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1. Introduction

Coronary artery disease results in acute occlusion of cardiac vessels leading to loss of
dependent myocardium. Such events are one of the major causes of death in the Western
world. Because the heart is incapable of sufficient muscle regeneration, survivors of
myocardial infarctions typically develop chronic heart failure with over ten million cases in
the United States alone. While more commonly affecting adults, heart disease in children is
the leading non-infectious cause of death in the first year of life and often involves
abnormalities in cardiac cell specification, migration or survival.

Recent evidence suggests that a population of extracardiac or intracardiac stem cells
may contribute to maintenance of the cardiomyocyte population under normal circumstances.
While the stem cell population may maintain a delicate balance between cell death and cell
renewal, it is insufficient for myocardial repair after acute coronary occlusion. Introduction of
isolated stem cells may improve myocardial function, but this approach has been
controversial and requires isolation of autologous stem cells or use of donor stem cells along
with immunosuppression. Technical hurdles of stem cell delivery and differentiation have
thus far prevented broad clinical application of cardiac regenerative therapies.

Regulatory pathways involved in cardiac development may have utility in
reprogramming cardiomycytes to aid in cardiac repair. As an alternative to stem cell therapy
we hypothesized the use of small, secreted molecules may be a potential way to stimulate
cardiac regeneration averting technical hurdles associated with progenitor cell applications.
Moreover, a systematic approach to understanding the signaling mechanisms actuated by
such proteins may be beneficial in designing novel therapeutic strategies following an onset
of cardiac dysfunction due to hypoxic conditions in children and adults.

In our studies of genes expressed during cardiac morphogenesis, we found the forty-
three amino acid secreted peptide thymosin 4 (TB4), which has been shown to be present in
high concentrations in various adult tissues especially in the spleen, lungs, thymus, brain as
well as in the developing heart.

TB4 has numerous functions with the most prominent involving sequestration of G-
actin monomers and subsequent effects on actin-cytoskeletal organization necessary for cell
motility, organogenesis and other cell biological events. Recent domain analyses indicate {3-
thymosins can affect actin assembly based on their carboxy-terminal affinity for actin. In

addition to cell motility, TB4 may affect transcriptional events by influencing Rho-dependent



gene expression or chromatin remodeling events regulated by nuclear actin. Although TB4
promotes skin and corneal wound healing through its effects on cell migration, angiogenesis
and inflammation, the precise molecular mechanism through which TB4 functions and its

potential role in adult solid organ wound healing currently remain unknown.

2. Objectives / Specific Aims

Specific Aim 1. Investigation of TB4's expression during embryonic heart
development and its effect on cardiac cell migration and proliferation in vitro. The goal of
this aim is to provide detailed description of the expression of TB4 in the embryonic heart
and to develop a reliable in vitro assay to investigate the cellular and molecular alterations
initiated by small, secreted molecules in cardiac cells.

Specific Aim 2. Molecular and functional investigations to characterize TB4
initiated alterations in the adult hypoxic myocardium in vivo. The fundamental problem in
myocardial infarction and congestive heart failure is an insufficient number of properly
functioning cardiomyocytes. Repairing defective and/or regenerating cardiomyocytes is an
important experimental means to improve heart function. To establish fully functioning
cardiac muscle cells, a detailed comprehension of myocyte differentiation is required on
cellular level. Thus, a systematic approach to understanding the signaling mechanisms
actuated by proteins effective in cardiac protection and regeneration may be beneficial as it
will be instrumental in designing novel therapeutic strategies.

Specific Aim 3. Analysis of the effect of TB4 on vascular re-growth after hypoxic
events in the adult mammalian heart in vivo. Defects in the coronary vascular system have
significant impact on heart function and disease. A proper angiogenic response after
infarction is critical for healing and repair. This aim describes whether TB4 affects long term
cardiac regeneration by inducing coronary re-growth in adult mammalian heart after hypoxia
in vivo.

Specific Aim 4. Investigation of the effect of TB4 on endogenous cardiac
progenitor cells of the adult mammalian heart in vivo. Many studies have attempted to
identify progenitor cells capable of cardiac repair in adult hearts. In zebrafish, epicardial cells
invade the myocardium and create a vascular network likely to encourage cardiac
regeneration in adults. Thus, the injured adult zebrafish heart can recall signaling pathways

essential during embryonic coronary development and the ability to mobilize epicardial



progenitor cells may be the primary reason they effectively regenerate myocardium. Since
adult mammalian hearts typically show insufficient regeneration after myocardial infarction,
experimental attempts to modify this deficiency by directly utilizing epicardial progenitor

cells might prove favorable for cardiac repair.

3. Methods

3.1. RNA in situ hybridization
Whole-mount or section RNA in situ hybridization of E 9.5-12.5 mouse embryos was
performed with digoxigenin-labeled or **S-labelled antisense riboprobes synthesized from the
3> UTR region of mouse TB4 cDNA that did not share homology with the closely related
transcript of thymosin $10 (TB10).

3.2. Collagen gel migration assay
Outflow tract was dissected from E11.5 wild type mouse embryos and placed on collagen
matrices. After 10 hours of attachment explants were incubated in 30ng of TB4, TB4 and
100nM wortmannin or PBS only in 300ul OPTIMEM medium (Invitrogen/Gibco). Cultures
were carried out for 3-9 days and fixed in 4% paraformaldehyde. Cells were counted for

quantification of migration and distance.

3.3. Animals and surgical procedures
Myocardial infarction was produced in male C57BL/6J mice at 16 weeks of age (25-30 g) by
ligation of the left anterior descending (LAD) coronary artery. Immediately after ligation,
half of the mice were injected intracardially with TB4 (200ng in 10ul collagen) or with 10 ul
of collagen, intraperitoneally with 150ug of TB4 in 300 ul PBS and half with 300 ul PBS or
by both intracardiac and intraperitoneal injections. Intraperitoneal injections were given every
three days until mice were sacrificed. Doses were based on published studies of TB4
biodistribution. For in vivo inhibition of PKC activity mice were treated systemically with
10ug of Bisindolylmaleinimide-I hydrochloride in 100 ul PBS and with 150ug of TB4 in 300
ul PBS or 300 ul PBS in two boluses after myocardial infarction. Hearts were removed and

processed for further investigations.



3.4. Analysis of cardiac function by echocardiography
Echocardiograms to assess systolic function were performed using M-mode and 2-
dimensional measurements. The measurements represented the average of six selected
cardiac cycles from at least two separate scans performed in random blind fashion with
papillary muscles used as a point of reference for consistency in level of scan. End diastole
was defined as the maximal left ventricle (LV) diastolic dimension and end systole was
defined as the peak of posterior wall motion. Single outliers in each group were omitted for
statistical analysis. Fractional shortening (FS), a surrogate of systolic function, was calculated
from LV dimensions as follows: FS = EDD - ESD / EDD x 100%. Ejection fraction (EF) was
calculated from two-dimensional images. EDD, end diastolic dimension; ESD, end systolic

dimension.

3.5. cDNA Microarray
RNA from the core and remote areas of four TB4 treated, and four PBS treated hearts were
isolated 24 h after treatment using Trizol (Invitrogen, Carlsbad, CA) reagent following the
manufacturer’s protocol. The quality and quantity of RNA were determined and processed
with Mouse Affymetrix Genome 430 2.0 arrays at the Microarray Core Facility at UT
Southwestern Medical Center. Four independent experimental and four control arrays were
analyzed with GeneChip operating software (GCOS, Affymetrix), GeneSpring 7.0 (Silicon
Genetics), significance analysis of microarrays (SAM, Stanford University, Palo Alto,
California, USA), and Spotfire Decision Site 8.2 (Spotfire). Computational hierarchical
cluster analysis was performed with Spotfire and CLUSFAVOR 6.0 (Baylor College of
Medicine, Houston, Texas, USA). Analysis of variance was performed with Spotfire. The
data were normalized by mean values (for Spotfire pair-wise comparisons and SAM two-
class comparisons) or percentile values (for GeneSpring analyses). Gene expression changes
were considered significant if the p value was less than 0.05, the fold change at least 1.5, and
gene expression was altered in all replicate comparisons. Genes expressed at different levels
in untreated controls were excluded from analysis as they most likely represent experimental

variation between samples.

3.6. Real-time RT-PCR
Real-time RT-PCR reactions were performed using 50 ng of mouse heart RNA from non-
infarcted areas of three adult mouse hearts after systemic TB4 or PBS treatment respectively.

TagMan One-Step RT-PCR Master Mix Reagent for Marcks and 18s control were designed



by Applied Biosystems (Foster City, CA), and reactions were done in triplicate following the

manufacturer’s protocol on ABI 7000 cycler.

3.7. Epicardial progenitor cell isolation
Adult mice hearts were carefully perfused with PBS and removed to avoid epicardial
damage. After digestion in 0.5% collagenase II (Worthington, Lakewood, NJ) cells were
collected. Followed by centrifugation small epicardial progenitors were resuspended in
plating medium, counted and an equal number was directly plated on gelatin coated tissue
culture dishes, on matrigel (BD Biosciences, San Jose, CA), or incubated with p-Marcks
primary / FITC anti-rabbit secondary antibody cocktail for p-Marcks positive cell separation.
Cells were counted and sorted on MoFlo Laser sorter equipped with 488nm laser (Beckman-
Coulter, Ft Collins, CO). Sorted cells were cultured on gelatin coated culture dishes and

analyzed by immunocytochemistry.

4. Results

4.1. Specific Aim 1. Investigation of TB4's expression during embryonic heart

development and its effect on cardiac cell migration and proliferation in vitro

4.1.1. TB4 is expressed in the developing heart
Expression of TB4 in the developing brain was previously reported, as was expression in the
cardiovascular system, although not in significant detail. Whole mount RNA in situ
hybridization of embryonic day (E) 10.5 mouse embryos revealed TB4 expression in the left
ventricle, outer curvature of the right ventricle and cardiac outflow tract. Radioactive in situ
hybridization indicated that TB4 transcripts were enriched in the region of cardiac valve
precursors known as endocardial cushions. Cells in this region are derived from endothelial
cells that undergo mesenchymal transformation and invade a swelling of extracellular matrix
separating the myocardium and endocardium. We found that TB4-expressing cells in the
cushions co-expressed cardiac muscle actin, suggesting TB4 was present in migratory
cardiomyocytes known to invade the endocardial cushion. TB4 transcripts and protein were
also expressed at E 9.5 - E 11.5 in the ventricular septum and the more proliferative region of

the myocardium, known as the compact layer, which migrates into the trabecular region as



the cells mature. Finally, outflow tract myocardium that migrates from a secondary heart field

also expressed high levels of TB4 protein.

4.1.2. Secreted TB4 stimulates cardiomyocyte migration and survival in vitro
Although TB4 is found in the cytosol and nucleus and functions intracellularly, we found that
conditioned medium of Cosl cells transfected with myc-tagged TB4 contained TB4
detectable by Western blot, consistent with previous reports of TB4 secretion and presence in
wound fluid. Upon expression of TB4 on the surface of phage particles added extracellularly
to embryonic cardiac explants, we found that an anti-phage antibody coated the cell surface
and was ultimately detected intracellularly in the cytosol and nucleus while control phage
was not detectable. Similar observations were made using biotinylated TB4. This data
indicated that secreted TB4 was internalized into cells, as previously suggested, although the
mechanism of cellular entry remains to be determined.

To test the effects of secreted TB4 on cardiac cell migration, we employed an
embryonic heart explant system designed to assay cell migration and transformation on a
collagen gel. Cardiomyocytes from valve-forming regions secrete signals that induce
endocardial cell migration onto collagen but myocardial cells do not normally migrate in
significant numbers. In contrast, upon addition of TB4, we observed a large number of
spontaneously beating, cardiac muscle actin-positive, cells that migrated away from the
explant. No significant difference in cell death or proliferative rate based on TUNEL assay or
phosho-histone H3 immunostaining, respectively, was observed in these cells compared to
control cells. To test the response of post-natal cardiomyocytes, we cultured primary rat
neonatal cardiomyoctyes on laminin-coated glass and treated the cells with phosphate
buffered saline (PBS) or TB4. Similar to embryonic cardiomyocytes, the migrational distance
of TB4 treated neonatal cardiomyocytes was significantly increased when compared to
control. Primary culture of neonatal cardiomyocytes typically survive for approximately one
to two weeks with some cells beating up to two weeks when grown on laminin-coated slides
in our laboratory. Surprisingly, neonatal cardiomyocytes survived significantly longer upon

exposure to TB4 with rhythmically contracting myocytes visible for up to 28 days.

4.1.3. TB4 induces embryonic endothelial cell migration, proliferation and
initiates capillary structure formation of adult coronary endothelial cells in vitro
In addition to cardiomyocyte migration, we also tested the effects of TB4 on cardiac

endothelial cell migration by embryonic heart explant assays. Exogenously administered TB4



significantly increased embryonic endothelial cell migration by facilitating the number of
round actively moving cells in vitro. We did not detect increase in cellular death. Phospho-
histone H3 staining and immunocytochemistry after BrdU administration however indicated
that TB4 significantly affects endothelial cell proliferation.

Human umbilical vein endothelial cells (HUVEC) form capillary structures when
plated on matrigel. To analyze the effect of TB4 on cardiac vessel formation we checked
whether adult human coronary endothelial cells (HCEC) behave similarly to HUVECs and if
TB4 may alter the process in vitro. Our results indicated that HCECs are capable of capillary
structure formation when cultured on matrigel and that TB4 expedites this process when

compared to PBS treated controls.

4.2. Specific Aim 2. Molecular and functional investigations to characterize

TB4 initiated alterations in the adult hypoxic myocardium in vivo

4.2.1. TB4 promotes cell survival after myocardial infarction and improves
cardiac function
Because of TB4’s effect on cardiac cells in vitro, we tested whether TB4 might aid cardiac
repair in vivo after myocardial damage. We created myocardial infarctions in adult mice by
coronary artery ligation and treated half with systemic, intracardiac, or systemic plus
intracardiac TB4 immediately after ligation and the other half with PBS. All forty-five mice
that survived two weeks later were interrogated for cardiac function by random-blind
ultrasonagraphy at 2 and 4 weeks after infarction by multiple measurements of cardiac
contraction. Four weeks after infarction, left ventricles of control mice had a mean fractional
shortening of 23.2 +/- 1.2% (n=22, 95% confidence interval); in contrast, mice treated with
TB4 had a mean fractional shortening of 37.2 +/- 1.8 % (n=23, 95% confidence intervals;
p<.0001). As a second measure of ventricular function, two-dimensional echocardiographic
measurements revealed that the mean fraction of blood ejected from the left ventricle
(ejection fraction) in TB4 treated mice was 57.7 +/- 3.2 % (n=23, 95% confidence interval;
p<.0001) compared to a mean of 28.2 +/- 2.5 % (n=22, 95% confidence interval) in control
mice after coronary ligation. The greater than 60% or 100% improvement in cardiac
fractional shortening or ejection fraction, respectively, suggested a significant improvement
with exposure to TB4, although cardiac function remained depressed compared to sham

operated animals (~60% fractional shortening; ~75% ejection fraction). Finally, the end



diastolic dimensions (EDD) and end systolic dimensions (ESD) were significantly higher in
the control group, indicating that TB4 treatment resulted in decreased cardiac dilation after
infarction, consistent with improved function. Remarkably, the degree of improvement when
TB4 was administered systemically through intraperitoneal injections or only locally within
the cardiac infarct was not statistically different, suggesting the beneficial effects of TB4
likely occurred through a direct effect on cardiac cells rather than through an extracardiac
source. Trichrome stain at three levels of section revealed the size of scar was reduced in all
mice treated with TB4 but was not different between systemic or local delivery of TB4,
consistent with the echocardiographic data. We did not detect significant cardiomyocyte
proliferation or death at three, six, eleven or fourteen days after coronary ligation in PBS or
TB4 treated hearts. However, twenty-four hours after ligation we found a striking decrease in

cell death by TUNEL assay in TB4 treated cardiomyocytes.

4.2.2 TB4 activates ILK and Akt / Protein Kinase B
To investigate the potential mechanisms through which TB4 might be influencing myocardial
cell migration and survival events, we searched for TB4 interacting proteins. We synthesized
and screened an E 9.5 - E 12.5 mouse heart T7 phage cDNA library by phage display and
TB4-interacting clones were enriched and confirmed by ELISA. PINCH, a LIM domain
protein, was consistently isolated in this specific screen and interacted with TB4 in the
absence of actin. PINCH and integrin linked kinase (ILK) interact directly with one another
and indirectly with the actin cytoskeleton as part of a larger complex involved in cell-
extracellular matrix interactions known as the focal adhesion complex. PINCH and ILK are
required for cell motility and for cell survival, in part by promoting phosphorylation of the
serine-threonine kinase Akt/PKB, a central kinase in survival and growth signaling pathways.
We confirmed that TB4 co-precipitated with PINCH or ILK independently and in a common
complex, although the interaction of ILK with TB4 was weaker than with PINCH.

Because recruitment of ILK to the focal adhesion complex is important for its
activation, we assayed the effects of TB4 on ILK localization and expression. ILK detection
by immunocytochemistry was markedly enhanced around cell edges after treatment of
embryonic heart explants or C2C12 myoblasts with synthetic TB4 protein or TB4-expressing
plasmid. Western analysis indicated a modest increase in ILK protein levels in C2C12 cells,
suggesting the enhanced immunofluoresence may be in part due to altered localization by

TB4. ILK was functionally activated, evidenced by increased phosphorylation of its known



substrate Akt using a phospho-specific antibody to serine 473 of Akt, while total Akt protein
was unchanged. Because TB4 sequesters the pool of G-actin monomers, we asked if the
effects on ILK activation were dependent on TB4’s role in regulating the balance between
polymerized F-actin and monomeric G-actin. We inhibited F-actin polymerization using C3
transferase and also promoted F-actin formation with an activated Rho, but neither
intervention affected the ILK activation observed.

To determine if activation of ILK was necessary for the observed effects of TB4, we
employed a well-described ILK inhibitor, wortmannin, which inhibits ILK’s upstream kinase,
phosphatidylinositol 3-kinase (PI3-kinase). Using myocardial cell migration and beating
frequency as assays for TB4 activity, we cultured embryonic heart explants as described
above in the presence of TB4 with or without wortmannin. Although inhibiting PI3-kinase
affects many pathways, we observed a significant reduction in myocardial cell migration and
beating frequency upon inhibition of ILK, consistent with ILK mediation of TB4’s effects.
Together, these results support a physiologically significant interaction of TB4-PINCH-ILK
within the cell and suggested this complex may mediate some of the observed effects of TB4
relatively independent of actin polymerization.

Similar to cultured cells, the level of ILK protein was increased in heart lysates of
mice treated with TB4 after coronary ligation compared with PBS treated mice.
Correspondingly, phospho-specific antibodies to Akt-S*” revealed an elevation in the amount
of phosphorylated Akt-S*” in mice treated with TB4. The observations in vivo were
consistent with the effects of TB4 on cell migration and survival demonstrated in vitro and
suggest that activation of ILK and subsequent stimulation of Akt may in part explain the
enhanced cardiomyocyte survival induced by TB4, although it is unlikely that a single

mechanism is responsible for the full repertoire of TB4’s cellular effects.

4.3 Specific Aim 3. Analysis of the effect of TB4 on vascular re-growth after

hypoxic events of the adult mammalian heart in vivo

4.3.1. TB4 stimulates vascular growth and initiates organ-wide thickening of
the adult epicardium in vivo
Because of our in vitro observations on cardiac and vessel endothelial cells, we assessed the
effect of TB4 on coronary vascular growth in adult mice after hypoxia. We created cardiac

infarctions by ligating the LAD coronary artery in adult mice followed by immediate
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systemic TB4 or PBS administration. Simultaneous staining with platelet endothelial cell
adhesion molecule-1 (Pecam-1) and smooth muscle a-actin (sm a-actin) specific primary
antibodies revealed significant increase in capillary density three days after TB4 injection at
the infarction border zone and non-infarcted remote areas of the hearts.

Coronary vessels are believed to originate from the epicardium during development.
Recent work from Lepilina et al. demonstrated an elaborate sequence of organ-wide and local
responses by epicardial cells increases cardiac regeneration and revascularization in adult
zebrafish. The changes of the epicardium in adult fish are similar to the alterations in
developing embryos. Mammalian hearts however, are incapable of such neovascularization
or general regeneration after cardiac injury. Thus, experimental attempts to activate the
embryonic coronary developmental program in mammals could enhance cardiac
regeneration. To determine if TB4 may stimulate an epicardial response, we analyzed the
changes in blood vessel/epicardial substance (Bves) expression 24 and 72 hours after
systemic TB4 administration. Bves is widely expressed in the developing coronary vascular
system and is also used as one of the markers of epicardial cells or cells of epicardial origin
in adult and embryonic tissues. In our experiments, we observed elevated Bves expression 24
hours after TB4 treatment, and an increase in Bves positive cells with general organ-wide
thickening of the adult epicardium 72 hours after peptide administration in the non-infarcted

remote regions of the hearts similar to the changes in adult zebrafish.

4.3.2. TB4 initiates the expression of embryonic developmental genes in adult
mouse epicardium
Our in vivo results suggested TB4 may activate the adult epicardium and initiate vessel
growth. To support our hypothesis we investigated the expression of proteins essential during
coronary development in embryos by Western blot and by immunohistochemistry 24 and 72
hours after systemic TB4 injection. Our data indicate TB4 affects developmental gene
expression as early as 24 hours after systemic injection while alterations in epicardial
morphology were first observed three days after the initial peptide treatment. We detected
significant increase in VEGF, VEGF receptor-2 (Flk-1) and TGF-f3 expressions and moderate
elevation in FGF-17, FGF receptor-2 (FGFR-2) and FGFR-4 levels by Western blot after 24
hours of treatment. Immunohistochemistry after 3 days of TB4 injection indicated these
changes are primarily manifested in the thickened epicardium. The alterations in gene

expression were consistent with the findings in regenerating adult zebrafish hearts. Since
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FGF and WNT signaling pathways can function jointly to sustain mesenchymal growth or to
coordinate epithelial morphogenesis during development, and epicardium-derived progenitor
cells also require B-Catenin for coronary artery formation, we asked whether TB4 might also
alter B-Catenin expression in vivo. Our findings revealed an increase in 3-Catenin expression
in the thickened epicardium and in developing vasculature of the adult mouse hearts, which
potentially indicate a role for f-Catenin and a regulatory convergence for FGF and WNT
signaling in the epicardial initiation process. Finally, the analysis of additional known
regenerative proteins revealed TB4 significantly increases Jun N-terminal kinase (JNK)
expression while p38 expression and p38 and JNK activation were significantly reduced. We
detected minor alterations in extracellular signal regulated kinasel/2 (Erkl1/2) activation,
inducible isoform of nitric oxide synthase (iNOS), endothelial NOS (eNOS) and neuronal
NOS (nNOS) levels in the non-infarcted cardiac tissue in the first 24 hours of treatment.
These observations strongly suggest an early molecular support for new vessel formation and
myocardial regeneration by initiation of the embryonic epicardial developmental program

and by activation of myocardial progenitors in adult mouse hearts after TB4 injection in vivo.

4.3.3. TB4 increases the number of Marcks positive cells and activates PKC in
the adult epicardium
To further identify molecules responding to TB4 and are expressed in the adult epicardium,
we analyzed mouse hearts with Mouse Genome 430 2.0 Affymetrix cDNA microarrays 24 h
after cardiac infarction. While focusing on genes significant in angiogenesis, myristoylated
alanine-rich C-kinase substrate (Marcks) was up-regulated 2.8-fold after TB4 administration.
Marcks is a prominent intracellular substrate for PKC, a regulator of angiogenesis, and is
distributed in numerous cell types, including vascular endothelial cells. It mediates PKC
signaling through its phosphorylation, resulting in a release of Marcks from the cell
membrane to the cytosol. These responses are commonly used to indicate PKC activity in
vitro.

To determine if TB4 affects PKC activation in cell culture, we investigated Marcks
phosphorylation and localization in adult HCECs by Western blot and immunocytochemistry
after TB4 treatment. Our results indicate that external administration of TB4 increases
Marcks expression, phosphorylation and translocation from the cell membrane to the cytosol
suggesting that TB4 modulates PKC activity. PKC lies on the signal transduction pathways

by which VEGF augments development and angiogenesis during initial and later stages of

12



vessel development. To confirm our in vitro results, we examined the effect of TB4 on
Marcks expression and phosphorylation after cardiac ligation in adult mice. We detected
increased Marcks expression and phosphorylation especially in the thickened epicardium,
indicating a role for PKC in epicardial activation and coronary re-growth in adults after TB4

treatment in vivo.

4.3.4. Inhibition of PKC activity suppresses TB4 initiated epicardial activation

in adult mice

To define whether PKC activity may be regulatory for TB4 induced epicardial activation, we
tested the effect of Bisindolylmaleimide-I (PKC inhibitor) on HCECs and adult epicardial
cells in vitro, and injected 10ug of PKC inhibitor intraperitoneally with or without TB4 into
infarcted adult mice. Our in vitro experiments indicated that PKC inhibition alters HCEC
capillary structure formation and inhibits epicardial cell differentiation on matrigel. The
newly formed structures contained irregular sm a-actin positive cells and revealed disordered
morphology. In live animals immunohistochemistry with Bves, VEGF or p-Marcks specific
primary antibodies showed reduction of epicardial thickening. We also observed a significant
decrease in capillaries and sm a-actin positive cells at the non-infarcted remote areas or
borders of the infarction after Bisindolylmaleimide-I injection. This suggests reduction of
coronary outgrowths from the epicardium in the TB4+PKC inhibitor treated infarcted hearts.
Our results suggest that TB4 mediated direct or indirect PKC activation is essential for

epicardial cell transformation and migration in the adult mouse heart in vivo.

4.4. Specific Aim 4. Investigation of the effect of TB4 on endogenous cardiac

progenitor cells of the adult mammalian heart in vivo

4.4.1. p-Marcks positive adult epicardial cells show endothelial and smooth
muscle fate
Recent results suggest that the epicardium is highly heterogenous and serves as a source of
various progenitors in the embryonic heart. Consistent with these observations,
immunohistochemistry on adult hearts showed several p-Marcks positive cells lacking VEGF
while expressing Bves in wild type or in TB4 activated adult epicardium. Because of these
findings, we asked whether p-Marcks positive cells might represent a distinct epicardial cell

population of the adult heart. First, we cultured non-separated or FACS sorted p-Marcks
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positive and p-Marcks negative adult mouse epicardial cells on matrigel or gelatin coated
dishes. Our data revealed that purified p-Marcks positive epicardial cells are small, have
narrow cytoplasm and express both smooth muscle and/or endothelial markers in cell culture,
while p-Marcks negative epicardial cells differentiate into large sm a-actin positive and
Cytokeratin negative lineages. Consistent with our in vitro results, co-immunostaining with
p-Marcks, sm a-actin, Cytokeratin and Pecam-1 antibodies indicated an overlap of smooth
muscle and early and late endothelial markers in the newly developing capillaries and in the
endothelial and smooth muscle layers of the mature vessel wall.

Similar to p-Marcks and VEGF expression, the adult epicardium contained a mixed
population of p-Marcks, sm a-actin and Cytokeratin positive cells but did not stain for the
late endothelial marker Pecam-1. External administration of TB4 to non-separated adult
epicardial cultures resulted in a large number of p-Marcks and Cytokeratin specific
endothelial colonies when compared to PBS treated controls. Thus, our in vitro and in vivo
results suggest that p-Marcks positive epicardial cells are multipotent and may be a source
for smooth muscle and endothelial cells of the newly developing vessels in the injured adult

heart.

4.4.2. TB4 activates myocardial progenitor cells of the adult epicardium in vivo
Recent studies suggest the epicardium is not only a resource for coronary vessel progenitor
cells but also may provide stem cells for future cardiomyocytes in the embryo. Specifically,
Tbx-18 and Wt-1 revealed to label myocardial progenitors in the adult epicardium. Because
of these findings we asked whether TB4 could initiate long-term post ischemic muscle
regeneration by myocardial progenitor activation in the adult hearts. Our results revealed TB4
raises the expression of Tbx-18 and Wt-1 proteins in the non-infarcted remote areas as early
as 24 hours after injection and significantly increases the number of Tbx-18 and Wt-1
positive cells after three days. Tbx-18 positive cells were distributed equally in the
epicardium and myocardium, while Wt-1 positive cells were primarily located in the
subepicardial space, suggesting Wt-1 and Tbx-18 may mark different progenitor populations
in the activated epicardium. In addition, Bisindolylmaleimide-I significantly suppressed the
number of TB4 activated Tbx-18 and Wt-1 positive progenitor cells in the non-infarcted
remote areas of the hearts. Our results indicate systemic TB4 administration increases the

number of endogenous myocardial progenitor cells of the adult mammalian heart, and TB4
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mediated direct or indirect PKC activation is essential for precursor migration and

transformation from the adult epicardium in vivo.

5. Discussion

Acquired evidence presented in this work suggest that TB4, a small, secreted protein
involved in cell migration and survival during cardiac morphogenesis may be re-deployed to
minimize cardiomyocyte loss after cardiac infarction. We demonstrate that TB4 increases or
activates proteins and epicardial progenitors important for myocardial regeneration or
vascular growth and initiates organ-wide activation of the adult epicardium reminiscent of
embryonic coronary development by re-stimulation of signaling pathways essential during
embryogenesis. Our work also reveals a novel role for PKC in the epicardial activation
process and suggests that p-Marcks positive epicardial cells may serve as novel endothelial
and smooth muscle progenitors for future capillaries in the adult mammalian heart. Given the
known roles of PINCH, ILK and Akt, the data are consistent with this complex playing a
central role in TB4’s effects on cell motility, survival and cardiac repair. TB4’s ability to
prevent cell death within twenty four hours after coronary ligation is probably one of the
dominant factors leading to decreased scar volume and improved ventricular function
observed in mice. Although TB4 up-regulation of ILK is likely to have many cellular effects,
the activation of Akt may be the most dominant mechanism through which TB4 promotes
cell survival. This is consistent with Akt’s proposed effect on cardiac repair when over-
expressed in mouse marrow-derived stem cells administered after cardiac injury, although
this likely occurs in a non-cell autonomous fashion. Whether TB4 directly affects
stabilization of ILK, or transcription of ILK through actin-dependent regulation of
transcription factors and which cell types are affected by these or other pathways remain to
be determined.

In addition to direct inhibition of myocardial cell death we discovered that TB4
significantly increases coronary re-growth after cardiac infarction. Given the roles of Pecam-
1, VEGF, MAP kinases, ILK, Akt, FGFs, NOSes, -Catenin, and PKC in vessel formation,
our research suggests TB4 may also initiate broad angiogenic events that promote
regeneration after cardiac injury in adults.

Our results suggest TB4 augments cardiac regeneration and increases cardiac function

in the adult hypoxic heart through at least two steps. First, it inhibits myocardial cell death 24
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h after ligation. Second, TB4 can initiate signaling pathways responsible for late-phase or
chronic regeneration, such as vascular re-growth or progenitor cell activation. This later
process may be initiated by organ-wide epicardial thickening and activation of endothelial-
mesenchymal transformation of adult epicardial cells, is most likely regulated by PKC, and is
first visible 3 days after TB4 administration.

Coronary vessel growth is independent of cells outside the heart once the epicardium
is formed. Thus, the potential for TB4 to activate dormant cardiac stem cells that exist in the
adult mammalian heart is critical for cardiac regeneration. Furthermore, the anti-
inflammatory effect of TB4 may also support adult cardiac repair.

Generating novel therapies to achieve coupled myocardial and vascular regeneration
by recalling the embryonic program in adults is a rapidly expanding concept and may be a
solution to aid the failing heart. The work presented here first describes a molecule with such
capabilities. While TB4 can augment an organism’s ability to heal surface wounds, our
results demonstrate TB4’s efficacy in repairing of a solid organ and reveal novel mechanisms
through which TB4 affects cellular functions.

Since the discovery of innovative methods to enhance cardiac regeneration is
important towards future therapies, the continued investigation of molecular signals initiated
by TB4 is highly essential. Given the findings here, the utility of TB4 for healing after

cardiac injury suggests promise and warrants further pre-clinical investigation.
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6. Summary of Original Observations

II.

I1I.

IV.

VL

VIL

VIIL.

Our results support that Thymosin 34 (TB4), a small, secreted peptide is expressed in
the mammalian heart during embryonic development and in adults.

We showed TB4 is capable of increasing embryonic myocardial cell migration and
endothelial cell proliferation, and initiates capillary tube formation of adult coronary
endothelial cells in vitro.

We demonstrated local or systemic injection of TB4 inhibits myocardial cell
death and initiates coronary re-growth after cardiac infarction in adult mammals.

We presented TB4 to be the first known molecule capable of inducing the embryonic
coronary developmental program in adults by activating the epicardium after systemic
injection in vivo.

We demonstrated systemic administration of TB4 activates endogenous vessel and
myocardial progenitor cells of the adult heart in vivo.

We presented TB4 significantly increases cardiac function irrespectively of
local or systemic administration in the infarcted adult mammalian heart.

Analyzing the potential molecular mechanisms responsible for TB4's effects we found
TB4 activates Akt / Protein Kinase B to inhibit cardiac cell death in vitro and in vivo.
We discovered TB4 initiated Protein Kinase C activation is essential for coronary

regeneration and epicardial progenitor activation in the adult mammalian heart.
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1. Bevezetés

A vilagon el6forduld haladlozasok egyik vezet6 oka a sziv corondria ereinek elzarodasat
kovetd szovetelhalas. Mivel a sziv képtelen megfelel6 regeneraciora, a szivinfarktust taléld
betegek tobbége chronikus szivelégtelenségben szenved. A felndttkori eseteken tilmenden a
fert6z6 betegségek mellett a szivmegbetegedések felelosek az egy éves koron beliili
elhaldlozasok jelentSs részéért is.

Jelenlegi kutatasok kimutattdk, hogy a szivben, illetve a sziven kiviil taldlhato
Ossejtek (stem cells) nagy mértékben hozzdjarulnak a sziv normal sejthaztartasanak
fenntartdsahoz. Sajnalatos modon azonban az endogen 6ssejtek az acut corondria ér elzarddas
utani sejtpusztulds potlasara alkalmatlanok. Bar az Gssejtek direct szivbe vald injektalasa
bizonyos szinten javithatja a szivregeneracidt, az autoldog vagy donor Ossejtek izolalasa
koriilményes, ¢€s jarulékos immunszuppresszido alkalmazasat igényli. Ezen technikai
nehézségek mindezideig megakadalyoztak az Gssejt therapia széleskord elterjedését.

Elfogadott tény, hogy a szivfejl6dés sordn fontos szerepet jatszé molekularis
szabalyoz6 mechanizmusok fontos szerepet jatszanak a szivsejtek Gjraprogramozaséaban, és a
sziv szoveti allomanydnak védelmében. Ezért, az &ssejt therapia alternativajaként
feltételezziik, hogy bizonyos kismolsulyu szekretalt fehérjek alkalmazdsa alternativakeént
szolgalhat a sziv regenerdcios folyamatainak serkentésére. Emellett valoszin(inek tartjuk azt
is, hogy az ilyen kismolekulak altal irdnyitott szignal-transdukciés mechanizmusok mélyebb
szintli tanulmanyozasa tovabbi therapids modszerek kifejlesztéséhez vezethet.

A sziv genetikai fejlédésében részt vallald gének felkutatdasara irdanyulo
tanulmanyaink soran kideritettiik, hogy thymosin 4 (TB4), egy 43 amindsav hossziusagu
szekretalt peptid jelent6s mennyiségben fordul elé az embryondlis és felnStt agy, thymus és
sziv szovetekben.

TB4-nek szamos funkcidja van. A legismertebb kozottik a G-actin monomerek
sequestralasa, ami az actin-cytoskeleton rendszer altal irdnyitott bioldgiai folyamatokra van
befolyassal. A sejtmozgasra gyakorolt hatdsa mellett a molekula szerepet jatszik a Rho-fiiggd
génkifejez6dések, €s az actin altal irdnyitott sejtmagi chromatinmodellezés szabalyozasaban
is. Bar tudjuk, hogy TB4 segiti a bor és cornea sebgydgyulasi folyamatait, a felnStt szervekre
¢és szovetekre gyakorolt hatasanak molekularis szintd tisztdzdsa mind a mai napig megoldasra

var.
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2. Kutatasi Célkitiizések

1. TB4 szivfejlédes soran térténd kifejez6désének és a szivsejtek
mozgasara, illetve proliferacidjara gyakorolt hatasanak in vitro vizsgalata. A
vizsgélat célja TB4 embryondlis szovetekben vald kifejez6désének pontos meghatarozasa,
valamint egy megbizhato, a kis molsulya fehérjék sejtszintli és molekularis valtozasainak

vizsgalatara alkalmas in vitro rendszer kifejlesztése.

2. TB4 felnétt infarktusos szivre kifejtett molekularis és funkcionalis
hatasanak in vivo vizsgalata. A felnGttkori infarktusos és a congesztiv
szivelégtelenségek alapproblémadjat a megfelel6 modon miikodd egészséges szivizomsejtek
alacsony szama képezi. Az elpusztult szivsejtek potlasa ennek megfeleléen az egyik
legfontosabb feladat a karosodott sziv helyreallitdsdban. Ennek megfelel6en, a szivizomsejtek
védelmi rendszerének atfogd és modszeres molekuléris szintli megismerése kulcsfontossagi

tényezd a tovabbi 1) therdpids modszerek kifejlesztésében.

3. TB4 koszoruér regeneraciora kifejtett hatasanak in vivo vizsgalata
feln6tt oxigénhianyos szivben. A coronaria erek allapota sziginifikans befolyassal bir a
sziv éaltalanos funkcidjara. Az erek megfelel6 mertékd Ujrandvekedése nélkiil tartds
regeneracid nem érhetd el. Ezen célkitlizés soran TB4 sziv coronaridk novekedésére
gyakorolt in vivo hatasat vizsgaltuk feln6tt infarktusos egerekben.

4. TB4 felnétt sziveredetii 6ssejtekre gyakorolt direkt hatasanak in vivo
vizsgalata. Napjainkban szamos kisérlet iranyul kiilonbozG, a sziv karosult sejtjeinek
helyettesitésére alkalmas Gssejtek felkutatasara. Legjabb eredmények szerint a felnStt halak
képesek a sziv epicardiumaban talalhatd Ossejtek aktivizalasara, és ezaltal az embryonalis
fejlédési programuk Gjrainditdsira. Ez a folyamat a coronaria erek kozvetlen
Mivel a feln6tt emlSs sziv ilyen tipusi regenerdciora képtelen, a magasabb rendd
szervezetekben therapias uton létrehozott Ossejtaktivacid nagy tudomanyos és gyakorlati

jelentSséggel birhat.
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3. Kisérleti Modszerek

3.1. RNS Hibridizacié
Az E 9.5-12.5 whole-mount illetve radioaktiv. RNS hybridizacios kisérleteinket
digoxigeninnel illetve *°S-tel jeldlt riboprobak felhasznalasaval végeztik. A riboprobakat
egér TB4 cDNS-ének 3' UTR felhasznalasaval szintetizaltuk. Az adott regio TB4-re
specifikus, a TB4-hez nagy mértékben hasonld6 Thymosin 10 cDNS szekvencigjaval nem

mutat egyezést.

3.2. Sejtvandorlas collagén gélen t6rténd vizsgalata
endothelialis réteggel lefelé iranyitva hidratalt collagén gélparndk felszinére helyeztiik. 10 6ra
inkubaci6 utan az explantatumot kiils6leg adagolt 30 ng mennyiégli TB4 fehérjével, illetve
100 nM wortmannin-nal vagy PBS-sel kezeltiik. A kultarakat 3-9 napos inkubaci6é utan 4%
paraformaldehiddel fixaltuk, majd a sejtmozgéds nagysagat computeres mérési eszkdzokkel

analizaltuk.

3.3. Felhasznalt allatok és sebészeti beavatkozasok
C57BL/6] tipusit 13-16 hetes egerek bal oldali coronaridjanak leszalldo agat sebészi uton
elkotottiik. Az egerek egy részét kozvetleniil a mitét utdn 200 ng TB4-gyel intracardialisan
(IC), 150ug TB4-gyel intraperitonealisan (IP), illetve egyidejiileg (IP/IC) beoltottuk.
Kontolként PBS-t alkalmaztunk. Az IP oltdsokat harom naponként ismételtiik. A PKC
aktivitas in vivo gatlasdra 10 ug Bisindolylmaleinimide-I hydrochloridot alkalmaztunk. A
sebészi uton eltavolitott szivszOveteket a tovabbi vizsgdlatoknak megfele6en kezeltiik ¢€s

raktaroztuk.

3.4. Szivfunkcidk echocardiografias vizsgalata
A szisztolés funkcid meghatarozdsit M-moda, illetve 2-dimenzids echocardiografia
segitségével végeztiink. A mérési eredmedmények a vakon végzett két fliggetlen scan hat
kiilonboz6 sziveiklusanak atlagos értékét mutatjadk. A mérés helyének referencigjaul a
papillaris izomzat szolgalt. A vég-diasztolés érték (EDD) a maximalis bal kamrai diasztolés
dimenzidnak, mig a vég-szisztoles értek (ESD) a maximalis bal kamrai szisztoles

dimenzidnak felelt meg. A frakcios rovidiilés (FS) kiszdmitasa az FS = EDD - ESD / EDD x
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100% képlet alapjan, az ejekcids frakcid (EF) meghatarozasa pedig a 2-dimenzidés mérések

felhasznalasaval tortént.

3.6. cDNA microarray
Az ugyanazon sziv infarktusos ¢s egészséges teriileteib6l nyert RNS mintakat Trizol reagens
segitségével izolaltuk 24 oraval a TB4 kezelés utan. Az RNS mindségi és mennyiégi
meghatarozasara egér Affymetrix Genome 430 2.0 array-t hasznaltunk. A négy-négy
fliggetlen kisérletes és kontrol minta eredményének feldolgozasa GeneChip Operating
Software (GCOS, Affymetrix), GeneSpring 7.0 (Silicon Genetics), Significance Analysis of
Microarrays (SAM, Stanford University, Palo Alto, California, USA), és Spotfire Decision
Site 8.2 (Spotfire) programokkal tortént. Szignifikans kiilonbségnek a tobb mint 1.5-sz0rds

génexpresszios valtozast mindsitettiik. A p érték kevesebb mint 0.05 volt.

3.7. Real-time RT-PCR
A real-time RT-PCR reakciokat 50 ng TB4-gyel illetve PBS-sel kezelt sziv  mRNS
felhasznasasaval végeztiik. A Marcks és 18s kontrol TagMan One-Step RT-PCR Master Mix
reagenseket az Applied Biosystems-tSl (Foster City, CA) vasaroltuk és ABI 7000 cycler-en

analizaltuk.

3.8. Epicardialis 6ssejtek izolalasa
Felnétt egér szivek ovatos PBS-sel toténd atmosasa és 0.5%-o0s collagenase II-vel torténd
emésztése utan a sejteket 2500 rpm-el lecentrifugéltuk. A kisméret( epicardiélis 6ssejteket p-
Marcks/FITC antitestekkel inkubaltuk. MoFlo Laser sorter-en vald izoldlads utdn a sejteket
gelatinnal vagy matrigellel kezelt targylemezen sejtkultaras inkubatorban novesztettiik, majd

immuncytokémiai mddszerekkel vizsgaltuk.
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4. Kutatasi Eredmények

4.1. TB4 szivfejlédés soran térténd kifejez6désének és a szivsejtek

mozgasara, illetve proliferacidjara gyakorolt hatasanak in vitro vizsgalata

4.1.1. TB4 peptid kifejez6dése az embryonalis szivfejlédés soran
Mig a TB4 fehérje agyi kifejez6dése jol ismert, a sziv és érrendszeri fejlodés soran betoltott
szerepe nem tisztazott. Az E 10.5 koru egereken végzett "whole mount" in situ hibridizacios
vizsgalataink kimutattdk, hogy a peptid a fejl6édé sziv bal kamrdjéban, a jobb kamra kiils6
peremén, valamint az "outflow tract"-nak nevezett teriileteken talalhatdo meg elsGsorban. A
radioaktiv in situ hibridizacids analiziseink eredményeként megallapitottuk, hogy az el6bbi
tertileteken kiviil TB4 fontos szerepet jatszhat a szivbillentytk fejlédésében is. Szdmos TB4
pozitiv billentyti sejt az endothelidlis markereken kiviil izom-actin pozitivitast is mutatott.
Ennek alapjan feltételezziik, hogy TB4 a kezdetleges billenty(i parnak myocardialis sejtjeinek
vandorlasaért is feleldssé tehets. Az E 9.5 - E 11.5 embrydk sziv kamrai szeptumdban, a
kamrai kiils§ izomrétegekben, valamint az "outflow tract" masodlagos szivteriiletekrdl
odavandorolt szivizomsejtjeiben taldlt megemelkedett TB4 szint szintén a molekula

embryonalis fejlodés soran betdltott meghatarozo szerepére utal.

4.1.2. TB4 el6segiti a szivizomsejtek in vitro vandorlasat és tulélését
A szivizomsejtek vandorlasanak meghatarozasara collgén gél assay-t alkalmaztunk. Ez a
modszer a kiilonboz6 sejttipusok mozgasanak ¢és atalakuldasanak harom dimenzios
rendszerben vald vizsgalatat teszi lehetévé. A szivizom sejtjei normalis koriilmények kozott
ebben a kdrnyezetben csak nagyon minimalis sejtmozgasra képesek. Ezzel szemben, a TB4
alkalmazasa megdobbent6 moédon megemelte a ritmikusan 6sszehtiz6do szivizom-actin
pozitiv embryonalis €s posztnatalis sejtek szamat, és a szivizomsejtek vandorlasat. A
sejtelhalds, illetve a sejtproliferacid mértékének megallapitdsdra alkalmas TUNEL és
phospho-Histone H3 immunoassay vizsgalatok egyik esetben sem mutattak szignifikans

eltérést a kezelt és kontrol kisérletek kozott.
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4.1.3. TB4 segiti az embryonalis endothelidls sejtek in vitro vandorlasat,
proliferacidjat és a feln6tt coronaria endothel sejtek capillaris formaciojat
Az embryonalis és feln6tt szivben megtalalhatd endothelidlis sejteken végzett kisérleteink
soran kidertilt, hogy a szivizomsejtekhez hasonléan TB4 pozitiv hatassal van az endothelilis
sejtek vandorlasara is. A molekula nemcsak a sejtek mozgasat segitette, hanem
szignifikansan emelte a mobilis endothelidlis kerek sejtek szdmat is a hadrom dimenzids
collagén rendszerekben. Mig TUNEL assay soran sejtelhaldsra vonatkozd eltérést nem
tapasztaltunk, a phospho-histone H3 és BrdU vizsgalati eredmények a sziv endothelialis
a human coronaria endothelidlis sejtek (HCEC) matrigélen lezajlé capillaris képzédését, ami

egyértelmiien a peptid esteleges coronaria érnovekedést serkentd tulajdonsagara utal.

4.2. TB4 feln6tt infarktusos szivre kifejtett molekularis és funkcionalis

hatasanak in vivo vizsgalata.

4.2.1. TB4 gatolja a szivizomsejtek elhalasat és néveli az infarktus utani
szivfunkciés paramétereket
Az in vitro végzett kiserletes eredményeink egyertelmten felvetették a kérdést, hogy vajon az
altalunk  vizsgalt kismolekula képes-e a sejtkultras eredményekhez hasonld
szivsejtaktivaciora in vivo koriilmények kozott. Kisérleteinkhez szivinfarktuson atesett felnétt
egereket alkalmaztunk. Kozvetlenil a sebészi beavatkozas utan az dallatokat
intraperitoneélisan (IP), intracardialisan (IC), illetve mindkét modon (IP/IC) TB4-el illetve
PBS-sel megkezeltiik, majd két és négy hét mulva ultrasonogrammal megvizsgéltuk. Négy
héttel az infarktus utdn a kontrol allatok atlagos FS-ja 23.2 +/- 1.2% (n=22, 95% confidence
intervallum) volt. Ehhez képest a TB4-gyel kezelt kisérletes allatok 37.2 +/- 1.8 % (n=23,
95% confidence intervals; p<.0001) FS-ot mutattak. Az EF értéke a TB4-el kezelt egerekben
57.7 4+/- 3.2 % (n=23, 95% confidence interval; p<.0001), a kontrol allatokban pedig 28.2 +/-
2.5 % (n=22, 95% confidence interval) volt. A 60% illetve 100%-o0s FS ¢és EF értékovekedés
egyertelmiien arra utal, hogy TB4 a varakozasoknak megfeleGen valoban képes a szivfunkcid
novelésére felnbtt emlGsokben, bar az eredmények valamelyest elmaradnak a sham operacion
tulesett allatok funkcids értékeitdl (~60% FS; ~75% EF). Fontos megjegyezniink, hogy a TB4
indukalta szivfunkcid novekedés fliggetlen volt a kezelés modjatol (IP vagy IC), ami

elsésorban TB4 kozvetlen szivsejtekre gyakorolt hatasdval magyardzhat6. A sziv szoveteinek
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trichrome festéssel torténsd vizsgalata (fliggetlentil a kezelés modjatol) az infarktusos
hegszovet csokkenését mutatta, ami egyértelmiien megfelelt a korabbi echocardiografias
eredményeinknek. Ezen tulmendleg, bar immunhisztologiai vizsgéalataink nem jeleztek
eltérést a szivben zajlé sejtproliferacio mértékében, a szivizom TUNEL assay-vel torténd
vizsgalata a szivizomsejtek elhalasanak szignifikdns csokkenését mutatta kozvetlenil 24

oraval az infarktus kialakulasa utan.

4.2.2. TB4 képes az ILK illetve Akt/Protein Kinase B fehérjék aktivalasara
TB4 szivre gyakorolt hatdsnak pontosabb molekuldris szinti megértése c€ljabol tovabbi
vizsgalatokat inditottunk a peptiddel kozvetleniil érintkezésbe keriil6 fehérjék felkutatdsara.
Munkénk soran létrhoztunk egy T7 cDNS fag display konyvtarat, aminek segitségével
kideritettiik, hogy az adott peptid képes egy, a focal adhesion complexet alkotd fontos kinaz,
Integrin Linked Kinase (ILK), és az ahhoz kapcsolodo fehérje PINCH kozvetlen megkotésére
actin mentes kornyezetben. PINCH ¢s ILK tudottan fontos szerepet jatszik a sejtmozgas
szabalyozasaban és mindemellett egy, a sejttulélést nagymértékben segité fehérje, a Protein
Kinase B, vagy masnéven Akt aktivalasaban. C2C12 sejteken torténd Western blot
vizsgalataink ramutattak, hogy TB4 kozvetlen sejtkultirds mediumba torténd adagoldsa emeli
az ILK szintjét, és ezzel egyidejilileg az Akt foszforilacid6 mértékét is. A TB4 indukalta in
vitro biologiai hatds wortmanninnal (ILK-t kozvetleniil aktivaldé Phosphatidylinositol 3-
Kinase-t (PI3K) gatlo szerrel) egyértelmlien gatolhatd volt. Hasonléan a sejtkulturdban
végzett kisérleteinkhez, a TB4-gyel kezelt infarktusos egerek szivizomszdvetén végzett
Western blot eredményeink emelkedett ILK szintet és megndvekedett Akt foszforilaciot
mutattak. Ezen eredményeink egyertelmien arra utalnak, hogy nagy valoszintséggel a TB4
medialta ILK illetve Akt aktivacié lehet az egyik felel6s tényezd az altalunk észlelt

szignifikans szivizomsejt elhalds csokkenéséért.

4.3. TB4 koszoruér regeneraciora kifejtett hatasanak in vivo vizsgalata felné6tt

oxigénhianyos szivben

4.3.1. TB4 néveli a coronaria erek novekedésének mértékét, és segiti a felndtt
epicardium teljes szervre kiterjed6 in vivo megvastagodasat
Miutén az in vitro végzett kisérleteink egyértelmtien a molekula 4ltalanos érregenerald hatasa

mellett szoltak, €16 allatban is leteszteltiik a hipotézisiink helyességét. A korabban ismertetett
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emlds szivinfarktus modeliink Platelet Endothelial Cell Adhesion Molecule-1 (Pecam-1) és
Simaizom Specifikus a-Actin (sm o-actin) antitestekkel végzett immunhisztokémiai
vizsgalatakor kidertlt, hogy TB4 peptid valoban képes a sziv capillaris erei szaménak in vivo
novelésére. Ezen hatasok mind az infarktus kézvetlen hatarzéndjdban, mind az egészséges,
tavolibb szivizomszovetekben megfigyelhetéek voltak. A corondria erek fejlédéstani
vizsgalataibol koztudott, hogy azok nagy valdszinliséggel az embryondlis epicardialis
szovetekbdl szarmaznak. Lepinia és tarsai altal végzett jelenlegi kutatasok szerint a halak
epicardialis sejtjeinek aktivalodasa a felelds a felnétt allatok szokatlan szivregeneracios
képességéért. A megfigyelt valtozasok nagy mértékben hasonlitanak a fejl6dé embrydkban
lezajlo morfologiai atalakuldsokhoz. Ezen eredmények szerint feltételezhetjiik, hogy az
emldsok epicardiumanak esetleges emryonalis mdodon vald aktivalasa képes lehet a feln6tt
sziv hypoxiat kovetd regeneralasdra. A TB4-el végzett epicadium specifikus Blood
Vessel/Epicardial Substrate (Bves) antitesttel torténd immunhisztokémiai vizsgalatok
egyértelmiien bebizonyitottdk, hogy a molekula képes a feln6tt sziv embryonalis
folyamatainak (jrainditasara, ami (hasonldéan a halaknal megfigyeltekhez) 72 6raval TB4 1P
adagolasa utdn egy, az egész szervet érinté globalis epicardidlis szovetmegvastagodasban
mutatkozott meg. Tovabbi eredményeink kideritették, hogy a folyamat egészséges szivben is

el6idézhetd.

4.3.2. TB4 képes a feln6tt egér epicardium embryonalis fejlédésre jellemzd
génjeinek in vivo aktivalasara
El6z6 kisérleteink bebizonyitottak, hogy TB4 segiti a sziv capillarisnovekedését. A hattérben
meghuz6dd molekuldris mechanizmusok vizsgélata soran kideritettiik, hogy a peptid
szisztémas adagolasa mar 24 o6ran beliil képes az embryonalis génprogram aktivizalasara. Az
epicardium globalis morfologiai atalakuldsa azonban csak 72 o6ran beliil volt detektalhato.
Nevezetesen, 24 ordval az intraperitonedlis TB4 kezelés utan a VEGF, VEGF Receptor (Flk-
1) és TGF-béta fehérjék szignifikans szitli emelkedése mellet az FGF-17, FGFR-2, FGFR-4,
valamint a JNK, Erkl/2, iNOS, eNOSés nNOS fehérjék valamivel kisebb mértéki
novekedést mutattak. A 72 o6ras kezelést kovetd immunhisztokémiai elemzések arra utalnak,
hogy a fenti valtozasokért elsGsorban az adott fehérjék epicardidlis kifejezddése felelGs. Az
eredményeink szoros egyenstlyban vannak a felnStt halak regenericidja soran

tapasztaltakkal. Ezen megfigyelések a coronaria erek ujrandvekedésének, és a sziv

crer
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4.3.3. TB4 emeli az epicardiumban talalhaté Marcks pozitiv sejtek szamat és
serkenti a Protein Kinase C (PKC) fehérje aktivacidjat
Munkank tovéabbi részében TB4 kezlésre érzékeny, az epicariumban is kifejez6d6 wjabb
fehérjék meghatdrozasara 4altldnos cDNS microarray vizsgalatokat végeztink. Az
érnovekedést segitd génekre koncentralva kimutattuk, hogy a Myristoilated alanine-rich C-
kinase substrate (Marcks) nevid fehérje szintje 2.8-szorosara emelkedik a TB4-gyel kezelt
allatokban. Marcks-rol koztudott, hogy PKC kozvetlen intracellularis szubsztratja, pozitiv
hatassal van az érndvekedésre, és szintje hatarozottan emelkedett a vascularis endothelialis
sejtekben. Ezen tilmenden tudjuk, hogy az aktivalt PKC kozvetleniil képes a Marcks fehérje
foszforilacigjara, aminek kimutatdsa a PKC aktivitas gyakran alkalmazott indirekt markere.
A sejtkultaras és kozvetlen infarktust szenvedett emlGs sziven végzett in vivo kisérleteink
kimutattdk, hogy TB4 képes Marcks foszforilacidjanak indukalasadra, ami a TB4 altal

kozvetitett PKC aktivacio jeleként értelmezhetd.

4.3.4. PKC gatlasa megakadalyozza az epicardium TB4 altal kozvetitett
embryonalis programjanak aktivalasat
Mivel a Marcks fehérje emelkedett szintjének és foszforilacigjanak helye elsGsorban a sziv
epicarialis sejtrétege volt, feltételeztiik, hogy a PKC fehérje aktivitdsa egyik sziikséges
feltétele a felndtt sziv epicardiuméban megfigyelt TB4 4altal elinditott embryonalis
valtozasoknak. A kérdés megvalaszolasara a szakirodalomban gyakran alkalmazott széles
hatdst PKC inhibitort, Bisindolylmaleimide-I-et alkalmaztuk. Feltételezéseinknek
megfeleléen az in vitro végzett sejtkisérleteink kimutattdk, hogy PKC gatlasa
megakadalyozza a TB4 altal indukalt HCEC capillarisképz&dést. Ezen tulmenden, az €16
allatokban alkalmazott PKC gatlas egyértelmiien megsziintette a TB4 indukalta epicardialis
szovetvastagodast, és szigifikansan csokkentette az Gjonan formalddo capillarisok szamat.
Ezen eredményeink arra utalnak, hogy a TB4 indukélta PKC aktivacio a felndtt emlSs
epicardium aktivaldsanak sziikséges eleme.
4.4. TB4 felnétt sziveredetii 6ssejtekre gyakorolt direkt hatasanak in vivo

vizsgalata

4.4.1. A phospo-Marcks (p-Marcks) pozitiv epicardialis sejtek simaizom illetve

endothelialis sejtekké valé atalakulasra képesek
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A legtijabb kutatasi eredmények szerint a felnStt epicardium jelent6s mennyiségli heterogén
Ossejtet tartalmaz, amit az altalunk VEGF, p-Marcks és Bves specifikus antitestekkel végzett
immunhisztologiai megfigyelések is alatdmasztanak. A vizsgalt epicardidlis sejtek kozott
ugyanis gyakran taladltunk VEGF pozitiv és p-Marcks negativ, illetve VEGF negativ és p-
Marcks pozitiv Bves fehérjét egyforman kifejez6 sejteket. Ennek megfelel6en egyértelmiien
felmeriil a kérdés, hogy vajon a p-Marcks pozitiv VEGF negativ sejtpopulacio esetlegesen
egy 06nall6 Gssejt csoportot képvisel-e. A FACS Sorter segitségével kiilonvalasztott p-Marcks
pozitiv sejtek immunvizsgélata bebizonyitotta, hogy az adott sejtek mind simaizom, mind
pedig endothelialis szoveti markereket is kifejezhetnek. Ezen tilmenden, a felnéttkori sziv
capillarisainak és érett coronaria ereinek vizsgalata aldtdmasztotta, hogy a p-Marcks
pozitivitast mutatd sejtek az ereket alkotd simaizom és endothelidlis sejtrétegekben
egyformdn megtalalhatok. Ennek megfeleléen, az in vitro és in vivo koriilménzek kozott
végzett kisérleteink egyértelmtien azt bizonyitjak, hogy a p-Marcks pozitiv epicardialis sejtek
ugynevezett multipotencialis sejtek, azaz, az Ujonan képzddd sziverek endothelidlis és
simaizom rétegeinek kialakitasara egyforman képesek. Ezen kutatisi eredmények anndl is
inkabb érdekesek, mert a corondria erek endothelidlis sejtjeinek epicardilis eredetét ezideig

nem sikeriilt bizonyitani.

4.4.2. TB4 képes a felnétt sziv epicardiumaban talalhaté szivizom tipusu
Ossejtek aktivalasara
A legutobbi kutatasi eredmények bebizonyitottak, hogy az epicardium nemcsak coronariakat
alkotd Ossejteket tartalmaz, hanem hozzdjarul az elhalt felnétt szivizomsejtek kozvetlen
pétlasdhoz is. Nevezetesen, a Wt-1 és Tbx-18 fehérjék bizonyultak a leend6 myocardialis
Ossejtek megfelel6 markereinek. Az altalunk felismert TB4 indukalta epicardialis szoveti
hatds eredményeként feltételeztiik, hogy a fehérje alkalmas az epicardumban taldlhato
myocardialis Gssejtek aktivalasara. Kisérleteink bebizonyitottdk, hogy TB4 egyértelmiien
emeli a Tbx-18 és Wt-1 fehérjek szintjét, valamint a megfeleld izomprecursorok szamat. Az
elvaltozasok a PKC aktivitasat gatld Bisindolylmaleimide-I kezelés hatdsara megsziintek.
Osszegezve elmondhatjuk, hogy a TB4 fehérje szisztémas alkalmazasa emeli a felnétt emlSs
szivben taldlhatdé myocardialis Ossejtek szamat. Azt is leszogezhetjiik, hogy a TB4 altal

kifejtett direkt vagy indirekt PKC aktivacid fontos szerepet jatszik az epicardidlis eredeti

crer
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5. Megbeszélés

Az altalunk leirt kutatasi eredmények bizonyitjak, hogy a TB4 nevezeti 43 amindsav
hosszusagi szekretalt fehérje képes az embryondlis sejtek véandorldsanak és tulélésének

7z n

aktivalasara, és ezen tulajdonsagat megtartva a felnéttkori szivkarosoddsokat kovetd "repair"

fehérjék szintjét, valamint a sziveredetli epicardialis Gssejtek szamat. Ezen hatdsait nagy
valoszintiséggel a sziv korai fejlédése soran fontos szerepet jatszo gének Gjraaktivalasaval éri
el. A szivizomsejtek tulélésének novelése mellett a fehérje egyértelmlien megemeli a
szivizmokat ellatd capillarisok szamat is. Munkank soran ramutattunk, hogy a TB4 altal
direkt vagy indirekt modon kozvetitett PKC foszforilacio az felndtt szivben lezajlod
epicardialis sejtindukcio, és ezaltal a capillaris érnovekedés elengedhetelen feltétele, valmint
hogy a PKC indukélta Marcks pozitiv sejtek nagy valoszintiséggel egy altalunk eddig nem
ismert 6nalld ssejtpopulaciot képviselnek.

Elméleteink szerint a TB4 fehérje szovetregenerald és szivfunkcidt javitd hatdsa
legkevesebb két fokozaton 4t zajlik: els6 1épesben a fehérje képes a szivizom sejtek 24 6ran
beliili elhaldsdnak gatlasara, majd ezt kdvetSen az ugynevezett késdi fazisti vagy chronikus
regeneracid beinditasara. Ez utobbi a sziverek ujrandvekedését, valamint a sziveredeti
epicardialis Gssejtek kozvetlen aktivalasat jelenti.

A sziv funkcigjat helyredllitdo therapids beavatkozéasok célja a szivizomsejtek és a
sziv embryonalis fejlédési folyamatainak (jrainditasaval érhetd el. Az itt leirt eredmények ez
elsé ilyen tulajdonsagokkal rendelkez6 molekulat ismertetik. Mivel a szivregeneraciot segitd
uj therapias modszerek kifejlesztése 1étfontossagu a felnétt és gyermekkori szivbetegedések
kimenetele szempontjabol, a TB4 altal indukalt molekularis folyamatok tovabbi vizsgalata
nagy jelent6séggel birhat. Az altalunk kozolt eredmények az ismertetett TB4 fehérje

egyértelmi pre-klinikai vizsgélatat indikaljak.
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6. Eredeti Kisérletes Eredmények Osszefoglalasa

II.

III.

IV.

VL

VIL

VIIL.

Eredményeink bizonyitjdk a 43 aminodsav hossziisagi Thymosin 4 (TB4) nevezetd
kismolsulyt fehérje jelenlétét az embryonalis szivfejlodés soran.

Kimutattuk, hogy TB4 segiti az embryondlis szivizomsejtek vandorlasat, az
endothelidlis sejtek capillaris formaciodjat in vitro koriilmények kozott.

Bebizonyitottuk, hogy a szisztémasan vagy lokalisan alkalmazott TB4 gatolja a
hypoxiat kovetd szivizomelhalést, és segiti a capillaris erek wjrandovekedését felnott
emlGsokben.

Leirtuk, hogy TB4 az els6 olyan ismert molekula ami képes az embryonalis fejlédési
program felnSttekben vald aktivalasara kozvetlen szisztémads iton valo injektalas utan.
Kimutattuk, hogy a szisztémasan adagolt TB4 képes a sziv 0Onallo Gssejtjeinek
aktivalasara.

Bebizonyitottuk, hogy TB4 az adagolas lokalis vagy szisztémas maodjatol fliggetleniil
szignifikansan emeli az feln6ttkori infarktus utani szivfunkciot.

A TB4 hatasaért felel6s molekularis valtozasok analizise soran kimutattuk, hogy a
molekula képes az Akt/Protein Kinase B fehérje aktivalasara, és ezéltal a szivizom
sejtek elhalasanak in vitro és in vivo megakadalyozésara.

Bebizonyitottuk, hogy a TB4 altal indukalt Protein Kinase C aktivacié a coronaria erek
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elengedhetetlen feltétele.
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