, and contribution of TG2 derived
from monocytes and macrophages to inflammatory pro-
cesses mediated by those cells. In addition, we discuss the
role of TG2 in certain pathological conditions, in which
inflammation and monocytes and/or macrophages are
prominently present, including atherosclerosis, sepsis, and
multiple sclerosis. Based on the studies and considerations
reported in this review, we conclude that monocyte- and
macrophage-derived TG2 is clearly involved in various
processes contributing to inflammation. However, TG2’s
potential as a therapeutic target to counteract the possible
detrimental effects or stimulate the potential beneficial
effects on monocyte and macrophage responses during
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inflammation should be carefully considered. Alternatively,
as TG2-related parameters can be used as a marker of dis-
ease, e.g., in celiac disease, or of disease-stage, e.g., in can-
cer, we put forward that this could be subject of research
for monocyte- or macrophage-derived TG2 in inflamma-
tory diseases.
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Abbreviations
CNS Central nervous system

ECM  Extracellular matrix

ERE Estrogen responsive element
ER-a  Estrogen receptor alpha
FAK Focal adhesion kinase
IFN-y  Interferon gamma

IL-18  Interleukin 1 beta

LPS Lipopolysaccharide

M1 Classically
macrophages

M2 Alternatively
macrophages

MS Multiple sclerosis

activated/pro-inflammatory

activated, anti-inflammatory

MTA1 Metastatic tumour antigen 1
PAF Platelet-activating factor

ROCK Rho-associated protein kinase
ROS Reactive oxygen species

TG2 Tissue transglutaminase

TGF-B Transforming growth factor beta
TNF-o  Tumour necrosis factor alpha
TLR4  Toll-like receptor 4
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Monocytes and macrophages in inflammatory
processes

What is inflammation?

When harmful stimuli, e.g., infectious agents, are encoun-
tered by the body, inflammation is the initial protective
response (Murphy et al. 2008). The classical signs of acute
inflammation are heat, pain, redness, swelling and loss of
function. Inflammation is a generic response, and, there-
fore, is considered as a mechanism of innate immunity.
Pathologically, the inflammatory response is regulated by
the release of chemotactic and vasoactive mediators and
characterized by the movement of leukocytes from the
blood into the affected tissue. Exposure to harmful stimuli
results within minutes up to hours in an acute inflammatory
response with the aim of counteracting or restricting the
damage induced on the body. If the resolution of inflamma-
tion is disturbed, or persistent exposure to harmful stimuli
is present, the acute inflammation might result in chronic
inflammation, which is defined by concurrent damaging
and healing processes.

The secretion of inflammatory mediators from the
inflamed tissue leads to vasodilation and increased perme-
ability of the blood vessels, facilitating extravasation of
immune cells into the inflamed tissue. This acute inflamma-
tory response is mediated by the early influx of granulocytes,
mainly neutrophils, followed by monocytes that subsequently
differentiate into inflammatory macrophages. A classical
example of acute inflammation is septic shock (Reinhart et al.
2012). Chronic inflammation is a pathological state charac-
terized by the persistent presence of lymphocytes, monocyte,
and macrophages, and is a defining characteristic of various
diseases, including atherosclerosis (Schwartz et al. 1992),
rheumatoid arthritis (Roberts et al. 2015), and multiple scle-
rosis (MS) (Sospedra and Martin 2005).

The roles of monocytes and macrophages
during inflammation

During the inflammatory process, monocytes and mac-
rophages are attracted to the site of damage, where they
participate in a variety of processes that result in the stimu-
lation or resolution of inflammation. The most important
processes in which they take part will be discussed in the
following paragraphs.

Adhesion and extravasation
Two main processes in the early phases of inflamma-

tion exerted by monocytes are adhesion and extravasa-
tion. Monocytes are drawn to the site of inflammation by
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the chemotactic gradient of inflammatory factors released
at the inflamed site. This facilitates their adherence to the
activated vascular endothelium, followed by extravasation
and migration through the tissue (Gerhardt and Ley 2015).
In more detail, monocytes in the bloodstream first roll on
the activated and/or inflamed endothelial lumen, before
they strengthen their adherence and crawl along the lumen
to find an extravasation site into the inflamed tissue (Ley
et al. 2007; Gerhardt and Ley 2015). Monocyte adhesion
is dependent on a plethora of cell surface molecules (Ger-
hardt and Ley 2015). A well-known group of molecules
that is involved in these processes is the family of integrins.
Integrin heterodimers expressed on monocytes are involved
in the arrest and initial adhesion of these cells to the vas-
cular endothelium by binding to endothelial cell adhesion
molecules (Laudanna et al. 2002; Ley et al. 2007). This
process facilitates the extravasation of these cells from the
bloodstream into the tissue.

Monocyte differentiation into macrophages

Blood monocytes recruited to inflammatory sites differenti-
ate into inflammatory macrophages with distinct functions
and act as key players in the innate immune response (Gor-
don and Taylor 2005; Yang et al. 2014).

Macrophages can adopt diverse activation states in
response to inflammatory stimuli. The two extreme sides of
the polarization spectrum are nowadays referred to as clas-
sically activated (M1) macrophages and alternatively acti-
vated (M2) macrophages (Mosser and Edwards 2008). In
general, the M1 phenotype is regarded to represent a pro-
inflammatory activation state, whereas the M2 phenotype is
indicative of cells displaying anti-inflammatory properties
(Gordon 2003). This classification of polarized phenotypes
is based on in vitro experiments. Unfortunately, it is often
not transferrable to the actual in vivo situation. Although
both phenotypes can also be identified in vivo, the majority
of these cells exhibit intermediate polarization states (Mar-
tinez et al. 2009). This phenomenon is also reflected during
inflammation when M1, M2 and intermediate macrophage
phenotypes are present simultaneously and each exerts
their specific functions. Nonetheless, the M1 macrophage
phenotype is predominantly required in the early stages
of inflammation when it releases inflammatory mediators
that further stimulate inflammation and attract leukocytes
(Yang et al. 2014). Later, in the inflammatory response, the
M2 macrophage phenotype exhibits phagocytic and effero-
cytic functions, supports tissue repair, and thereby helps to
resolve the inflammatory process (Martinez et al. 2009).
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Phagocytosis and efferocytosis

Resolving of the inflammatory process occurs during
what is known as the resolution phase. During this phase
of inflammation, M2 macrophages clear pathogens (in the
case of infections), necrotic debris, and apoptotic cells
via phagocytic uptake. These actions reduce the source
of inflammation and are accompanied by the secretion of
anti-inflammatory mediators, e.g., transforming growth
factor betal (TGF-B1) and platelet-activating factor (PAF),
and overall results in the resolution of the inflammatory
response. The clearance of apoptotic cells by efferocytosis,
a specific form of phagocytosis, is crucial by preventing
the secondary necrosis and release of inflammatory media-
tors leading to continued tissue damage and inflammation
(Savill 1997; Fadok et al. 1998; Savill et al. 2002). Further-
more, efferocytic macrophages actively repress inflamma-
tion by increased expression of anti-inflammatory media-
tors and reduced expression of pro-inflammatory mediators,
e.g., interleukin 1 beta (IL-1pB) and tumour necrosis factor
alpha (TNF-a) (Fadok et al. 1998; Lawrence et al. 2002).

Tissue transglutaminase

Tissue transglutaminase (tTG, TG2) is a multifunctional
enzyme that was first described in the late 1950s (Sarkar
et al. 1957; Mycek et al. 1959). Upon discovery in guinea
pig liver, it was demonstrated to be able to catalyse pro-
tein—protein crosslinking. Later on, TG2 turned out to be a
multifactorial enzyme associated with important functions
in both physiological and pathological conditions.

The family of transglutaminases, including TG2, con-
sists of structurally and functionally related enzymes and
is best known for their calcium dependent transamidation
function, which is present in eight of the family members
(Lorand and Graham 2003). This transamidation function
catalyses the crosslinking of glutamine to lysine residues
within or between proteins, resulting in a stable isopep-
tide bond (Lorand and Graham 2003). This means that the
cross-linked substrates are not only more protease resistant,
but also they are also known to result in altered biological
functioning, metabolism, and/or immunogenicity of the
substrates (Lorand and Graham 2003). Moreover, amine
incorporation into substrates and deamidation are catalysed
by the same enzymatic domain (Schuppan and Hahn 2002;
Lorand and Graham 2003).

Alike some other members of the family, TG2 has vari-
ous additional enzymatic functions, i.e., disulfide isomer-
ase function (Hasegawa et al. 2003), G protein (GTPase)
function during which TG2 is better known as Gha (Achy-
uthan and Greenberg 1987; Nakaoka et al. 1994) and pro-
tein kinase activity (Mishra and Murphy 2004). However,

these functions are not the focus of this review, as their par-
ticipation in the processes and functions of monocytes and
macrophages discussed here is mostly unknown.

The molecular structure of TG2 consists of four domains
that are involved in distinct functions: the N terminal
B-sandwich (binds fibronectin and integrins), the catalytic
core (transamidating activity), and two C terminal B-barrels
of which the latter includes a phospholipase C-binding
sequence (Fesus and Piacentini 2002).

As various as its alleged functions are the reported sub-
cellular locations of TG2. Although predominantly present
in the cytoplasm, TG2 has also been found in the nucleus,
mitochondria, endoplasmatic reticulum, and on the cell sur-
face (Lesort et al. 1998; Balajthy et al. 2006; Hodrea et al.
2010; Wilhelmus et al. 2011; Nurminskaya and Belkin
2012). Furthermore, TG2 can be secreted from the cell into
the extracellular matrix (ECM) (Aeschlimann and Thom-
azy 2000; Lorand and Graham 2003; Park et al. 2010).

TQG2 is constitutively expressed in many tissues and cell
types, amongst others in monocytes and macrophages, and
is upregulated in a cell-type-dependent manner by several
physiological and pathological stimuli. Increased TG2
expression and transamidation activity, also known as pro-
tein cross-linking activity, are often observed under inflam-
matory conditions in which cytokines and growth factors,
released by injured cells, regulate TG2 expression and
activity (Iismaa et al. 2009).

Another well-characterized member of the transglutami-
nase family that is likewise present intracellularly and on
the surface of monocytes is FXIII. The secreted form FXI-
IIa is best known for its function in the blood coagulation
cascade, where it cross-links fibrin and forms a lysis resist-
ant blood clot that facilitates wound closure (Lorand et al.
1993). The presence and possible involvement of FXIIIa in
certain processes has to be taken into account when study-
ing the role of TG2 in circulating monocytes or monocyte-
derived macrophages.

TG2, with its highly diverse functions and locations,
is in an ideal position to contribute to a variety of cellular
events, such as cell adhesion and migration (Akimov and
Belkin 2001b), cell differentiation (Leu et al. 1982), and
efferocytosis (Fesus et al. 1981).

TG2 function in monocytes and inflammatory
macrophages

TG2 in cell adhesion and extravasation

The participation of TG2 in cell adhesion and extravasa-
tion, processes crucial for monocytes to reach the site of

inflammation, was first shown for fibroblasts and later for
several other cell types, including monocytes (Gentile et al.
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1992; Akimov and Belkin 2001b). The protein fibronectin
is a major constituent of the ECM and serves as a main
substrate for adhesion and migration of cells (Pankov and
Yamada 2002). Integrins on the cell surface bridge the
intracellular cytoskeleton with fibronectin in the ECM and
thus facilitate adhesion of cells onto the ECM. (Pankov and
Yamada 2002). The contribution of TG2 to adhesion was
first described as the interaction of TG2 with fibronectin
(Turner and Lorand 1989). Accordingly, the fibronectin-
binding domain in the TG2 structure was defined, and as
a result, fibronectin is the best studied substrate for TG2
action in adhesion and migration (Akimov et al. 2000).

The reduction of TG2 production by TG2 knock-down
or inhibition of TG2-fibronectin binding by function-block-
ing antibodies strongly reduced the cellular adhesion and
migration capacities of macrophages (Akimov and Belkin
2001b). Special emphasis was set on investigating the par-
ticipation of FXIIIa in these processes, as it is present in
monocytes. However, no contribution of FXIIIa to adhe-
sion and/or migration processes could be shown, so that
the above-mentioned effects are probably due solely to
TG2 (Muszbek et al. 1996; Falasca et al. 2005; Toth et al.
2009). Moreover, when monocytes differentiated into mac-
rophages upon adhesion, the cellular expression of TG2
increased, whereas the FXIIla expression decreased, mak-
ing it unlikely that FXIIIa is of relevance in cell adhesion
processes of monocytes and macrophages (Seiving et al.
1991; Akimov and Belkin 2001b).

Cell adhesion onto other cells or the ECM includes
integrin binding. TG2 on the cell surface of macrophages
is complexed with integrins, i.e., B1/83/B5-integrins (Aki-
mov and Belkin 2001b). Moreover, increased TG2 expres-
sion in macrophages results in a simultaneous increase
in P-integrin expression and presence on the cell sur-
face. These TG2-integrin complexes function as a bridge
between integrins and fibronectin on cell surfaces and in
the ECM, facilitating cell adhesion (Akimov et al. 2000). In
addition, the localization of cell surface TG2-integrin com-
plexes in specialized adhesive structures in macrophages
called podosomes, point towards a strong link between
TG2-integrin complexes and adhesion and extravasation
of the cell (Marchisio et al. 1987; DeFife et al. 1999).
Interestingly, the interaction between TG2 and B-integrins
does not require transamidation activity to increase adhe-
sion, spreading, and cell motility (Gaudry et al. 1999;
Akimov et al. 2000; Akimov and Belkin 2001a; Balklava
et al. 2002; Lorand and Graham 2003; Huelsz-Prince et al.
2013). Thus, although the transamidation activity of TG2 is
unlikely to play a role in the adhesion and migration pro-
cesses, the formation of the above-mentioned specific pro-
tein complexes appears crucial. Therefore, more research is
needed to further define the precise nature of the interaction
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of TG2 and other ECM proteins to determine the mecha-
nisms of action in cell adhesion and migration.

In addition to its involvement in cell binding to ECM
proteins, TG2 is also an important player in assembly,
remodelling, and stabilization of the ECM via crosslink-
ing of several ECM substrates, in particular fibronectin,
vitronectin, von Willebrand factor, proteoglycans, and
collagens (Aeschlimann and Thomazy 2000; Griffin et al.
2002). ECM stabilization by TG2-mediated transamida-
tion increases the rigidity of the ECM. This rigidity can
selectively trigger focal adhesion formation and may hence
result in increased cell adhesion to the ECM (Sheetz et al.
1998; Giannone and Sheetz 2006). Moreover, the crosslink-
ing of ECM proteins increased the clustering of binding
sites for cells to adhere to the ECM (Miyamoto et al. 1995;
Lo et al. 2000).

The above described contribution of TG2 to adhesion
and migration appears to be mediated by cell surface and/or
extracellular TG2. Migration and especially diapedesis of
cells through the blood vessel endothelium require a high
motility of the actin cytoskeleton to be able to change the
shape of the cell in an efficient and fast manner. This reor-
ganization of the cytoskeletal structure is mediated by focal
adhesion kinase (FAK) and Rho-associated protein kinase
(ROCK) (Honing et al. 2004; Schnoor 2015). Both of these
are stimulated by TG2-induced clustering of cell-surface
integrins, which lead to higher initiation of cell adhesion
and cytoskeletal flexibility (Janiak et al. 2006). In line with
this, it has been reported that RhoA activity, an upstream
stimulator of ROCK, was reduced after the inhibition of
TG2 transamidating activity in rat macrophages and this
coincided with reduced F-actin cytoskeletal rearrangement
(van Strien et al. 2015).

Interference of the specific protein-complex formation of
TG?2 with integrins and fibronectin in the process of adhe-
sion, extravasation and migration could potentially serve
as a pharmacological target to modulate these cellular pro-
cesses. Recently, such a manipulation has been described
to prevent cancer metastasis by interfering with cell adhe-
sion onto fibronectin and likewise migration (Khanna et al.
2011; Yakubov et al. 2014).

TG2 in the differentiation of monocytes
into macrophages

To exploit their functions in the inflamed tissue, circulating
monocytes need to adhere, migrate, and ultimately differen-
tiate into mature tissue macrophages. The molecular mech-
anism by which monocytes undergo this morphological and
functional differentiation during inflammation is not fully
characterized yet. However, it has been proposed that TG2
plays a role in this process. This proposal is based on the
in vitro observations that TG2 expression and cross-linking
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activity are low in freshly isolated monocytes, but expo-
nentially increased during the maturation process of mono-
cytes, induced either chemically or by adherence to the
cell-culture dish (Murtaugh et al. 1984; Mehta and Lopez-
Berestein 1986; Metha et al. 1987). Moreover, in this con-
text, it may be of importance that the upregulation of TG2
expression in monocytes represents a constitutive process
which takes place under physiological conditions, e.g., after
monocyte adhesion onto endothelial cells (Thomas-Ecker
et al. 2007). During adhesion onto naive endothelial cells,
monocytes upregulate genes required for the transendothe-
lial migration and initiate the differentiation program into
phagocytes. This suggests that TG2, as one of the highly
expressed genes, can play a role in the maturation process
(Thomas-Ecker et al. 2007). In addition, although the clas-
sification of tissue macrophages is still under debate, TG2
upregulation seems to occur predominantly in alternatively
activated M2 macrophages (Martinez et al. 2013; Eligini
et al. 2015). In fact, this observation recently led to the sug-
gestion of TG2 as a specific M2 macrophage marker (Mar-
tinez et al. 2013).

TG2 in efferocytosis

Clearance of apoptotic cells by efferocytosis is crucial
for the resolution of inflammation by preventing the sec-
ondary necrosis and release of inflammatory mediators
(Savill 1997; Fadok et al. 1998). The involvement of TG2
in efferocytosis was already established in 1981, and TG2
was suggested to play a role in the efferocytic capacity of
macrophages (Fesus et al. 1981; Leu et al. 1982; Murtaugh
et al. 1984; Mehta and Lopez-Berestein 1986; Nadella
et al. 2015), which was generally absent in undifferenti-
ated monocytes with little TG2 expression (Mehta and
Lopez-Berestein 1986). Therefore, TG2 in macrophages is
considered as an important mediator of efferocytosis that
limits inflammation by the removal of apoptotic cells and
additionally decreases pro-inflammatory cytokine secre-
tion, both of which are impaired in the absence of TG2 or
when TG2 activity is inhibited (Szondy et al. 2003; Falasca
et al. 2005; Rose et al. 2006; Sarang et al. 2011; Toth et al.
2009; Nadella et al. 2015; Eligini et al. 2016). Furthermore,
defects in efferocytosis are also linked to autoimmunity
(Shao and Cohen 2011). Indeed, TG2 knockout (TG2~'7)
mice demonstrate signs of autoimmunity due to insufficient
efferocytosis with increasing age, supporting again TG2 as
a mediator of efferocytosis (Szondy et al. 2003). Of inter-
est is that macrophages in TG2™/~ mice show specifically
reduced efferocytosis of apoptotic leukocytes but not of
phagocytosis per se, as shown for bacteria, yeast, opsonized
non-apoptotic thymocytes, or monosodium urate crystals
(Szondy et al. 2003; Rose et al. 2006; Toth et al. 2009).

This indicates that TG2 present in macrophages does not
participate in phagocytosis of particles or debris.

Efferocytosis is mediated by the formation of a phago-
cytic cup that tethers apoptotic cells to macrophages
and facilitates their engulfment (Toth et al. 2009). It has
been reported that a lack of TG2 in macrophages dimin-
ishes efferocytosis by reduced engulfment and does not
abridge tethering of apoptotic cells (Falasca et al. 2005).
However, other data indicated that TG2 can indirectly
be involved in the tethering of apoptotic cells (Toth et al.
2009). B3-integrin promotes the tethering of apoptotic cells
to macrophages (Savill et al. 2002), and TG2 induces B3-
integrin clustering on the cell surface in a phagocytic cup
(Toth et al. 2009). Therefore, a lack of TG2 results in a less
efficient formation of phagocytic portals which leads to
reduced tethering and engulfment of apoptotic cells (Toth
et al. 2009).

TG2-mediating efferocytosis has so far been linked to
extracellular or cell surface localization of the enzyme.
This is supported by corrected in vitro efferocytosis in
TG2~~ macrophages after adding exogenous recombi-
nant TG2, either wild type or catalytically inactive enzyme
(Rose et al. 2006). Likewise, the functions of TG2 in effe-
rocytosis are independent of GTPase activity (Rose et al.
20006).

Taken together, although the participation of TG2 in
efferocytosis via interaction with integrins has clearly been
established, the precise nature of the mechanisms involved
is still a topic of research.

TG2 and inflammation

As described, TG2 is contributing to various processes that
occur in monocytes and/or macrophages during inflamma-
tion, including cell adhesion, extravasation, and efferocy-
tosis. The remaining question is whether TG2 produced by
macrophages is regulated by inflammation or inflamma-
tion-related mediators, e.g., cytokines.

Inflammatory mediators

During inflammation, various inflammatory mediators,
including cytokines, are produced to modulate the cellular
responses involved. To experimentally induce an inflamma-
tory status, lipopolysaccharide (LPS), the major component
of the outer membrane of Gram-negative bacteria, is often
used. It has been shown that LPS increases TG2 mRNA
expression and activity in macrophages (Hayakawa et al.
2016) and BV-2 microglial cells [the resident macrophages
of the central nervous system (CNS)] (Park et al. 2004;
Kawabe et al. 2015). The induction of TG2 production was
closely associated with enhanced phagocytic properties
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of microglia and nitric oxide production (Kawabe et al.
2015), mediated via LPS-induced activation of the NF«kB
pathway (Park et al. 2004). The promotor region of TG2
contains certain cytokine and NFkB responsive elements
(Lu et al. 1995; Mirza et al. 1997; Ritter and Davies 1998),
thus when inflammation occurs and the NFkB pathway
is activated, this may up-regulate TG2 expression. Once
induced, TG2 can in turn contribute to further NFkB activa-
tion by crosslinking the inhibitory molecule IKBa, leading
to a sustained expression of various target genes involved
in inflammation, such as inducible nitric oxide synthase
and TNF-a (Lee et al. 2004). This activation loop has
also been demonstrated in a mouse macrophage cell line
in which LPS treatment induced the production and acti-
vation of TG2, NFkB, and metastatic tumour antigen 1
(MTAI1, a master chromatin modifier). The latter interacts
with NFkB to induce TG2 gene expression (Ghanta et al.
2011). Besides LPS, the pro-inflammatory cytokine inter-
feron gamma (IFN-y) is an inducer of TG2 production in
monocytes (Mehta et al. 1985, 1987). Although other pro-
inflammatory mediators, such as TNF-a and IL-1, are able
to induce TG2 expression in different cell types, includ-
ing liver cells, chondrocytes, and astrocytes (Kuncio et al.
1998; Johnson et al. 2001; van Strien et al. 2011), no litera-
ture is available regarding the regulation of TG2 expression
by these mediators in monocytes or macrophages.

In contrast to its onset, the resolution of inflammation is
mediated by the secretion of anti-inflammatory cytokines,
such as interleukin-4 (IL-4) and TGF-f, which can induce
tissue repair. Intriguingly, in apparent contrast to the above-
mentioned pro-inflammatory regulation of TG2, the regu-
lation of monocyte and macrophage-derived TG2 by anti-
inflammatory mediators has been recently proposed as
well. Indeed, IL-4 treated primary human macrophages
up-regulate TG2 gene expression in vitro (Gratchev et al.
2005; Yamaguchi et al. 2016). In addition, using a prot-
eomic approach, TG2 was identified as a novel M2 marker
induced in human and mouse macrophages (Martinez
et al. 2013). Moreover, the induction of an M2 phenotype
in rat macrophages coincides with an upregulation of TG2
expression (Hayakawa et al. 2016). In line with these find-
ings, it has been reported that Glycine tomentella Hayata, a
herbal medicine with anti-inflammatory properties, upregu-
lates TG2 expression in RAW264.7 mouse macrophages
and enhances the clearance of apoptotic cells (Yen et al.
2010). In addition to IL-4, TGF-B exerts pro-resolution
activity during an inflammatory response. Although TGF-8-
induced TG2 expression is very well established in various
cell types, such as fibroblasts or human trabecular mesh-
work cells (Jung et al. 2007; Tovar-Vidales et al. 2011),
thus far no studies report regulation of TG2 expression by
TGF-B in monocytes and macrophages. Alternatively, TG2
has been described to mediate TGF-f production in these
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cells, clearly indicating a link between the two (Hsu et al.
2007).

IL-6 has been shown to positively regulate TG2 expres-
sion in macrophages. The treatment of human THP-1-de-
rived macrophages with IL-6 induced almost a twofold
upregulation of TG2 mRNA expression paralleled by an
increase in the production of anti-inflammatory cytokines
and efferocytosis rate (Frisdal et al. 2011). All together,
these observations indicate that TG2 production and/or
activity can be regulated in macrophages during inflamma-
tory processes, irrespective of the pro- or anti-inflammatory
nature of the mediators involved.

TG2 in inflammatory diseases

In various human disorders, TG2 has been shown to under-
lie or contribute to disease progression. This ranges from
coeliac disease (Rauhavirta et al. 2016) and cancer (Agni-
hotri and Mehta 2016) to neurodegenerative diseases, e.g.
Alzheimer’s disease (Wilhelmus et al. 2014). However,
monocytes and macrophages are not generally considered
as central players in their pathogenesis. So far, we dis-
cussed TG2 expression in monocytes and macrophages that
mediate several cellular processes (e.g. adhesion and effe-
rocytosis) involved in the inflammatory response. We will
now discuss the contribution of monocyte and macrophage-
derived TG2 to the inflammatory processes underlying ath-
erosclerosis, sepsis, and MS.

Atherosclerosis

Atherosclerosis is a vascular disorder in which fatty sub-
stances and cholesterol form a deposit (plaque) on the
inside of the arterial walls. Both inflammatory mediators
and macrophages play a prominent role in the development
of atherosclerotic plaques, and thus, inflammation-induced
TG2 can possibly play a role in the pathogenesis of athero-
sclerosis (Moore et al. 2013). It has been shown that mac-
rophage-derived TG2 functions as an endogenous apoptotic
cell clearance and anti-inflammatory factor that limits the
expansion of atherosclerotic plaques by inducing TGF-f
activation in macrophages (Boisvert et al. 2006). In addi-
tion, TG2 meditates ECM protein crosslinking resulting in
stable plaque formation (Van Herck et al. 2010). Moreover,
TG2 deficiency fundamentally impairs the activation of
TGF-B and the capacity of macrophages to ingest apop-
totic cells (Boisvert et al. 2006). It has also been suggested
that TG2 can play a role in the stabilization of the struc-
ture of the dying cells and, therefore, in the prevention of
the leakage of harmful cell content (Van Herck et al. 2010).
The anti-inflammatory function of TG2 in atherosclerotic
plaques seems to be modulated by different mediators,
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including estrogen receptor alpha (ER-a), which has been
identified as a direct regulator of TG2 expression. Further-
more, an estrogen response element (ERE) was identified
in the promoter region of TG2 (Ribas et al. 2011) support-
ing the regulation of TG2 by ER agonists.

Conversely to this protective role of macrophage-derived
TG2 in limiting the atherosclerotic plaque expansion, it has
been shown that the systemic inhibition of both TG2 and
FXIlla resulted in 41 % less macrophages infiltrating the
media of the vessel. Since it is known that the development
of atherosclerosis involves the production of reactive oxy-
gen species (ROS) mainly by macrophages, the observed
reduction in macrophage number could reflect a reduction
in the production of ROS. Those findings propose a con-
tributing role for TG2 in the early development of plaque
formation (Matlung et al. 2010).

Taken together, the role of macrophage-derived TG2 in
atherosclerosis pathogenesis possibly depends on the phase
of the disease, as it can support the early development of
lesion formation and act as a protective factor in the stabili-
zation of atherosclerotic plaques at a later stages.

Septic shock

Sepsis is a clinical syndrome caused by an exaggerated
inflammatory response to infection (O’Brien et al. 2007).
During sepsis, the activation of the NFkB pathway has
been shown to play a central role (Liu and Malik 2006).
The mutual regulation between TG2 and NFkB pathways
during an inflammatory response is indicative of TG2
being a potential contributor to the pathogenesis of sepsis.
In wild-type mice in which septic shock was induced by
LPS treatment, the induction of macrophage-derived TG2
leads to a loop of continuous activation of the NFkB path-
way, which in turn contributes to a constitutive production
of pro-inflammatory cytokines ultimately resulting in organ
failure. Conversely, due to the transient activation of NFkB,
TG2~'~ mice are partially resistant to experimental sepsis
elicited by LPS treatment, resulting in a reduction in liver
injury (Falasca et al. 2008). Moreover, the observed down-
regulation of Toll-like receptor 4 (TLR4, LPS receptor)
in dendritic cells derived from TG2™'~ mice seems to add
on to the resistance to LPS-induced septic shock (Matic
et al. 2010). Interestingly, another study in which TNF-a/
Actinomycin-D was used to induce septic shock, resulting
in apoptosis of liver cells, showed opposite results. TG2 ™/~
mice seemed to be more prone to induced liver injury com-
pared to wild-type mice (Delhase et al. 2012; Yoo et al.
2013). This is probably due to enhanced caspase-3 expres-
sion and subsequent elevated apoptosis of liver cells in the
absence of TG2.

Taken together, these findings point towards al role for
TG2 in the pathogenesis of septic shock, although whether

it is detrimental or beneficial appears to be dependent on
the type of stimulus inducing septic shock and the cells/tis-
sues affected.

Multiple sclerosis

The involvement of monocyte- and macrophage-derived
TG2 in the pathogenesis of MS is an interesting and unex-
plored new field. MS is a disease of the CNS, clinically
characterized mostly by sensory, motor, and cognitive
impairment (Noseworthy et al. 2000). Pathologically, leu-
kocyte infiltration, demyelination, and ultimately axonal
loss can be observed (Lassmann 2011). Although gener-
ally considered as a chronic inflammatory disease, the
most common form of MS is characterized by episodes
of acute inflammation, which leads to the destruction of
the blood brain barrier resulting in influx of immune cells
into the CNS, followed by the remission of inflamma-
tion (Noseworthy et al. 2000). Our group was the first to
observe the appearance of immunoreactive TG2 in infil-
trated macrophages in white matter lesions of MS patients
(van Strien et al. 2015). In addition, TG2 appeared in the
CNS of marmosets suffering from experimental autoim-
mune encephalomyelitis (EAE), a non-human primate
model for MS (Espitia Pinzon et al. 2014). In active white
matter lesions in these animals, TG2 immunoreactivity
was observed in round-shaped cells localized in proximity
to the blood vessel. These cells co-localized with Ibal, a
marker for macrophages and microglia. Furthermore, due
to its co-localization with B1-integrin and the close associa-
tion with extracellular fibronectin, we put forward that TG2
may play a prominent role in the adhesion and migration
of infiltrating monocytes and macrophages during EAE.
Noteworthy is the fact that TG2 seems to be differentially
expressed at various stages of lesion activity. In particular,
the number of TG2 positive cells reduced when the lesions
lose activity. Conversely to the white matter lesions, in cor-
tical grey matter lesions, fibronectin expression is absent
and TG2 seems to be predominantly expressed by resident
microglia.

The role of TG2 in the pathogenesis of MS was subse-
quently confirmed in a study in which we demonstrated
that the reduction of TG2 activity in a rat model for MS
resulted in clinical improvement. The improvement coin-
cided with reduced demyelination, reduced production of
inflammatory mediators and less monocytes infiltrating into
the CNS. These results thus support a role for TG2 in the
adhesion, extravasation, and migration of monocytes dur-
ing MS pathogenesis (van Strien et al. 2015).

Overall, our findings support a contributing role for TG2
to the pathogenesis of experimental models for MS result-
ing in monocyte infiltration into the CNS, which is a key
factor in the development of clinical symptoms (Lassmann
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2011). Future research should address the expression and
function of TG2 in monocytes and macrophages derived
from patients with ongoing MS.

Considerations and conclusion

After tissue damage or infection, monocytes and monocyte-
derived macrophages contribute significantly to the subse-
quent inflammatory reaction. To ensure a proper response,
monocytes undergo several morphological and functional
changes, which will allow them to adhere, extravasate, and
migrate into the inflamed tissue. Subsequently, they differ-
entiate into mature macrophages and, in addition to local
tissue macrophages, kill the pathogens and/or dampen the
inflammatory reaction, remove dead cells, and ultimately
induce tissue repair. Over the last decades, it has been sug-
gested that the multifunctional enzyme TG?2 can participate,
at least partially, in some of the above-mentioned processes
under physiological conditions. Nowadays, an increased
body of evidence reported that the expression and/or activ-
ity of TG2 can be regulated by inflammatory mediators,
known to be released upon tissue damage or infection.
Consequently, it should be considered that inflammation-
driven TG2 can affect various responses of monocytes and
macrophages under pathological conditions. In this review,
we described the state of the art regarding the role of mono-
cyte- and macrophage-derived TG2 in adhesion/extravasa-
tion, differentiation, and efferocytosis under inflammatory
and pathological conditions with a keen eye on the inflam-
matory stimuli-regulating TG2 expression and function.
While reviewing the literature on this topic, the con-
tribution of TG2 to inflammation-related processes per-
formed by monocytes and macrophages becomes evident.
However, it is often unclear, or unexplored yet, how TG2
affects these processes. Further research is needed to inves-
tigate the enzymatic (crosslinking) versus non-enzymatic
activities of TG2, as well as the subcellular localizations
involved. Most processes discussed in this review actually
rely on the presence of cell surface or extracellular TG2
to sort its effect. It is known that inflammatory mediators
can enhance surface TG2 on various cell types, including
rat macrophages (Lisak et al. 2011; van Strien et al. 2011,
2015), thereby making TG2 easily accessible as a target
for intervention. Another interesting aspect to consider
is the observation that both pro- and anti-inflammatory
mediators can regulate TG2 expression in monocytes and
macrophages. So far, it is unknown if TG2’s regulation in
expression coincides with the time-dependent processes
occurring during inflammation, i.e. (1) pro-inflammatory
mediators being present mostly in the early stage of inflam-
mation and (2) anti-inflammatory mediators being present
at the resolution stage of inflammation. Furthermore, it is
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not clear whether all monocytes and macrophages are stim-
ulated to produce TG2 or just certain subpopulations. If
the latter is true, this may facilitate inflammation-mediated
responses in just a fraction of the cells. The defined gaps in
knowledge are, at least partially, due to the fact that most
studies described have been performed in vitro, lacking
the complexity of an in vivo inflammatory response. Fur-
thermore, contrasting data have been published on the role
of TG2 in inflammation-related responses and in diseased
conditions. Therefore, it is difficult to establish how and
when TG2 is a beneficial or detrimental factor in inflam-
matory or in diseased conditions. To find adequate answers,
more studies on relevant animal models for disease, as well
as clinical studies on human subjects (or on human mate-
rial) should be performed to include all the various stages
of an in vivo inflammatory response and determine the role
of TG2 in inflammation-related responses.

Based on the studies and considerations reported in
this review, we conclude that monocyte- and macrophage-
derived TG?2 is clearly involved in various processes con-
tributing to inflammation. However, TG2’s potential as a
therapeutic target to counteract the possible detrimental
effects or stimulate the potential beneficial effects in mono-
cyte and macrophage responses during inflammation should
be carefully considered. Alternatively, it is well known that
TG2-related parameters can be used as a marker of disease,
e.g., in celiac disease (Kneepkens and von Blomberg 2012)
or of disease stage, e.g. in cancer (Eckert et al. 2015; Bra-
vaccini et al. 2014). We thus put forward that this could be
subject of research for monocyte- and macrophage-derived
TG2 in inflammatory diseases including sepsis, atheroscle-
rosis, and MS.
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