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Abstract Here we review the mechanisms by which
Thymosin 4 (Tp4) regulates angiogenesis, its role in
processes, such as wound healing and tumour progression
and we discuss in more detail the role of T4 in the car-
diovascular system and significant recent findings impli-
cating T4 as a potential therapeutic agent for ischaemic
heart disease.
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The p-thymosin family

The fp-thymosins, which were first isolated from the thymus
in the 1960s [1], comprise a family of structurally related
40-44 amino acid polypeptides with hormone-like proper-
ties [2]. They are biochemically and functionally distinct
from the o- and y-thymosins, having in common only their
original identification as “thymic hormones”. f-thymosins
are potent regulators of actin polymerisation in a range of
cells and tissues and are evolutionarily conserved in species
from mammals to echinoderms but absent from prokaryotes
and yeast [3, 4]. Up to date, 15 f-thymosins have been
identified although most mammalian tissues investigated
express only two [2]. Thymosin 4 (Tf4) is the most
abundant member in most cell types, present in concentra-
tions, as high as 0.4 mM and representing approximately
70-80% of the total f-thymosin content [5—7]. Mammalian
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species express either thymosin 10 (Tf10; human, rat,
mouse, rabbit and cat) or thymosin 9 (Tf9; calf, pig,
sheep) as the second f-thymosin [2]; a third peptide, thy-
mosin 15 (TS15) has additionally been identified in human
and rat cells although, in most cases, from metastatic car-
cinoma tissues and tumour cell lines [8, 9].

Cell morphogenesis and motility depends on precisely
regulating the dynamics of the actin cytoskeleton. Rapid
cycles of actin assembly and disassembly require a number
of actin binding proteins including the f-thymosins, the
actin-binding competitor profilin [10] and the depolymer-
isation factor cofilin [11, 12]. By sequestering actin
monomers, ff-thymosins function to maintain a large pool
of actin monomers (G-actin), which when required, are de-
sequestered by profilin to induce rapid filament (F-actin)
polymerisation. This process underlies the formation of
filamentous structures such as lamellipodia and filopodia,
responsible for mediating cell motility and guidance [13,
14]. Mutation of the actin-binding motif of Tf4,
"LKKTETQEK?®, prevents actin polymerisation leading
to the accumulation of monomeric actin and cytoskeletal
defects [15]. Over the last 15 years, studies have impli-
cated the f-thymosins in a number of cellular events such
as wound healing, apoptosis, inflammatory responses and
angiogenesis [2], processes which fundamentally depend
upon cell migration.

Regulation of angiogenesis by the p-thymosins

A number of f-thymosins, along with some of the a-thy-
mosins, impact on the process of angiogenesis; intrigu-
ingly, despite the high degree of sequence homology
between isoforms of each family, some o- and f-thymosins
are known to promote angiogenesis and other members
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inhibit angiogenesis. While a number of studies have de-
scribed the angiogenic properties of individual thymosins
[16, 17], the most comprehensive cross-family compari-
sons derive from the work of Koutrafouri et al. In an in -
vivo chick chorioallantoic membrane model, T4, TS15,
prothymosin ol (proT«l) and thymosin ol (Tal) were
found to enhance angiogenesis, almost to the same extent
as a positive control, f-PMA [18, 19] (Fig. 1a). In contrast,
Tp10, TB9 and parathymosin o (paraTe) inhibited angio-
genesis to a level comparable with hydrocortisone, a neg-
ative regulator of angiogenesis. Interaction between
p-thymosins, with respect to angiogenic function was also
assessed since T4 and Tf10 frequently co-exist in mam-
malian cells. When a constant concentration of T4 was
combined with increasing concentrations of T/10, the pro-
angiogenic effect of T/4 was eventually overridden by the
anti-angiogenic effect of Tf10; conversely, the effect of
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Fig. 1 Effect of thymosins on angiogenesis. (a) Various a- and f-
thymosins were assessed for their angiogenic capacities in the chick
chorioallantoic membrane (CAM) in vivo model and are compared
with known positive and negative regulators, f-PMA and hydrocor-
tisone. (b) The combined effect of pro- and anti- angiogenic /-
thymosins (Tf4 and Tp10, respectively), in varying proportions, on
angiogenesis, as assessed in the CAM model. Reproduced from
Koutrafouri et al. [18]© 2001, with permission from Elsevier
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Tf10 was reversed by increasing concentrations of T[54 to
produce a net positive effect of promoting angiogenesis
(Fig. 1b). Indeed, T10 was shown to be sufficiently anti-
angiogenic to abrogate vascular endothelial growth factor
(VEGF)-induced angiogenesis and tumour growth in a
mouse orthoptic tumour model [20].

It is intriguing that both o- and f-thymosins regulate cell
migration and angiogenesis when they appear not to share
any structural or biochemical properties. Indeed, the o-
thymosins do not even possess an actin-binding motif,
which was found to be critically required for activation of
cell migration by T4 [21]. The balance between positive
and negative regulators of angiogenesis is reflected in their
distinct expression profiles during embryogenesis and
tumorigenesis. For example, in the developing cardiovas-
cular system, high Tf4 and low Tf10 levels prevail, con-
sistent with the need for extensive de novo vasculogenesis
[22, 23]; T4 levels in these tissues diminish by late
embryonic and early neonatal stages ([24] and N. Smart,
unpublished data) when the need for vasculogenesis has
diminished.

This review will focus primarily on the role of T4 in
regulating angiogenesis, with occasional references to
other members of the f-thymosin family.

Tf4 promotes angiogenesis

The first intimation of a role for T4 in angiogenesis came
from its identification in a screen for rapidly induced (<4 h)
genes following culture of human umbilical vein endo-
thelial cells (HUVECs) on either plastic or Matrigel
(basement membrane matrix) [25]. A five-fold induction of
Tp4 was observed during endothelial cell differentiation
in vitro and transfection of HUVECs with T4 caused an
increase in the rate of attachment and spreading and an
accelerated rate of tube formation [25]. Further, insight into
the influence of T4 on endothelial cell migration came
from migration assays demonstrating that T4 acts as a
chemoattractant for endothelial cells, stimulating direc-
tional migration (as opposed to random motility or
chemokinesis) of HUVECSs in Boyden chamber assays (4—
6-fold over media alone) [26]. The effect of T4 on
migration was proposed to be endothelial cell-specific
since HUVECs and human coronary artery endothelial
cells migrated in response to T4 but foreskin fibroblasts,
aortic smooth muscle cells, neutrophils, monocytes and
HT1080 human fibrosarcoma cells showed no significant
migration towards Tf4, yet migrated towards their
respective positive controls (bFGF, PDGF-BB, FMLP or
laminin). Additionally, T4 significantly accelerated the
rate of endothelial cell migration in vivo in a subcutaneous
Matrigel plug assay [26]. The first evidence that T4 could
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directly promote angiogenesis came again from Grant and
co-workers; they reported that, in addition to stimulating
proliferation, attachment and differentiation of endothelial
cells, Tp4 induced tubule formation on Matrigel, vascular
sprouting of coronary artery rings (an assay which assesses
all steps of in vivo capillary formation) and angiogenesis
(a doubling of vessel area via increased branching) with as
little as 0.1 pg/ml Tp4 [27] (Fig. 2). This study also
offered the first mechanistic insight; the angiogenic
response appeared to involve the binding of Tf4 to an
unknown cell surface receptor, internalisation of the pep-
tide and rearrangement of the actin cytoskeleton. However,
receptor binding appeared not to be mediated through the
actin-binding motif, LKKTET. These were the first data
postulating the existence of a T4 receptor and the possi-
bility of a paracrine role.

That T4 induces angiogenesis by promoting migration
of endothelial and other vasculogenic cells is now clearly
established [21, 28, 29] yet the precise mechanism by
which Tf34 directs cell migration is only tenuously defined
and the role of actin binding versus other receptor-medi-
ated events is still a matter of debate. Philp et al. tested the
angiogenic activity of full length Tp4, proteolytic frag-
ments and synthetic peptides in HUVEC Boyden chamber
migration assays and in vessel sprouting assays using chick
aortic arch assays [21]. The authors concluded that the
actin-binding motif of T4 was both necessary and suffi-
cient in its own right to promote angiogenesis. However,
since endothelial cell migration was reduced but not ab-
lated following deletion of the LKKTET motif, the possi-
bility remains that other regions of the peptide are required
for maximal effect. This result raises a curious and unex-
plained enigma; if the T4 actin-binding motif is sufficient
to promote cell migration and angiogenesis, why do other
p-thymosins, such as Tf10, inhibit angiogenesis despite
sharing the highly conserved actin-binding motif? More-
over, as described above, there is the issue of a-thymosin-
induced angiogenesis in the absence of a recognised actin
binding motif. These disparities may be reconciled with
further understanding of other sequence elements and also

a Control b

Fig. 2 Thymosin /4 promotes angiogenesis. T4 promotes capillary
sprouting in a coronary artery ring assay (b) at concentrations, as low
as 0.1 pg/ml, compared with control (a). Mean vessel area was
quantified with computer assisted image analysis (NIH image) and

of the signalling pathways and protein complexes with
which thymosins interact. If reorganisation of the actin
cytoskeleton is indeed required for migration, it is plausible
that o-thymosins may bind actin indirectly as part of a
multiprotein complex or elicit an effect via another actin
binding protein.

AcSDKP, a cleavage product of T4, promotes
angiogenesis

Endoproteinase cleavage of T4 leads to production of
N-acetyl-seryl-aspartyl-lysyl-proline (AcSDKP) [7, 30], a
potent pro-angiogenic, anti-fibrotic peptide that is degraded
exclusively by angiotensin-converting enzyme (ACE) [31].
T4 was identified as the likely precursor for AcSDKP, as
it possesses the tetrapeptide sequence at its N-terminus and
the enzyme prolyl oligopeptidase has been shown to cleave
the Pro-Asp bond to release AcSDKP [32]. Work cha-
racterising transgenic T4 knockdown mice has provided
further evidence in support of a precursor-peptide rela-
tionship between Tp4 and AcSDKP in a physiological
setting.

In addition to inhibiting hematopoietic stem cell pro-
liferation, AcSDKP stimulates endothelial cell migration
and differentiation in vitro and secretion of active MMP-1.
It promotes a significant in vivo angiogenic response in the
chick embryo chorioallantoic model and in matrigel plugs
planted subcutaneously into rat muscle [33]. Clearly, there
is an extensive overlap of pro-angiogenic properties shared
between AcSDKP and its precursor T4 [29, 34].

Wound healing

Formation of new blood vessels is a fundamental compo-
nent of wound healing. Reports of T4 as a major con-
stituent of ulcer extracts, wound and blister fluids led to
speculation that it may play a role in wound repair [35].
Malinda et al. first assessed whether T4 could enhance
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wound healing in a rat full thickness wounding assay [28].
Topical or intraperitoneal administration of T4 increased
epithelialisation, collagen deposition, angiogenesis and
wound contraction, identifying Tfi4 as a potent wound
healing factor, as had previously been shown for Tal [16].
Subsequent studies from the Kleinman laboratory charac-
terised the wound healing capacity of T4 in aged and
diabetic rodents [36, 37], since impaired angiogenesis in
aged animals results in poor wound healing. Based on these
pre-clinical studies, Tf4 is currently subject to phase 2
clinical trials (RegeneRx, Inc., Bethesda, USA) for treat-
ment of epidermolysis bullosa in infants and pressure ul-
cers, a common problem for the elderly and infirm.

A further aspect of wound healing which may be ame-
nable to T34 treatment in the future is repair of the cornea
[38]. Corneal abrasions are frequently caused by entry of
foreign particles such as sand or dust, contact lenses or
exposure to ultraviolet radiation and, if untreated, can lead
to severe visual impairment. Topical application of Tp4
was shown to promote corneal repair by inducing conjuc-
tival epithelial cell migration, [39] increasing cell—cell and
cell-matrix contacts, inhibiting apoptosis [40] and sup-
pressing the activity of matrix metalloproteinases, MMP-2,
MMP-9 and MT6-MMP [41]. Interestingly, however, no
increased angiogenesis was observed in the eye, even fol-
lowing prolonged treatment with Tf4 [41]. Instead, Tf4-
induced corneal repair appears to be largely mediated via
suppression of the inflammatory response, notably the
NFxkB/TNF-o pathway [42].

T4 and tumour progression

The progression of cancers is intrinsically linked with
angiogenesis, since tumour growth and metastasis depend
upon neovascularisation. Since the first report of TS10 up-
regulation in renal cell carcinomas in 1991 [24], DNA
array methodology has revealed a frequent correlation be-
tween dysregulated f-thymosin expression and tumour
progression [9, 29, 43-52]. In particular, increased f-thy-
mosin levels were associated with augmented metastatic
potential, presumably reflecting the need of these cell types
both to migrate [43, 44, 47] and induce vascularisation.
T4 overexpression was associated with an increase in the
number of blood vessels in solid tumours derived from
injected B16-F10 cells and induction of angiogenesis by
Tp4 was associated with up-regulation of VEGF expres-
sion [29]. Tf15, in particular, may prove to be an
extremely useful diagnostic marker because, unlike pros-
tate-specific antigen, TfS15 is not expressed in non-
cancerous prostate tissue [9]. Levels of the T4 cleavage
product, AcSDKP, were also found to be five-fold higher in
malignant thyroid tumours compared with benign lesions
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[53], an indication that malignancy and metastasis are
further common properties shared by AcSDKP and its
precursor, Tf4.

Tp4 in the cardiovascular system

Even before the angiogenic properties of Tf/4 had been
fully appreciated, its expression in the developing cardio-
vascular system had been reported with the detection of
elevated levels of T4 in blood vessels and endocardial
cushions of early mouse postimplantation embryos [22].

Subsequent, more detailed studies in the mouse revealed
T4 expression at embryonic day (E) 10 in ventricular
myocardium, in two distinct regions of the proximal out-
flow tract, the pericardium and endocardium including the
endocardial cushions of the atrio-ventricular canal (cells
responsible for invading and separating myocardium from
endocardium) and in regions of presumptive migratory
cardiac crest, migrating through the pharyngeal arch region
[54]. TP4 is also expressed in the outer curvature of the
right ventricle at E11.5 and by E12.5, expression is ex-
panded throughout the outflow tract and present in the
ventricular septum and compact layer [55]. At E14.5, Tp4
is robustly expressed throughout the myocardium, the
epicardium and in endothelial and smooth muscle cells
surrounding the great vessels [56].

Based on its prominent expression pattern in blood
vessels, T4 similarly appears to play a role in the devel-
oping cardiovascular system of the chick [57]. Interest-
ingly, the earliest expression of T4 was detected in the
extra-embryonic blood-circulatory system, a lineage which
has not yet been investigated, in other species. HH-24
(Hamburger and Hamilton stage 24) embryos displayed
strong T4 expression in the capillary network covering
the embryonic body and Tp4-expressing cells were also
seen at the surface of the heart anlage, in the developing
endocardial cushions and surrounding the oesophagus. The
underlying endoderm which plays an important role in
heart induction [58] was also strongly T4 positive.
Notably, expression was detected in developing coronary
vessels in stage HH-24 embryos, but absent in later stage
embryos implicating Tf4 in formation rather than main-
tenance of vessels.

The profile of T4 was rapidly elevated in 2004 after
Srivastava et al. published on the potential for T4 to re-
store function to the ischemic adult mouse heart [55]. T4
promoted myocardial and endothelial cell migration in the
embryonic heart, a property retained in post-natal cardio-
myocytes, and significantly enhanced survival and repair of
adult cardiomyocytes via activation of the survival kinase,
Akt. Following coronary artery ligation in mice, Tp4
treatment led to increased myocardial preservation and
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improved cardiac function. The benefits of T4 treatment
were attributed to the observed activation of Akt; angio-
genic processes and improved vascularisation of the in-
farcted myocardium were not determined.

Tp4 is required for coronary vasculogenesis,
angiogenesis and arteriogenesis

By selectively knocking down T[4 in the developing heart,
Smart and co-workers recently characterised an essential
role for T4 in regulating all three key stages of cardiac
vessel development [56]. Formation of the coronary
arteries consists of a precisely orchestrated series of
molecular and morphogenetic events which can be divided
into three distinct processes: vasculogenesis, angiogenesis
and arteriogenesis (Fig. 3; reviewed in [59, 60]). Even
subtle perturbations in this process may lead to congenital
coronary artery anomalies, as occur in 0.2-1.2% of the
general population [61]. Reduced levels of T[54 resulted in
defects in the overlying epicardium of the developing
heart, a lineage which plays a pivotal role in the develop-
ment of the coronary vasculature (Fig. 4) [62-66] and
demonstrated an absolute requirement for Tf4-induced
vasculogenesis in a physiological setting.

Embryos with reduced myocardial T4 levels displayed
a number of striking cardiac defects at E14.5, including a
thin non-compacted myocardium and a detached epicar-
dium which was mottled with abnormal surface nodules,
which appeared to represent aberrant vessels [61] (Fig. 5).
Disrupted coronary vasculogenesis was apparent after im-

munostaining of coronary endothelial cells with the endo-
thelial specific receptor, Tie2 [67]. Micro-vessels lined
with Tie2 positive cells were seen throughout the dense
myocardium of control hearts while the disrupted myo-
cardium of mutant embryos was almost entirely negative
for Tie2; the few vessel-like structures present were grossly
malformed. In contrast, the epicardial nodules of mutant
embryos were intensely stained with Tie2, suggestive of
trapping of endothelial cells in nodules at the epicardium.
Being also derived from the epicardium, smooth muscle
cell recruitment to coronary vessels was also disrupted in
T4 knockdown hearts. Smooth muscle cells, labelled for
smooth muscle «-actin (SMaA), were evident throughout
the control myocardium, specifically surrounding the lu-
men of micro-vessels. Such expression was lacking in
mutant hearts and SMaA positive cells instead persisted in
the epicardium and sub-epicardial layer. These data suggest
that, as a consequence of reduced Tf4 signalling from the
myocardium, EPDCs, fated to form endothelial and smooth
muscle cells, fail to migrate into the myocardium to pro-
vide support to the coronary vessels and instead activate
their respective differentiation programmes in situ within
the epicardium. Interestingly, T4 knockdown embryos
also displayed defective recruitment of SMaA-positive
smooth muscle cells (arteriogenesis) to the large thoracic
vessels which resulted in haemorrhaging; defective angio-
genesis resulted in a failure in branching of the aorta and
consequent absence of the right subclavian artery.

The effect of T34 on the developing epicardium in vivo
was supported by studies on epicardial explant cultures [56,
68], examining the differentiated cell types formed

Fig. 3 Development of the

. Heart tube  Heart Heart chamber Heart maturation
coronary vasculature. Schematic formation looping formation / septation
representation of the developing
heart and coronary vasculature ES E9 E10 Ell E12 EI3 PO P21

in the mouse. As the
myocardium thickens,
trabeculation increases diffusion
capacity and oxygen supply
until the epicardium forms over

. proepicardial
the heart to contribute

connection of vascular
network to aorta

organ h
! to the heart

] [
I \
i |

angioblasts for vasculogenesis.
The primitive vasculature
expands throughout the
myocardium by angiogenesis.
Following connection to the
aorta, the vessels gain support
from smooth muscle cells
(arteriogenesis). EC: endothelial
cell; SMC: smooth muscle cell.
Reproduced from Luttun and
Carmeliet [60] ©2003 with
permission from Elsevier

myocardium
endocardium

trabeculation

avascular myocardium

angiogenesis (x3)
coronaries (x10)

@ Springer



Angiogenesis (2007) 10:229-241

234
EPICARDIUM
r {

5 \ ‘

5 ‘ d SMOOTH MUSCLE
- ’ \ ”% PROGENITOR
A< ‘ / .

] )

E HEMANGIOBLAS'I ausloausr Ia

Y rercsuast \

: ﬂ (_)

=]

5 ARTERIOLE

é

=

=

Fig. 4 Epicardium-derived cells are precursors for fibroblasts,
endothelial and smooth muscle cells. Following delamination, EPDCs
undergo epithelial-mesenchymal transition, migrate into the sub-
epicardium and myocardium before differentiating. VEGF and bFGF
promote differentiation into endothelial cells while PDGF and TGFf

direct epicardial cells towards a smooth muscle fate. Angioblasts and
hemangioblasts form vascular tubes and smooth muscle progenitors
form arteries and muscular veins. Modified from Tomanek [59], ©
2005 with permission from Springer Netherlands

Fig. 5 Tp4 is required for coronary vasculature formation. Frontal
sections through the ventricular myocardium (my) of Tp4sh™
embryos at E14.5; arising from crosses between conditional Tp4
floxed short hairpin (sh) RNA transgenic mice and heart-specific
Nkx2.5Cre (Nk) expressing mice. Embryos are stained with

following outgrowth. Addition of Tf4 significantly in-
creased the numbers of SMaA positive and Tie2 positive
cells and these cell populations were enhanced further still
with the addition of VEGF and FGF7 [56] (Fig. 6).

From these studies it was concluded that Tf4 signals in
a paracrine manner from the myocardium to cells of the
epicardium. Cells delaminate from the epicardium, under-
go EMT, migrate into the myocardium and differentiate
into endothelial cells to form coronary vessels and smooth

Fig. 6 Tf4 promotes
differentiation of EPDCs.
EPDCs display maximum
potential for differentiation
from cultured E10.5 hearts,
assessed in culture (other stages
not shown). T34 promotes
differentiation of smooth
muscle (SMoA positive) and
endothelial (Tie2 positive) cells,
the latter additionally requiring
VEGF and FGFs. Modified
from Smart et al. (2007) [56]
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Tie2

GAPDH
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haematoxylin and eosin to visualise epicardial nodules which
represent aberrant coronary vessels; black arrowhead (a, b). Smooth
muscle a-actin (SMaA) positive cells surround the cannular epicardial
nodules (¢). Modified from Smart et al. (2007) [56]

muscle cells to stabilise vessls. (Fig. 7) In a knockdown
situation, there is significantly less T4 to signal to the
epicardium. Epicardial cells may undergo EMT but the
majority fail to migrate into the myocardium and instead
undergo differentiation in the epicardium. As this is a
knockdown not knockout system, some cells are able to
migrate inwards and a few structures resembling vessels
can be seen. However, the lack of smooth muscle cells to
support the vessels results in their regression.
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Fig. 7 Model for the role of T4 in coronary vessel development.
During normal heart development (left panel), epicardial derived cells
(EPDCs) undergo an epithelial to mesenchyme transition (EMT) in
response to BMP, FGF and TGFf signalling from the myocardium.
Secreted myocardial T4 then induces EPDCs to migrate into the
myocardium where they respond to angio- (VEGF/bFGF) or
arteriogenic (PDGF/TGFp) factors and differentiate into either
endothelial or smooth muscle cells respectively, thus establishing a
capillary plexus and stabilisation of coronary vessels. Following

What is the role of AcSDKP in coronary
vasculogenesis?

Both Tp4 and AcSDKP have recognised angiogenic
properties, yet the individual contribution of each peptide
had not previously been addressed in a physiological set-
ting. T34 knockdown in the developing heart was accom-
panied by a significant (40%) reduction in AcSDKP [56].
In order to directly test, whether reduction in myocardial
AcSDKP contributed to the vasculogenic defects in T4
knockdown embryos, rescue was attempted by injection of
pregnant females with AcSDKP which restored the tetra-
peptide to control levels but failed to rescue any aspect of
the mutant phenotype. While AcSDKP can stimulate cell
migration and angiogenesis, it proved incapable of substi-
tuting for T4 in this context, possibly indicating the need
for actin binding and filament assembly, consistent with
earlier studies in chick aortic arch assays.

T4 promotes neovasculogenesis via adult epicardium

Translation of a vascular development role for T4 to that
of angiogenic therapy for coronary artery disease in the

Tp4 knock down

' Tie2+ cell
[ ] SMaA+ cell
f Vessel

& regression
£ g

knockdown of myocardial Tf4 (right panel) EPDCs undergo EMT
but fail to migrate, becoming trapped in the epicardium where they
differentiate into Tie2 and SMaA positive cells. Failure in TfS4-
induced EPDC migration results in significantly impaired vasculo-
genesis, defective collateral growth and vascular regression which in
turn leads to a severe reduction in cardiomyocyte survival manifested
as a thin compact layer and disrupted myocardial architecture.
Reproduced from Smart et al. (2007) [56]

adult heart relies on the release of the adult epicardium from
a quiescent state and restoration of pluripotency. In order to
investigate the potential for T4 in this context, the ability
of T4 to induce outgrowth and differentiation of isolated
epicardial explants from adult hearts was assessed (Fig. 8)
This was the first successful culture of adult epicardial ex-
plants since it was previously perceived that adult epicar-
dium resides in a state of dormancy, having lost all potential
for migration, differentiation and signalling during late
embryonic stages [68]. Indeed, untreated adult explants
displayed virtually no detectable outgrowth (Fig. 8a). In
contrast, treatment with Tf4 stimulated extensive out-
growth of cells (Fig. 8b) which, as they migrated away from
the explant, differentiated into a variety of discernable
cellular phenotypes. The emerging epithelial cells were
positive for the epicardial-specific transcription factor epi-
cardin and these cells differentiated, with migration, into
procollagen type I, SMuaA and Flk1 positive cells indicative
of fibroblasts, smooth muscle and endothelial cells
(Fig. 8d-h). As discussed above, these cells represent the
definitive progenitors for the coronary microvasculature
and the data of Smart et al., therefore, demonstrate that,
under the control of Tp4, vasculogenic potential remains
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Fig. 8 Tp4 promotes migration of adult epicardium derived precur-
sor cells and enables their differentiation into vasculogenic cells.
Outgrowth of large colonies of cells from adult heart explants
stimulated by Tp4 (b, ¢), compared with a minimal degree of
migration from untreated explants (a). Emerging cells (d, blue box)
identified as epicardial cells (e). Following migration, cells undergo
differentiation into smooth muscle cells (b, d green box), fibroblasts

within the adult epicardium, which may be harnessed for
use in therapeutic angiogenesis. In support of these obser-
vation, Van Tuyn et al. reported that epicardial cells from
human adult heart can undergo EMT and obtain charac-
teristics of smooth muscle cells in vitro [69].

Whilst unable to significantly promote epicardial out-
growth beyond control levels, AcSDKP brought about ra-
pid differentiation of emerging EPDCs such that cells
observed in close proximity to the explant tissue were al-
most exclusively endothelial (Flk1 positive) with very few
smooth muscle cells or fibroblasts (Fig. 8i-1) [56]. This
suggests that AcSDKP, cleaved from Tf4, exclusively
promotes EPDC endothelial cell differentiation and may
underlie a compound vasculogenic effect of Tf4.

In considering the epicardium as a source of vascular
progenitors, valuable insight may be derived from studies
in the zebrafish. Following ventricular resection of the
adult fish heart, the epicardium exhibits a rapid and robust
response to injury, which includes proliferation and
expression of embryonic epicardial markers (Tbx18 and
RALDH?2), within 1-2 days of resection [70]. The acti-
vated epicardium envelopes the cardiac chambers, includ-
ing the injured apex and a subpopulation of cells invades
the sub-epicardial space and myocardium to contribute
endothelial and smooth muscle cells to form new coronary
vessels; this is highly reminiscent of the processes
involving the epicardium during mouse embryonic heart
development, for which T34 was required [56]. It is highly
significant, therefore that, in a related study, the fish
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(b, d yellow box, f) and endothelial cells (b, d red box, h). Whilst
unable to promote significant epicardial outgrowth beyond control
levels (i), AcSDKP brought about rapid differentiation of any
emerging EPDCs, such that the differentiated cells were almost
exclusively Flk1 positive endothelial cells (k, 1). Modified from Smart
et al (2007) [56]

orthologue of Tp4 was found to be up-regulated in
regenerating zebrafish hearts [71]. Taken together, these
data, along with the ability of T4 to mobilise murine adult
EPDCs, provide strong support for the potential of T34 to
induce neovascularisation and possibly other aspects of
myocardial regeneration, in the injured adult heart.

Release of quiescent EPDCs represents a viable source
of vascular progenitors for continued renewal of regressed
vessels at low basal level or sustained neovascularisation
following cardiac injury. The feasibility of employing T4
in therapeutic angiogenesis for the injured adult heart has
not been assessed in vivo. Although the minimum
requirement of Tp4-induced EPDC migration from adult
heart has been realized [56] it remains to be confirmed
whether Tf4 can promote neovascularisation to restore a
functional vasculature and maintain cardiomyocyte sur-
vival in the injured heart. Certainly, T34 has been shown to
improve cardiomyocyte survival and functional recovery
post myocardial infarction (MI) [55], but the underlying
mechanism has not been defined. Neovascularisation of the
ischemic myocardium represents the most likely mecha-
nism for conferring cardioprotection.

Does endogenous T4 stimulate angiogenesis?
The mammalian myocardium responds to stresses,

including ischaemia, by activating a multitude of adaptive
mechanisms that seek both to limit cellular injury and to
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prepare for any subsequent insult and is essentially the
basis of ischaemic preconditioning. It is highly significant,
therefore, that endogenous levels of both T4 and AcSDKP
were up-regulated following MI (Fig. 9) [56], implying a
possible role for these pro-angiogenic peptides in the
intrinsic mechanism of cardioprotection. The minimal de-
gree of protection afforded by endogenous T4 and AcS-
DKEP is clearly insufficient, since it does not significantly
salvage the myocardium from ischaemic damage; however,
injected T4 has been shown to limit scar volume and
improve cardiac function post-MI [55]. This may simply
reflect a higher concentration of Tf4 attained in the myo-
cardium following injection, although the exact levels were
not reported. Alternatively, injected T4 may act either on
a cell type other than cardiomyocytes or its cardioprotec-
tive effects may be initiated extracellularly not intracellu-
larly, possibly via activation of a cell surface receptor, as
discussed below. It is unlikely that the endogenous levels
of Tp4, even after Ml-induced up-regulation, would be
secreted at a level comparable to that achieved by injection.
Although inadequate in terms of its protective benefits,
endogenous Tf4 and AcSDKP up-regulation may be
pharmacologically manipulated for therapeutic benefit,
once the endogenous mechanism is fully understood and
when further insight has been gained into the optimal route
for delivery of Tp4.

The potential for Tp4-induced neovascularisation
via other cardiac progenitor cells

The data illustrating that T4 contributes to coronary
vessel development and to mobilisation of adult epicardial
progenitors are of real significance in light of the current
drive to identify reservoirs of adult cardiac progenitor cells
that may regenerate coronary vessels, in addition to
replacement cardiomyocytes, valves and the conduction
system. Bone marrow derived mesenchymal stem cells
(BMSCs) are the most extensively studied of the potential
cardiac progenitor cells, although their ability to transdif-

Fig. 9 Tff4 and AcSDKP are
up-regulated following
myocardial infarction.
Myocardial infarction induces
an increase in endogenous Tf4
(a) and AcSDKP expression 05
levels (b) in the adult heart, 0

o

25
2.0
15
1.0

Relative Expression
(arbitrary units)

ferentiate is equivocal, controversial and, on the whole,
disputed [72, 73]. However, BMSCs may offer potential
benefit through their secretion of paracrine factors that are
cardioprotective or angiogenic. Significantly, T4 levels
were elevated in Akt over-expressing BMSCs [74], par-
ticularly under hypoxic conditions; injection of Akt-MSCs
or even their conditioned medium considerably reduced
infarct size and improved cardiac function. That condi-
tioned medium conferred a comparable degree of cardiac
repair suggests that, besides contributing new cardiac or
vascular progenitors, secretion of angiogenic factors con-
tributes significantly towards neovascularisation induced
by BMSCs.

Until recently, the prevailing dogma was that vessels
in the embryo derived from endothelial progenitors,
whereas angiogenesis in the adult derived only from
division of differentiated endothelial cells. A wealth of
evidence has since emerged to indicate that endothelial
progenitors can also contribute to vessel growth in is-
chaemic, malignant and inflamed tissues in the adult and
present themselves as a potential vehicle for therapeutic
vasculogenesis [75-79]. Clonal embryonic endothelial
progenitor cells (eEPCs) home specifically to hypoxic
areas in tumour metastases, but spare (normal) organs
and well-vascularised tumours [80, 81]. On this basis,
Kupatt and co-workers investigated the ability of trans-
planted eEPCs to induce neovascularisation and tissue
rescue in two animal models of vascular disease, myo-
cardial ischaemia in mice and limb ischaemia in rabbits
[82]. Local administration of embryonic cells in rabbits
or systemic injection in mice led to a measurable in-
crease in neovascularisation and improved tissue recov-
ery. In order to investigate the underlying mechanism of
neovasularisation in these models, genome-wide expres-
sion profiling of eEPCs were performed. eEPCs are a
rich source of secreted proteins that modulate tissue
angiogenesis and tissue repair. Alongside recognised
angiogenic factors such as VEGFA and VEGFB, Tf4,
proTo and Tp10 were found to be among the most
abundant of factors secreted by eEPCs.

determined by Western blot and
enzyme immunoassay,
respectively. Reproduced from
Smart et al. (2007) [56]
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Although much remains to be determined regarding the
efficacy of cardiac progenitor cell treatment, it is clear that
T4 offers tremendous therapeutic potential for cardiac
regeneration, be it via paracrine secretion to mediate the
mobilisation and homing of BMSCs or eEPCs or via direct
stimulation of resident epicardial cells.

The mechanism of T f4-induced angiogenesis

Over the past 15 years, a number of studies have contrib-
uted towards our understanding of the mechanism of T4
function and it is now recognised that T4 is involved in a
wide range of cellular processes aside from regulating
cytoskeletal assembly (Fig. 10). However, it is not entirely
clear how some of the functions are mediated or indeed
which combination of functions is required for a single
process, such as angiogenesis.

I\

signalling pathways \\

-

actin
cytoskeleton
dynamics

o
Y™ P Qg c-actinin
t VEGF /’ﬂI UL!i 'u}qﬂ Eul) IIIX tropomyosin

e talin
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Fig. 10 Proposed mechanisms of T34 action. Multiple facets of the
T4 mechanism may account for its ability to promote angiogenesis.
In addition to regulating the dynamics of the actin cytoskeleton, T4
may activate a cell surface receptor to initiate intracellular signal
transduction via multiple pathways, thereby increasing the range of its
effects. Furthermore, T4 has been shown to enter the nucleus, raising
the possibility that it could influence transcription and may explain
the reported effects of T4 at the level of gene expression
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A number of gene expression changes have been re-
ported following T4 treatment raising speculation that it
may, in some way, modify transcription, consistent with its
translocation to the nucleus [83]. The most notable of
genes from an angiogenic perspective is probably VEGF.
An up-regulation of VEGF was first described following
overexpression of T4 in B16-F10 lung tumour cells [29];
conversely, a down-regulation of VEGF in situ was
observed in Tf4 knockdown hearts suggesting that
appropriate VEGF expression may require T4 [56]. Fur-
thermore, in the study investigating cardioprotective effects
of Akt-over expressing BMSCs, both T4 and VEGF were
significantly up-regulated in the MSCs during hypoxia, as
potential mediators of myocardial protection [74]. How-
ever, it has yet to be determined, whether there is a direct
interaction between Tf4 and VEGF, or whether TfS4
mediates an effect on VEGF expression via intermediaries,
such as hypoxia-inducible factor o« (HIFla). In keeping
with the fact that pro-angiogenic T[34 leads to an increase
in VEGF levels, anti-angiogenic TS10 down-regulates
several factors including VEGF and VEGFR-1, supporting
the correlation between f-thymosin expression, VEGF
levels and angiogenesis [17].

Among the other genes up-regulated by Tf4 are cyto-
skeletal-related proteins, including myosin IIA, «-actinin,
tropomyosin, talin, os-integrin, vinculin [84] and zyxin
[85], extracellular matrix (ECM) components such as
laminin-5 [86] and matrix metalloproteinases, which
degrade components of ECM [41, 87] consistent with a role
for Tp4 in co-ordinating the necessary changes to the
cytoskeleton and ECM which are required to effect cell
migration.

Contrary to the report of Hannapel and Leibold [88],
who suggested that T34 may not be a secretory peptide, the
consensus is now that ff-thymosins can be secreted from a
range of cell types and exert a paracrine effect upon
adjacent cells by internalisation and/or receptor activa tion
[20, 29, 55, 56, 89, 90]. However, neither a definitive T4
receptor nor, for that matter, the mechanism of secretion
have been identified. The identification of the respective
receptors for T4 and AcSDKP (which may in fact be the
same) is crucial to the understanding of their function and
therapeutic potential and should facilitate the elucidation of
downstream signalling pathways, further clarifying the
mechanisms behind their diverse range of effects. A
complete understanding of the mechanisms of T4 action
is essential for the evolution of more efficient therapies for
wound healing and ischaemic heart disease.
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