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Abstract This review summarises the functions of the
enzyme tissue transglutaminase (TG2) in the extracellular
matrix (ECM) both as a matrix stabiliser through its protein
cross-linking activity and as an important cell adhesion
protein involved in cell survival. The contribution of
extracellular TG2 to the pathology of important diseases
such as cancer and fibrosis are discussed with a view to the
potential importance of TG2 as a therapeutic target. The
medical applications of TG2 are further expanded by
detailing the use of transglutaminase cross-linking in the
development of novel biocompatible biomaterials for use
in soft and hard tissue repair.
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Introduction

The mammalian transglutaminases, to which tissue trans-
glutaminase (TG2) belongs, are a family of enzymes each
capable of covalently modifying proteins by cross-linking
them via e&(y-glutamyl)lysine bonds. These cross-links are
resistant to proteolytic cleavage and also confer mechanical
stability to aggregates of proteins which may contain many
such cross-links. These properties are utilised in structures
in the body such as skin, hair, and blood clots where they
add an essential extra degree of strength and stability to
existing macromolecular structures. There are currently
eight described transglutaminase enzymes in mammals, six
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of which have been characterised to some degree (Griffin
et al. 2002). Each enzyme has its own distinct target(s) for
cross-linking and, consequently, function. All the mam-
malian transglutaminases require Ca>" for activity, some
also require proteolytic cleavage of propeptides, and three
(TG2, TG3 and TGS) are inhibited by GTP. This review is
focused on TG2, in particular its secretion from cells, its
widely reported ability to adhere to and cross-link matrix
proteins important in such physiological processes as
matrix deposition and turnover (Zemskov et al. 2006)
and in associated pathologies (Gentile and Cooper 2004;
Facchiano et al. 2006; Johnson et al. 2007; Shweke et al.
2008; Stenberg et al. 2008). Importantly, it will also look
how some of these properties have been harnessed in
potential medical applications.

TG2: a multifunctional enzyme

Tissue transglutaminase (TG?2) is the ubiquitous member of
this protein cross-linking family of enzymes and is also one
of the most studied. Its role has yet to be fully elucidated
although there is an abundance of literature describing its
effects. In addition to its ability to cross-link proteins (Griffin
and Wilson 1984; Griffin et al. 2002), it can also bind and
hydrolyse GTP and ATP (Lee et al. 1993). In addition, it also
has a protein disulfide isomerase activity (Hasegawa et al.
2003) and may even function as a protein kinase (Mishra and
Murphy 2004). The GTPase activity has been linked to the
function of TG2 as a G protein (Gah) involved in signalling
from o;p,p adrenergic receptors to downstream effectors
such as phospholipase Co1. TG2 has a high affinity fibro-
nectin binding site located in the N-terminal domain, with
peptide **WTATVVDQQDCTLSLQLTT'® being directly
involved in this interaction (Hang et al. 2005).
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Fig. 1 Structures of tissue transglutaminase derived by X-ray
crystallography (Liu et al. 2002; Pinkas et al. 2007). a GDP-bound
bacterially expressed recombinant human TG2, b irreversible peptide
inhibitor-bound bacterially expressed recombinant human TG2. The
four domain structure of TG2 is clearly seen in both structures,
although trapping of the irreversible gluten peptide mimetic inhibitor
Ac-P(DON)LPF-NH, in the active site of TG2 results in the stable
extended conformation seen in (b), compared to the ‘inactive’
compact GDP-bound conformation observed in (a). The extended
conformation is possibly stabilised by a vicinal disulphide bond
between Cys370 and Cys371 and it seems likely that this is also the
reason for the requirement of reducing agents to restore the activity of
purified TG2

Structure of TG2

The structure of TG2 is highly conserved between the
transglutaminases, with four distinct domains (Fig. 1).
TG?2 has been crystallised in two different conformations
which probably represent the two extremes of movement.
The compact GTP bound conformation represents the
intracellular form of TG2 where GTP is prevalent,
whereas the extended oxidised form may represent a
mature extracellular form, depending on the redox
potential of the local environment. It is important to
consider that these two conformations may be important in
its varied cellular functions since they generate different
interactions with other components of the cell surface and
ECM, with juxtaposition of multiple binding partners also
being altered.
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Secretion of TG2

Initially reported to be an intracellular enzyme with intra-
cellular functions, it has now been widely accepted that
TG2 has an extracellular role in keeping with its regulation
by Ca®" and GTP. TG2 has no signal sequence to direct it to
the ER/Golgi and it has never been observed in these
structures. TG2 and Factor XIII A subunit are secreted via
an uncharacterized non-classical secretory pathway (Gau-
dry et al. 1999a, b; Akimov and Belkin 2001a, b). TG2 and
FXIIIA lack an ER targeting signal sequence and there is no
evidence of their glycosylation (Folk and Finlayson 1977,
Ichinose et al. 1990). Little information exists as to the
secretory mechanism of TG2 and FXIIIA. FXIIIA can be
expressed and secreted independently of FXIIIB (Al-Jallad
et al. 2006), the non-catalytic subunit of plasma FXIII,
which is secreted via the normal ER/Golgi classical secre-
tory pathway (Kaetsu et al. 1996). It is found on the surface
of monocytes (Akimov and Belkin 2001a, b) and is actively
secreted from differentiating osteoblasts, together with
TG2, in response to stimulus by ascorbic acid (Al-Jallad
et al. 2006). In addition to its role in the stabilization of
fibrin in blood clots, extracellular FXIIIA is also involved in
cellular adhesion (Ueki et al. 1996; Akimov and Belkin
2001a, b), wound healing and angiogenesis (Jones et al.
2006; Dardik et al. 2006; Dardik et al. 2007), osteoblast
differentiation and matrix mineralization (Al-Jallad et al.
2006). TG2 is normally localised within cells in three major
cell compartments (cytosol, plasma membrane/extracellular
matrix, and nucleus). In addition, despite having glycosyl-
ation sites, it is not glycosylated (Folk and Finlayson 1977).
It has been hypothesised that TG2 is secreted from cells via
a non-classical pathway, although no evidence has been
published in support of any mechanism.

With respect to TG2 secretion, early data indicate that
membrane translocation and deposition into the ECM
requires an intact N-terminal f-sandwich domain and the
active site conformation of the enzyme (Gaudry et al.
1999a, b; Balklava et al. 2002), whilst other data suggest
TG secretion is in some way associated with Integrin 1
(Akimov et al. 2000). The presence of a non-proline cis
peptide bond (Y274) is required not just for activity, but
also for secretion (Balklava et al. 2002; Johnson and Ter-
keltaub 2005). This bond, which is also found in FXIIIA, is
thought to be important in the transition between the dif-
ferent conformations (Weiss et al. 1998). Very recent
evidence suggests that TG2 is externalised as a result of
cell damage as part of a membrane repair process (Kawai
et al. 2008) and is possibly involved in the modulation of
autoimmunity by preventing the release of cytosolic con-
tents which has been commented on previously (Nicholas
et al. 2003). Externalised transglutaminase does not leak
out of the cell since mutations have been made that do not
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Fig. 2 Spreading of human
osteoblasts (HOB) and human
foreskin dermal fibroblasts
(HFDF) cultured on native
collagen I and, collagen I cross-
linked with either 100 pg/ml
TG2 or 100 pg/ml mTG (cell
seeding density of

2 x 10° cells/cm?). The upper
panel shows representative
photographs (x400) of fixed
cells after 6 h incubation. The
graphs show the average
percentage of cells per field of
view that were spread at 1-6 h
time points. Modified from
Chau et al. (2005)

HFD

HFDF

O collagen
25 4 B TG2
EmTG

average % spread cells/field
@

1 hour

affect its intracellular distribution, but prevent it from
being externalised (Balklava et al. 2002; Johnson and
Terkeltaub 2005). In neuroblastoma cells treated with the
neurotoxin 1-methyl-4-phenylpyridinium (MPP) TG2 has
been shown to be activated and redistributed to ER gran-
ules (Wilhelmus et al. 2007). Possible regulation of the
turnover of extracellular TG2 may be via endocytosis,
promoted by binding to the low-density lipoprotein
receptor-related protein 1 (LRP1) and subsequent degra-
dation in lysosomes (Zemskov et al. 2007).

TG2 in the ECM

Cell surface TG2 is involved in cell adhesion via its tight
interaction with fibronectin (Gaudry et al. 1999a, b) and the
resultant intracellular signalling effects are reported to be
mediated by various 1 and f3 integrins (Gaudry et al.
1999a, b; Isobe et al. 1999; Akimov et al. 2000; Takahashi
et al. 2000; Tanaka et al. 2007). The interaction of cell
surface TG2 with fibronectin promotes more rapid assembly
of fibronectin mediated by a5f1 integrin, although TG2
cannot substitute for this integrin (Akimov and Belkin
2001a, b). The transamidating activity of TG2 is not
required (Isobe et al. 1999; Akimov and Belkin 2001a, b)
and TG?2 is thought to remain associated with the assembled
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fibronectin fibres (Akimov and Belkin 2001a, b). Since the
assembly of fibronectin is the initiator for a number of other
ECM structures such as fibrillin 1, TG2 has the potential to
play a major role in initial assembly of the ECM, not just in
modification of the existing ECM. TG2, once deposited into
the matrix and in complex with fibronectin, can also bind to
the heparan sulphate chains of syndecan 4 on the cell sur-
face (Verderio et al. 2003). This process is independent of
RGD-mediated fibronectin binding and is responsible for
the observation that added TG2 can restore cell adhesion to
fibronectin in the presence of inhibitory RGD peptides.
Binding by this mechanism results in protein kinase C alpha
(PKCux) activation and its subsequent interaction with f1
integrin, which reinforces actin stress fibre organisation.
Cell signalling via this pathway leads to FAK and ERK1/2
kinase activation. It is proposed that TG2 released under
conditions of wounding or matrix turnover can both
enhance and/or substitute for the normal mode of integrin
associated cell adhesion and associated intracellular sig-
nalling, promoting cell survival (Telci et al. 2008).

Wound healing

The involvement of TG2 in the wound healing process has
been described in detail elsewhere (Verderio et al. 2005;
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Telci and Griffin 2006) and will only be briefly covered
here. It has been demonstrated that TG2 is secreted into the
ECM after either chemical or mechanical injury of fibro-
blasts (Upchurch et al. 1987, 1991), where it becomes
associated with fibronectin. In a rat model of dermal wound
healing, it was shown that TG2 activity is increased in all
layers of the skin and that most activity was associated with
insoluble residue remaining after detergent extraction,
suggestive of cross-linked proteins (Bowness et al. 1988).
In skin regenerating from cultured epithelial autografts in
human burn patients, transglutaminase activity attributed to
TG2 was localised to the microfibrillar apparatus of the
papillary dermis and surrounding capillaries. The appear-
ance of TG2 at the dermo-epidermal junction and its
associated cross-linking were also correlated with stabili-
sation of keratinocyte autografts (Raghunath et al. 1996). It
has been postulated that TG2 cross-linking of lethally
damaged cells to produce stable structures with little
release of cell contents is involved in maintaining tissue
integrity and reducing immune responses after necrosis
following loss of cellular Ca®" homeostasis (Nicholas et al.
2003; Fesus and Szondy 2005).

Involvement of TG2 in matrix associated pathologies
Cancer

The ability of malignant cells to proliferate and invade
surrounding tissues is characterised by their insensitivity to
growth signals and by their resistance to apoptotic cell
death (Hanahan and Weinberg 2000), with the GTP bind-
ing and transamidating properties of TG2 having a
potential role in these functions (Birckbichler and Patterson
1978). Overexpression of TG2 and a cross-linking defec-
tive mutant (C277S) in malignant hamster fibrosarcoma
cells (MetB) leads to delayed progression from S-phase to
G,/M (Mian et al. 1995), which is in keeping with the
observation that reduced TG2 activity is associated with
tumour growth and metastasis (Barnes et al. 1985; Knight
et al. 1991). Intracellular TG2 has, however, been sug-
gested as both a pro- and anti-apoptotic factor by several
reports (Mehta 1994; Piacentini et al. 1996; Oliverio et al.
1997; Nicholas et al. 2003), although increased TG2
expression has been correlated with increased apoptotic
index in human breast carcinomas (Grigoriev et al. 2001).
Cytosolic TG2 can be anti-apoptotic via activation of the
NF kappa B pathway (Mann et al. 2006; Condello et al.
2008). In its extracellular form, TG2/fibronectin is also
associated with a cell survival role via its interaction with
integrins (Kotsakis and Griffin 2007). The RGD-indepen-
dent binding of TG2/fibronectin via syndecan 4 could also
lead to cell survival signalling (Telci et al. 2008). High
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expression of TG2 by breast cancer cells is reported to
increase their survival, invasion and motility. In these cells
TG2 was observed on the surface in close association with
p1, 4 and f35 integrins. Downregulation of endogenous
TG2 by siRNA inhibited fibronectin mediated cell attach-
ment, survival and invasion, whereas overexpression of
TG2 improved invasion and attachment to fibronectin
(Herman et al. 2006; Mangala et al. 2007).

It has been proposed that digestion of cell surface TG2 by
MT-MMPs is involved in the regulation of cancer cell
attachment and locomotion. Digestion of cell surface TG2
by MT1-MMP suppressed cell adhesion and locomotion on
fibronectin, whereas fibronectin protected cell surface TG2
from MT1-MMP digestion, promoting cell adhesion and
locomotion (Belkin et al. 2001). The effect of exogenously
adding TG2 in two models of angiogenesis, a process
essential to tumour progression, demonstrated that endo-
thelial tube formation was inhibited and that there was an
accumulation of cross-linked ECM proteins without causing
an increase in cell death (Jones et al. 2006). Similarly,
injection of TG2 into mice with CT26 colon carcinoma
tumours caused a reduction of organised vasculature, an
increase in fibrotic-like tissue, an increase in &(y-glutam-
yDlysine cross-links, a reduction in tumour growth and in
some cases regression, whereas the same treatment applied
to TG2 knockout mice showed increased tumour growth and
increased mortality (Jones et al. 2006). In this study the
authors also allude to a mechanism whereby the increase in
matrix rigidity caused by TG2 cross-linking is responsible
for the alteration in cell behaviour observed, since only the
activity of TG2 was required. In another study of 200 cases
of human breast cancer, an increased TG2 level in the
stroma surrounding the tumour was associated with a
reduction in lymph node metastasis. A breast cancer cell line
(MDA-MB-231) also showed strong inhibition of invasion
in an in vitro Matrigel Transwell invasion assay when the
matrix was cross-linked with TG2 (Mangala et al. 2005).

Fibrosis and scarring

TG2 is involved in many pathological conditions where it
is thought that the wound-healing response does not pro-
gress normally. Chronic stress resulting in fibrotic disease
is caused by an excess of ECM which is cross-linked by
TG2 (Griffin et al. 1979; Richards et al. 1991; Johnson
et al. 1997, 1999; Mirza et al. 1997; Grenard et al. 2001;
Skill et al. 2001). TG2 has been shown to have a role in the
storage and activation of TGFf1 in the ECM, where the
large latent TGFf1 binding protein-1 (LTBP-1) is cross-
linked to matrix proteins. It was shown that LTBP-1
colocalised with TG2 on the basal and apical surfaces of
cells as well as at cell-cell contacts and that LTBP-1 also
colocalised with intra- and extracellular fibronectin,
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including large cross-linked complexes of cells over-
expressing TG2 (Verderio et al. 1999). TG2 knockout mice
showed reduction in active TGFf1 in a model of renal
fibrosis induced by ureteral obstruction. This was accom-
panied by reduced infiltration of macrophages and
myofibroblasts, a reduction in total collagen deposition and
collagen I biosynthesis (Shweke et al. 2008). In addition to
causing increased matrix deposition through activation of
TGFp1, TG2 cross-linking of the ECM has been shown to
result in a reduction in matrix turnover leading to net
deposition and accumulation, the increased stability of the
cross-linked ECM being responsible (Gross et al. 2003;
Jones et al. 2006).

TG2 has also been implicated in the progression and
stabilisation of atherosclerotic plaques, where cross-linking
is thought to have a role in preventing plaque rupture
(Haroon et al. 2001). Elevated TG2 and fibronectin levels
accompanied by &(y-glutamyl)lysine cross-links are found
in glaucomatous human trabecular meshwork cells and
tissues, implicating TG2 in glaucoma (Welge-Lussen et al.
2000; Tovar-Vidales et al. 2008). Hypertrophic scarring,
which is characterised by excessive collagen deposition by
the prolonged action of myofibroblasts, also involves TG2
(Linge et al. 2005), a process which can be prevented by the
application of transglutaminase inhibitors (Dolynchuk et al.
1996). The importance of TG2 activity in the progression of
renal fibrosis has been highlighted by the beneficial effects
of TG inhibition in this condition. The use of an existing
membrane soluble irreversible TG inhibitor, R283 or 1,3-
dimethyl-2[(oxopropyl)thio]-imidazolium (Freund et al.
1994) and a novel membrane-impermeable irreversible TG
inhibitor R281, or N-benzyloxycarbonyl-L-phenylalanyl-
6-dimethylsulphonium-5-oxo-L-norleucine (Griffin et al.
2008) both caused a reduction in TG activity, ECM cross-
link, and reduced glomerular and interstitial scarring in a rat
subtotal nephrectomy model of chronic renal fibrosis
(Fig. 3). Targeting of the extracellular TG with the mem-
brane-impermeable inhibitor did not affect the transcription
of major ECM proteins or MMP-1, nor in this model did it
affect the activity of TGFf31, suggesting that in this model it
was mainly the cross-linking activity of TG2 on the ECM
that was responsible for the effect (Johnson et al. 2007). The
use of TG2 inhibitors therefore shows great promise for the
treatment of renal fibrosis and indeed other fibrotic diseases
characterised by increased ECM deposition and cross-
linking, a fact further highlighted by the finding that TG2
knockout mice show a reduction of renal fibrosis induced by
ureteral obstruction (Shweke et al. 2008). The major com-
ponent of fibrotic tissue is fibrillar collagen, in particular
collagen I. It is therefore important to understand the effects
of TG2 cross-linking on both the physical and biological
properties of collagen. This will be discussed in the next

section since collagen is one of the major components of
artificial cell scaffolds for tissue engineering.

Medical applications: TG2 as a cross-linker
of biomaterials

Given the importance of TG2 as a prolific cross-linker of
matrix proteins it is not surprising that its use in the gen-
eration of naturally cross-linked biomaterials has been
widely investigated. Most polymers used in tissue repair
suffer from inadequate mechanical properties and bio-
polymers are often easily degraded. To prevent this
problem, many of these materials are cross-linked using
chemical or physical methods which can leave toxic resi-
dues and/or precipitate immune responses in the host (Chau
et al. 2005). Transglutaminase has the ability to cross-link
biopolymers in order to increase strength and resistance to
proteolytic digestion (Chau et al. 2005; Jones et al. 2006).
Since TG2 and &(y-glutamyl)lysine cross-linked proteins
are found naturally within the body and are important in the
wound-healing response, it is not unreasonable to assume
that transglutaminase cross-linked biomaterials would have
improved biocompatibility. A secondary, but very impor-
tant effect of the presence of TG2 in a biomaterial, is that it
can not only continue to cross-link matrix protein that it
encounters, but the adhesion properties of TG2 when in
complex with fibronectin can enhance the attachment,
spreading and proliferation of inwardly migrating cells.

A TG2/fibronectin heteropolymer can be used to coat
poly(e-caprolactone) or other devices in order to improve
biocompatibility and stabilise the implant/tissue interface.
For example, human osteoblasts show increased cell
spreading compared to either untreated or FN coated PCL
(Heath et al. 2002). This is probably due to the TG2/FN
complex binding to cell surface heparan sulphate proteo-
glycans such as syndecan 4, which osteoblasts express
(Telci et al. 2008; Verderio et al. 2008). Overexpression of
TG2 in a variety of cell lines grown on the polymers
poly(DL lactide co-glycolide), poly(e-caprolactone) and
poly(L lactide) showed that human endothelial like cells
(ECV-304) showed greatly improved attachment and
spreading on all polymers and glass with increased TG2
expression, an effect shared by Swiss 3T3 fibroblasts on
glass and PLA, and human osteoblasts on glass and PLG
(Verderio et al. 2001). This study highlighted the impor-
tance of the distinct adhesive properties of TG2 that are
independent of its cross-linking function, first observed
with the increased cell attachment to plastic coated with
either native or catalytically inactive TG2 (Isobe et al.
1999). Other attempts to functionalise biomaterials via TG2
cross-linking include the cross-linking of TG substrate
peptides and peptide functionalised PEG onto cartilage to
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Fig. 3 Inhibition of TG2 by
irreversible inhibitors R281 and
R283 in a rat subtotal
nephrectomy model of chronic
renal fibrosis after 84 days.

a e(y-glutamyl)lysine cross-
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HPLC, b total collagen
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demonstrate that both lysine and glutamine substrates were
reactive and could be incorporated to an average depth of
10 um below the surface. The cartilage components fibro-
nectin, collagen II, osteonectin, and osteopontin were all
identified as being reactive towards the peptides in solution,
showing that TG2 could theoretically cross-link to the
majority of cartilage components (Jones and Messersmith
2007). TG2 has also been used as biological glue in the
repair of articular cartilage. Cartilage is subject to high
stresses in vivo and it is no surprise that TG2 is present
in the ECM of articular cartilage and that it is the main
transglutaminase activity found there (Summey et al. 2002).
When TG2 was used to glue two pieces of cartilage
together, the adhesive strength increased with TG2 con-
centration by as much as 40% when the cartilage was pre-
treated with chondroitinase AC or hyaluronidase to remove
glycosaminoglycan chains of proteoglycans and was greater
than that achieved with a commercial tissue sealant
(Jurgensen et al. 1997). The use of TG2 cross-linked syn-
thetic elastin-like polypeptide (ELP) as an injectable
cartilage repair material is discussed below.

TG2 is particularly attractive for the formation of
polymer hydrogels that solidify from a liquid form after
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introduction into the body via syringe or needle. Several
different synthetic and bio-polymers have been investi-
gated and these are discussed below.

Polymer hydrogels
Poly(ethyleneglycol)

Poly(ethyleneglycol) (PEG) is a simple, water-soluble,
linear polymer which exhibits good biocompatibility and
hydrophilicity. A major advantage is that it can easily be
chemically modified to form water-insoluble hydrogels.
For these reasons PEG has been widely used in biomate-
rials, particularly for drug delivery. An ideal polymer for
functionalising with TG2 substrate groups, PEG was end-
functionalised with glutaminimide to provide glutamine
sites. The resulting PEG-Q was then cross-linked with a
lysine-containing polypeptide by TG2. Whilst TG2 could
catalyse the formation of clear hydrogels, the gelation rate
was too slow to be useful (Sperinde and Griffith 1997).
A subsequent attempt utilised two separately functional-
ised PEG-peptide conjugates, one linear PEG with two
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H,N-(L-DOPA)-FKG-NH, peptides per terminus and a
four-armed PEG with single H,N-GLQQQGAc peptides
per terminus. When mixed together in equimolar quanti-
ties, a hydrogel was formed within minutes under
physiological conditions, demonstrating that useful inject-
able hydrogels can be formed using TG2 (Hu and
Messersmith 2003). In order to test the ability of this
hydrogel to adhere to biological surfaces, the same authors
mixed the two PEG-peptide conjugates with TG2 and used
the solution to glue either guinea pig skin or bovine type I
collagen film. The shear stress of the hydrogel-glued gui-
nea pig skin was similar to that glued with a commercial
fibrin sealant or TG2 alone, whereas the shear stress of
hydrogel-glued type I collagen film was much greater than
that observed with fibrin glue (Hu and Messersmith 2005).

Collagen/gelatin

Collagen has great potential as a biomaterial due to
its mode of interaction within the body, exhibiting
biodegradability, weak antigenicity and superior biocom-
patibility compared with other natural polymers. Moreover,
the primary and probably most important reason for the
usefulness of collagen in biomedical applications is that
collagen can form fibres with extra strength and stability
through its self-aggregation and cross-linking. Extracted
collagen has poor mechanical properties, poor thermosta-
bility and is easily broken down by proteases. Cross-
linking of collagen improves the stability of extracted
collagen, preventing its rapid absorption and breakdown in
the body. However, residual chemicals are often toxic or
cause inflammatory responses to the host if not fully
removed (Chau et al. 2007).

Early studies on the ability of TG2 to cross-link collagen
suggested that native collagen and its fibrils were not a
substrate for either TG2 or FXIIIA, although TG2 was able
to cross-link denatured collagen effectively (Jelenska et al.
1980). Subsequent work showed that TG2 was able to
incorporate putrescine into the aminopeptide of collagen III
(Bowness et al. 1987) and cross-link the o1 chains of native
collagen V and XI, although the glutamine acceptor sites
were again shown to be in the non-helical propeptide
domains (Kleman et al. 1995). More recently, direct evi-
dence for the cross-linking of type I collagen was obtained
(Collighan et al. 2004; Orban et al. 2004; Chau et al. 2005).
It was shown that the addition of transglutaminase to
neutralised acid soluble collagen I allowed cross-linking of
individual tropocollagen monomers during assembly of the
fibrils. The maximum cross-link incorporation was there-
fore greatly increased compared to treatment of native
fibrils and was in the order of 1 cross-link per collagen
(Collighan et al. 2004). The rate of collagen fibrillogenesis
was also increased by the cross-linking activity of TG2 in a

manner that was sensitive to specific TG2 inhibitors. TG2-
treated ECM produced by dermal fibroblasts was shown to
be significantly more resistant to MMP-1 digestion (Jones
et al. 2006). The burst strength of sealed collagen I tubes
was increased from 46 + 3 to 71 &+ 3 mmHg by the action
of TG2 during fibrillogenesis and the denaturation tem-
perature measured by differential scanning calorimetry
increased from 37°C for native collagen to 65°C for a 50:1
collagen:TG2 mixture (Orban et al. 2004). It is clear that
not only does collagen have the potential to be cross-linked
with TG2 during ECM maturation and can potentially alter
its physical properties, but it can also alter its biocompat-
ibility. Both TG2 and e&(y-glutamyl)lysine cross-linked
proteins are found naturally within the body and are
important in the wound-healing response, so it is therefore
not unreasonable to assume that transglutaminase cross-
linked biomaterials would have improved biocompatibility.
Indeed when either human dermal fibroblasts or osteoblasts
are plated onto collagen cross-linked by TG2, they show
increased adhesion and spreading and enhanced prolifera-
tion (Fig. 2) (Chau et al. 2005). Importantly, from the
point of view of bone healing and repair, where collagen
sponges are frequently used (Friess 1998), osteoblasts
demonstrate an increased propensity to differentiate when
plated on TG2 cross-linked collagen compared to collagen
alone (Chau et al. 2005). Whilst this effect can be
explained by the masking/exposure of cell interaction sites,
it may also be explained by the observation that cells can
sense the elasticity of the matrix and this can not only
modulate phenotypic changes, but can even determine stem
cell lineage specification (Engler et al. 2006). Since TG2
cross-linking of matrices significantly alters their elasticity,
this alone may be sufficient for many of the effects
observed.

Gelatin, which is also a good substrate for transgluta-
minase, differs from collagen in that it has been partially
hydrolysed to aid its solubility, although it retains many of
the chemical characteristics of collagen. Since gelatin is
easier to handle, it has been widely explored as a bioma-
terial, although it must be cross-linked to reduce its
solubility in vivo. Gelatin is a good substrate for trans-
glutaminases and this has been capitalised on by several
studies, mainly with Streptomyces mobaraensis transglu-
taminase (mMTG) or FXIIIA. Studies demonstrating the
effects of TG2 cross-linking of gelatin are rare, although it
has been shown that heat denatured collagen is a good
substrate for TG2 (Jelenska et al. 1980). A recent study
comparing the effects of TG2 and mTG on the cross-
linking of purified porcine skin gelatin found that both
enzymes had a similar reactivity towards the substrate,
although further analysis of the cross-linked material was
limited to mTG (Bertoni et al. 2006). The encouraging
data obtained from biocompatibility studies of gelatin
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cross-linked with mTG (Zhu and Tramper 2008) are
therefore likely to translate to TG2 cross-linked gelatin.

Collagen-mimetic dendrimers

The use of dendrimers to replace collagen, but still retain
its biocompatible properties, is the subject of much recent
research since their use was proposed in 2002 (Kinberger
et al. 2002; Goodman et al. 2003). A collagen dendrimer
based on a poly(amidoamine) core (PAMAM) with pen-
dant poly(Gly-Pro-Nleu) peptides has been described. The
PAMAM core is thought to aid organisation of the peptides
into a closely packed array with a-helical character similar
to collagen and also allows interaction between helices to
mimic native collagen fibrillar architecture (Kinberger
et al. 20006). In order to increase the melting temperature of
the collagen dendrimers from around 28°C as in the initial
study, TG2 was used to cross-link engineered substrate
sequences. PAMAM dendrimers were conjugated sepa-
rately with the two peptides (GPO);GFOGER(GPO);
APQQEA and (GPO);GFOGER(GPO);EDGFFKI, con-
taining the collagen o f3, o;f5; and o;f3; integrin-binding
sequence GFOGER and TG substrate sequences APQQEA
from osteonectin and EDGFFKI from fibrillin-1. The two
dendrimers were cross-linked together in equimolar
amounts to produce a product with stable «-helical con-
formation and a melting temperature of 38°C. Cell binding
assays with human hepatocarcinoma cells (Hep3B) dem-
onstrated that cell adhesion to cross-linked dendrimers was
approximately 80% of that to native type I collagen and
was greater than either of the two non-cross-linked den-
drimers, suggesting that TG2 cross-linking enhances cell
adhesion, possibly by integrin clustering or optimisation of
the GFOGER triple helical conformation (Khew et al.
2008). These materials could show significant promise as
alternatives to collagen.

Self-assembling peptides

Self-assembling peptides are those that can organise
themselves into complex nanostructures with either o-
helical or, more commonly, f-sheet character, such as
fibrillar networks or hydrogels (Holmes 2002). They have
been used as three dimensional matrices and support
growth and differentiation of neuronal cells (Holmes et al.
2000) and chondrocytes (Kisiday et al. 2002). Peptides are
designed so that hydrophilic side chains and hydrophobic
side chains are positioned on opposite sides of the f-sheet,
allowing self-assembly of a wide variety of sequences. The
peptide Ac-QQKFQFQFEQQ-Am was shown to self-
assemble into a tangled network of 20 nm diameter fibrils
with f-sheet secondary structure. Reaction of the mono-
meric and assembled peptide with monodansylcadaverine
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(MDC) and TG2 demonstrated that five glutamines were
reactive. The peptide n-dansyl-GLKGGRGDS-Am, con-
taining a lysine donor TG2 substrate site and an integrin-
binding RGD motif separated by a diglycinyl spacer, was
also able to be cross-linked by TG2 to five glutamines of
the self-assembling peptide (Collier and Messersmith
2003).

Elastin-like polypeptides (ELP)

Elastin-like polypeptides are composed of oligomeric
repeats of the sequence Val-Pro-Gly-Xaa-Gly, where Xaa is
any amino acid except proline, which is found in elastin, a
component of muscle, ligaments, cartilage and many other
soft tissues. At low temperatures, the ELP solution has low
viscosity and can easily be mixed with cells prior to injec-
tion, where the higher temperature causes spontaneous
aggregation of peptides to form a gel-like coacervate. The
ELP sequence can be modified to control the mechanical
properties of the resulting gel, although chemical cross-
linking is required to achieve a satisfactory material for
cartilage repair. Two ELP peptides with sequences
[VPGKG(VPGVG)glis and [VPGQG(VPGVG)glis were
designed with lysine and glutamine substrates, respectively.
TG2 cross-linking of a 1:1 mixture of these peptides with
isolated porcine intervertebral disc fibrochondrocytes
resulted in an insoluble gel with improved mechanical
characteristics that retained the ability to sustain the fi-
brochondrocytic phenotype (McHale et al. 2005). It is likely
that some optimisation of the TG2 substrate sequences
would result in a more cross-linked ELP gel, since it was
also noted that the mechanical properties of the TG2 cross-
linked gel were less satisfactory than a chemically cross-
linked gel.

Microbial TG

The initial emergence of Streptomyces mobaraensis trans-
glutaminase (mTG) related to its use as a food protein
cross-linking agent, capitalising on its cheap and plentiful
production, its small size, its independence from cofactors
and its broad substrate specificity (Collighan et al. 2002). It
has seen recent industrial use in other areas such as textiles
and biomaterials for the same reasons. Although it is likely
that mTG and TG2 show different reactivities towards
glutamine and lysine residues in the same substrate, mTG
cross-linking may be expected to be equivalent to TG2
cross-linking, but without the added effects of residual TG2
as a cell binding protein. For this reason mTG cross-linked
biomaterials can produce valuable observations in this
respect. Since it is impossible to discuss TG2 applications
without some appreciation of the considerable work
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already performed with mTG, we will briefly describe
some relevant examples using mTG, although see (Zhu and
Tramper 2008) for a broader overview of the applications
of mTG.

Gelatin is a good substrate for mTG (Fuchsbauer et al.
1996) and it has been observed that gelatin cross-linked
with mTG demonstrated a significant increase in storage
modulus and thermal stability, comparable to that obtained
with glutaraldehyde cross-linking. In addition, mTG cross-
linking did not affect the cytocompatibility of matrices
(Broderick et al. 2005), with improvements in cell adhesion
possible by incorporation of RGD peptides (Ito et al. 2003)
or laminin peptides (Damodaran et al. 2008). Collagen I
cross-linked with mTG shows similar properties to that
treated with TG2 (Chau et al. 2005; Garcia et al. 2007) and
such biomaterials have been tested in vivo in a rat model
of dermal wound-healing, where it was found that they
resisted enzymatic degradation and stimulated wound bed
angiogenesis and epithelialisation, without any significant
inflammatory reactions. In addition, there was a reduction
in collagen III deposition and wound contraction, indica-
tive of a beneficial moderation of the fibroproliferative
phenotype (Garcia et al. 2008). Collagen II has also been
investigated as a substrate for mTG, with similar success
(O’Halloran et al. 2006). Mixtures of collagen II, aggrecan
and hyaluronan cross-linked with mTG were suitable for
the support of bovine nucleus pulposus cells in the devel-
opment of an injectable intervertebral disc repair
(O’Halloran et al. 2008). The use of mTG in the generation
of composite biomaterials is exemplified by the generation
of melt-extruded nerve guide tubes for peripheral nerve
repair using blends of poly(e-caprolactone) and gelatin
cross-linked with mTG. The gelatin domains were further
functionalised with a poly L-lysine peptide to greatly
enhance the adhesion and proliferation of neuroblastoma
cells (Chiono et al. 2008).

It is clear that mTG has demonstrated great potential as a
biomaterials cross-linker and does not demonstrate cyto-
toxicity to a variety of cell types in vitro at effective cross-
linking concentrations. However, from an ethical point of
view, it remains likely that future in vivo applications would
require the use of a mammalian transglutaminase.

Conclusion

This review has demonstrated the functional importance of
TG2 as an extracellular protein both in the cross-linking
and stabilisation of matrix proteins during normal physio-
logical processes but also as an important matrix associated
cell adhesion protein involved in cell survival. It has also
alluded to the importance of TG2 in pathological situations
such as fibrosis and cancer and highlighted the value of

TG2 as a therapeutic target in the treatment of these dis-
eases. Importantly, by harnessing the cross-linking activity
of TG2 it has further demonstrated the medical applications
of TG2 in the modification of a wide range of natural and
synthetic biomaterials.
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