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INTRODUCTION

1. CARDIOVASCULAR DISEASE: EPIDEMIOLOGY, DISEASE AND
THERAPY

1.1. Epidemiology and risk factors

Cardiovascular diseases (CVD) constitute the first cause of morbidity and
mortality worldwide and represents approximately 30% of all deaths (Figure 11), being
the myocardial infarction (MI) responsible for nearly half of them. Unfortunatelly,
predictions are not favorable and it is estimated that by 2030, almost 24 million people
will die from cardiovascular diseases, representing 42% of global deaths (In:

www.who.int/mediacentre/factsheets). The major risk factors associated with ischemic

heart disease (IHD) are tobacco and alcohol consumption, hypertension, high
cholesterol, obesity, diabetes and physical inactivity [1] that can be also associated with

non-modifiable factors like aging, family history, gender and ethnic origin.

Cardiovascular
Diseases
31%

Non-transmissible
diseases
33%

Injuries Transmissible diseases, maternal, perinatal
9% and nutritional conditions
27%

Figure I1. Distribution of major causes of death including cardiovascular diseases (CVD). (Image
taken from Global Atlas on Cardiovascular Disease Prevention and Control. World Health Organization,
2011).
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1.2. Myocardial infarction pathology

M1 is induced when cholesterol plaques or thrombi partially or totally block the
arteries, limiting the blood supply to the heart and thereby preventing the required
oxygen and nutrients from reaching the heart tissue (Figure 12). Over time, the damage
becomes irreversible and it is accompanied by cell death and tissue necrosis. A
compensatory mechanism of tissue remodeling is activated and a fibrotic scar that
avoids heart rupture substitutes the damaged area. With time, this process becomes a
chronic maladaptive response that leads to contractile dysfunction, arrhythmias and

heart failure [2].

The atherosclerosis represents the principal cause of vascular occlusion [3]
(Figure 12). This phenomenon occurs due to chronic inflammation of the arterial
vessels in response to irritative stimuli. Arterial endothelial cells express adhesion

molecules that capture leukocytes on their surfaces.

Normal coronary artery

Figure 12. Atherosclerosis in coronary arteries. Atherosclerosis plaques grow in the coronary artery
blocking the blood flow. Ruptures of the fibrous cap of the plaque expose thrombogenic material to the
circulation and induce thrombus formation in the lumen of the vessel, provoking the isquemic cardiac
process (Image modified from Thygesen K et al. Nat Rev Cardiol, 2012).

Changes in the endothelial permeability and in the extracellular matrix (ECM)
composition promote the entry and retention in the artery wall of cholesterol-

containing-low-density lipoproteins (LDL) particles together with the migration of

16



INTRODUCTION

inflammatory cells to the lumen of the artery, which leads to the release of matrix
metalloproteinases (MMPs) by fibroblast-like cells that promote the degradation of the
ECM. Finally, these processes lead to the rupture of the atherome plaque by activating
thrombus formation and fibrin accumulation, which provoke a partial or total occlusion

of the vessel and ischemia of the tissue supplied by that vessel.

Since the heart presents strict metabolic requirements and, in anoxic conditions, it
is not capable to produce enough energy to maintain its functionality, the constant
supply of oxygen is essential [4]. Thus, in ischemic conditions, a cascade of events
initiates within 10 seconds of occlusion that include: cessation of aerobic metabolism,
depletion of creatine phosphate, anaerobic glycolisis onset and accumulation of
products of anoxic metabolism. After 60 seconds of ischemia, the cardiomyocytes
(CMs) lose their contractile capacity and in few minutes, cell ultrastructural changes
like mitochondrial swelling start. After 40-60 minutes the damage is irreversible, with
marked sarcolemmal damage and abnormal mitochondria density and four-six hours

later, the necrosis of the cardiac muscle is already evidenced.

The acute loss of myocardium results in the activation of remodeling mechanisms,
which initiates and subsequently modulates reparative changes that include dilatation,
hypertrophy and collagen scar formation. Ventricular remodeling may continue for
weeks, months or years until the distending forces are counterbalanced by the tensile
strength of the collagen scar. All these compensatory mechanisms can be divided in
three phases: 1) inflammatory phase; 2) formation of granulation tissue or proliferative

phase and 3) scar maturation phase (Figure 13).

1) Inflammatory phase: After CMs death, their intracellular content is released,
initiating an inflammatory response by activation of compensatory mechanisms of the
innate immunity. The complement cascade is activated [5], reactive oxygen species
(ROS) are generated in the ischemic myocardium and Toll-like receptor (TLR)
signalling pathways are activated inducing the release of numerous inflammatory
cytokines like the tumoral necrosis factor-a (TNF-a), the interleukins (IL)-1p and IL-6
[6] and chemotactic active molecules such as the monocyte chemoattractant protein-1
(MCP-1) or the stem cell factor (SCF) [7]. These biological reactions are involved in the
time-course of remodeling after the ischemic episode and induce important structural
and functional changes in the CMs [8, 9]. On the other hand, the release of

inflammatory cytokines induces also activation of the MMPs [10] and collagen
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deposition, which contribute to the structural changes and tissue repair of injured
myocardium. The activated MMPs degrade the ECM, disrupting the fibrillar collagen
network and allowing the inflammatory cells to migrate into the damaged tissue to
remove the necrotic CMs [11]. Infarct expansion occurs within hours of CMs injury and
with time, results in wall thinning and abnormal ventricular dilation, causing the

elevation of diastolic and systolic wall stress.

Phase 1 Phase 2 Phase 3
Death UTCNI“‘>> Acute inflammation >> Granulation tissue formation >> Scar maturation
el e i g e . > ,"'J ﬁ
N (| o || S
Cardiac myocytes - [ e <t Apoptosis
' ¥ 3 ) Monocytes ]
\ /Macmphaqﬁ Endothelial cells (P Myofibroblasts
! <> <y
“ﬂ 1 =
I\ .l |
Growth factors | Macrophages T
| T l == P
| |e | (2]
|Apoptasi Fibroblasts l
> Necrosis R
=
Myofibroblasts

— Stimulaion ~ ——+ Inhibition

Figure 13. Phases of cardiac remodeling after M1 (Image adapted from Matsui Y et al. Worl J Biol
Chem, 2010).

2) Formation of granulation tissue or proliferative phase: During this stage,
several mechanisms are activated to induce the revascularization of the damaged tissue.
Cardiac endothelium and inflammatory cells activate the release of chemoattractant
factors such as the stromal derived factor-1 (SDF-1) or the IL-8 [12] that are involved in
the recruitment of vascular progenitors to the injured area. Among these progenitors, it
has been demonstrated in mice that the attraction of monocytes that express low levels
of Ly-6C (low) promote tissue healing via myofibroblasts accumulation, formation of
new blood vessels and collagen deposition [13]. Accumulation of fibroblasts and
monocytes into the injured area promotes the formation of deposits of fibronectin

allowing the creation of a second matrix and inducing the release of anti-inflammatory
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cytokines such as the transforming growth factor-B1 (TGF-1) [14], IL-10 [15] and the
tissue inhibitors of MMPs (TIMPs). These low-molecular-weight proteins form high
affinity complexes with the activated MMPs, inhibiting them [16] and neutralizing

collagen degradation to allow the beginning of the third phase.

3) Scar maturation phase: During infarct scar maturation, the provisional matrix
deposited during early remodeling phases is stabilized. Myofibroblasts play an
important role in this stage by releasing TIMPs that inhibit the degradation of the ECM
and induce deposition of new collagen fibers that contribute to the scar formation and
prevent ventricular dilatation and heart rupture [17]. Moreover, circulatory
hemodynamics are disturbed triggering the activation of the sympathetic adrenergic
system, stimulating catecholamine synthesis and activating the rennin-angiotensin-
aldosterone system (RAAS) that leads to the production of atrial and brain natriuretic
peptides (ANP and BNP). The natriuretic peptides will reduce intravascular volume and
systemic resistance, normalizing ventricular dilatation and finally improving pump
function [18].

Thus, cardiac remodeling process includes a cascade of molecular and cellular
mechanisms that modulates reparative changes to maintain the functionality of the heart.
However, the very modest regenerative capacity of the adult cardiac tissue can not
prevent the presence of the scar in the myocardium and the deleterious progress of the
injured heart, being necessary exogenous cells/factors to facilitate a positive heart

remodeling.

1.3.  Evaluation of left ventricular function in myocardial infarction

Early expansion of the infarcted zone is associated with left ventricle (LV)
dilation which is caused by the increase of regional wall stress [18]. Between one half to
one third of the patients experience progressive post-infarction heart dilatation with
distortion of ventricular geometry and secondary mitral regurgitation [19]. Quantitative
bi-dimensional transthoracic echocardiography is routinely performed to characterize
the heart remodeling associated with these cardiomyopathies [20, 21], LV end-diastolic
and end-systolic volumes and LV mass being estimated to predict adverse
cardiovascular follow-up events, including recurrent infarction, ventricule arrhythmias,

mitral regurgitation and heart failure [21].
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Pig and rodent MI animal models are commonly used to provide new insights into
the physiology and treatment of cardiovascular diseases. In these models, infarction is
tiggered by the temporary or permanent occlusion of the left anterior descending (LAD)
coronary artery and cardiac function determined by echocardiography or magnetic
resonance imaging (MRI) is impaired [22-27]. For rodent models, specifical high-
resolution echocardiographic equipment like the Vevo 770 (VisulaSonics, Toronto,
Canada) is available [28], providing a fast and inexpensive alternative to magnetic

resonance imaging.

Evaluation of the LV systolic function is usually performed by measuring
common parameters like the volume in diastole (VD), volume in systole (VS),
fractional shortening (FS%) and ejection fraction (EF%) [29]. Both ventricular volumes
VD and VS are required to calculate the FS% and EF% parameters. FS% corresponds to
the fraction of any diastolic dimension that is lost in systole and EF% represents the
volumetric fraction of blood pumped out of the ventricule. Both parameters are used to
estimate myocardial contractility. Damage to the muscle of the heart, such as that
provoked after MI, compromises the heart’s ability to perform as an efficient pump and
therefore, a reduced EF% and FS% are observed that indicate a worsening of cardiac
function. On the other hand, the LV function can also be measured as the percentage of
change in the left ventricular cross-sectional area between diastole and systole
(fractional area change, FAC%), which has been found to correlate well with the EF%
both in normal situations and when disease is present [30]. These parameters are
routinely calculated using the Teichholz method [31], which assumes that the left
ventricular cavity can be represented as a 3D ellipsoid of revolution. However, this
might not be a reasonable assumption when the LV adopts the complex shapes caused
by the regional wall motion abnormalities that are common after MI. Therefore, an
alternative approach to calculating EF% exists, which is based on the shape independent
Simpson’s rule [22, 32, 33], where the 3D geometry of the heart is taken into account as
the LV endocardial border is traced in multiple slices both in systole and diastole and

the volumes are computed from these tracings.
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1.4.  Treatment of myocardial infarction: Stem cell therapy

Medical advances at the pharmacological, interventional and surgical levels have
greatly improved, significantly decreasing the rate of mortality at the acute stage of the
disease and prolonging the patient’s life expectancy. However, despite this progress, the
current treatments are not able to regenerate the diseased heart and cannot offer a
definitive cure. In the most severe cases, heart transplantation is the only option, but it
presents the concomitant limitations of immunocompatibility and donor unavailability.
In view of this worrisome scenario, new alternative options based on the application of
gene (reviewed in [34]), protein (reviewed in [35]) and stem cells therapies (reviewed in
[36]) have been intensively researched. Hopes have been placed in stem cell research
(Figure 14), considering it a promising therapy that could exert not only a protective but

a regenerative effect.

Embryonic SC / iPS
o _ e Cardiac SC

Myocardial
Infarction

Figure 14. Stem cell therapy for treating myocardial infarction. Many stem cell (SC) populations have
been tested for cardiac regeneration, going from the most undifferentiated ones, the embryonic stem cells
(ESC) or the recently discovered induced pluripotent stem (iPS) cells, to stem cells derived from adult
tissues like the bone marrow, the adipose tissue or the skeletal and cardiac muscle.

Interestingly, it is now known that the main mechanism of action of the

transplanted cells was not the initially expected, and a trophic effect instead of a direct
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contribution to the tissue after in vivo differentiation, has been described as the principal
one that benefits the heart. In fact, despite the reported ability of some adult stem cell
populations to in vitro differentiate towards the cardiovascular lineages of the heart,
cardiac in vivo contribution has been only demonstrated for few cell populations, such
as those derived from the stromal vascular fraction (SVF) of the adipose tissue [37, 38]
or the ones derived from the cardiac tissue (reviewed in [39]). Cardiac progenitor cells
(CPC) were first described by Dr. Anversa and colleagues and were phenotypically
characterized by the expression of the cKit marker in mice. Their in vitro and in vivo
differentiation potential towards cardiac and vascular cells was reported together with
their therapeutic potential after implantation in a murine model of acute M1 [40-42].
Surprisingly, another cell population defined by the opposite phenotype, Sca-1" cKit,
was also indentified and its cardiac differentiation potential when transplanted into the
ischemic heart was demonstrated too [43]. Other populations like the Sca-
1*/cKit°¥/Abcg-2" cells [44], Islet-1" cells [45, 46] and the in vitro derived
cardiospheres [47, 48] have been described. However, despite the positive effects
exerted by the cited populations in vivo, a limited self-renewal potential and an
inefficient differentiation towards cardiomyocytes (CMs) have been generally
described. Moreover, the cardiac progenitor population has not been well defined yet,
since there is no consensus for its specific phenotype. A similar limitation has been
found for the SVF, where, despite the fact that a certain cardiomyogenic potential has
been demonstrated [49], no specific markers have been yet elucidated to define it. On
the other hand, embryonic stem cells (ESC) have shown the greatest cardiac
differentiation potential [50-52] although important limitations such as their tumoro-
and immunogeneicity together with the ethical issues derived from their human
embryonic origin, have hampered their clinical use. Finally, the discovery of the so-
called induced pluripotent stem (iPS) cells [53] has emerged as an exciting alternative,
as these closely resemble ESC in terms of global genetic profile, long-term self-renewal
capacity and in vitro and in vivo differentiation potential (including differentiation
towards the cardiovascular lineages). Moreover, iPS cells also present the advantage
that they can be derived with relative straightfordwardness from adult cells, bypassing
the ethical and immunogenic concerns of ESC.
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2. INDUCED PLURIPOTENT STEM CELLS

2.1.  Discovery and generation of iPS cells

Although the cell differentiation process was believed to be irreversible, in 2006,
the laboratory of the current Nobel prize winner Dr. Yamanaka reported the generation
of embryonic stem-like cells from somatic cells that were named as “induced
pluripotent stem cells” or iPS cells [53]. Cell de-differentiation was initially induced by
retroviral transduction of several factors involved in pluripotency and self-renewal of
ESC. Initially, a total of 24 genes were selected and over-expressed in different
combinations, being finally restricted to only four of them, Oct3/4, Kif4, Sox2 and c-
Myc (OSKM) as those necessary for reprogramming the mouse adult fibroblast into iPS
cells. One year later, human iPS (hiPS) generation was also reported by using the same
combination of factors [54-56] or a different one (Oct3/4, Sox2, Nanog and Lin-28)
[57]. The generated iPS cells presented similar morphological and genetic properties
than ESC [58-60], including the capacity to in vitro and in vivo differentiate towards
cell types derived from any of the three germ layers. Confirming that potential, their
contribution to teratomas when injected into immunodepressed mice, and to chimeras
when injected into the embryo, was also demonstrated [53, 54, 59]. On the other hand,
despite the similarity of the iPS cells to ESC, differences in gene expression signatures
[61], DNA methylation patterns [62] and efficiency degree in differentiating to specific

lineages [63] have been also evidenced.

Importantly, the protocol developed for iPS derivation has been proved to be quite
reproducible and, with minor modifications, iPS have been already generated from
many other species than mouse, including human [54, 55, 64], non-human primate [65],
pig [66, 67], rat [68, 69], rabbit [70], dog [71], marmoset [72], sheep [73] and bird [74]
among others (Table 11). Also, many cell types have been assayed with success for iPS
derivation, including pancreatic  cells [75], neural stem cells (NSC) [76, 77], post-
mitotic neurons [78], mature B lymphocytes [79], keratinocytes [56, 80], stomach and
liver cells [81], amniotic fluid-derived cells [82], CD34" hematopoietic stem cells [83,
84], cord blood-derived cells [85, 86], melanocytes [87, 88], adipose stem cells [89, 90],
hepatocytes [91] and dental pulp-derived stem cells [92]. This unexpectedly consistent
method of deriving pluripotent cells from almost every tissue has demonstrated the
striking plasticity of the cells, independently of their origin and differentiation stage,
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and, importantly, it has also offered a new pluripotent stem cell source that could be
autologously applied, bypassing the immune and ethical issues derived from the use of

human embryos.
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Table I1. Methods for iPS cell generation. Legend: O: Oct3/4; S: Sox2; K: KIf4; M: c-Myc; N: Nanog;

L: Lin28
Method Species Cell types Factors Efficiency = Advantages Disadvantages Ref.
Mouse Fibroblasts,
! neural stem [53,
huma_n, cells OSKM i
rat, pig, astrO’c es OSK ‘ !\/Iultlplt_a 54,
rhesus stomat}:,; c;ells OSNY integrations 56
Retroviral ~ MOMKeY, o colis OK, ~0.01- Relatively and I ’
rabbit, Keratinoovies.  OS. 0.5% efficient Incomplete 64,
avian, tinocytes, ' silencing
dog amniotic cells, OM, 93-
sheé blood cells, (0] 96]
marrFr)Iloset adipose cells,
hepatocytes
Fibroblasts,
keratinocytes, Multiple [55,
cord blood - integrations

.- Mouse, ; OSKM, Relatively 57
Lentiviral  pmgy  Cells adipose g <001%  effcient and

lved stem Incomp 97]
cells, amniotic silencing
cells
Fibroblasts, Relatively .

_ Mouse cells, P efficient and :\r/mltuemrgltieons [79,
Inducible humar, keratinocytes,  OSKM, 0.1-1% time- e ugires : 80,
lentiviral : ' peripherial OSKMN <1717 controlled tre?nsactivator

P19 blood cells, factor exDIoSSION 98]
melanocytes expression P
Reasonable .
Mouse : efficiency and Screening of [99]
' 0,
Transposon human Fibroblasts OSKM <0.1% no genomic exusgd lines is
. . laborious
integration
ox.P Relatively Screening of
ox-P- - : e
flanked Mouse, I 05K . efflplelr;lt and :ext;:lsgd Ilnles |; [100,
KE human ibroblasts <0.1-1%  excisable aborious, lox 101]
lentiviral (no sites remain in
integration) genome
Adenoviral Mouse, Fibroblasts and OSKM < 0.001% No integration Low efficienc o7
human liver cells ' 0 Y Y 102]
Plasmid Mouse, Fibroblasts OSNL 0.001% c?cr::lgsional I;r?(\erz:ICIency [103]
human <O.U0LA S i vector
integration ) .
integration
No integration
o . and high Sequence
Sendai virus  Human Fibroblasts OSKM < 1% . sensitive to [104]
transfection .
L RNA replicase
efficiency
Episomal High Posibility of
uman ibroblasts <1% transfection random
el H Fibrobl SNk < 1% fecti d [105]
efficiency integration
No integration, [106-
Protein Mouse, . OSKM, 0 no DNA -
transduction  human Fibroblasts 0s <0.001% single Low efficiency 108]
transduction
No integration ~ Multiple
RNA : OSKM, 0 and high cycles of [109]
transfection Human Fibroblasts OSKML <1% transfection transfections
efficiency needed
Adipose mir-200c, No integration [110,
microRNA Human stromal cells mir-302s, <0.1% and faster Low efficiency 111]
and fibroblasts ~ mir-369s reprogramming
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2.2.  iPS generation methodology

2.2.1. Viral-based methods

As already mentioned, iPS cells were originally generated by retroviral
transduction of the transcription factors OSKM. However, this combination is not
exclusive and others such as Oct3/4, Sox2, Nanog and Lin28 [57, 85] have been
demonstrated to be similarly efficient. Interestingly, in an attempt to minimize the risk
of chromosomal disruption and to simplify reprogramming, several studies have
demonstrated that a more reduced set of reprogramming factors can be enough to
generate iPS cells. Transduction of only three factors Oct3/4, Sox2 and Nanog [96] or
Oct3/4, Sox2 and KIlf4 [93] induce also iPS cells formation, demonstrating that the
oncogenen c-Myc is dispensable for the reprogramming process. iPS cells have been
also generated with just two factors, combining Oct3/4 with KIf4 [77, 95, 112], c-Myc
[77] or Sox2 [86, 94] and these combinations have been even further reduced to Oct3/4
alone when reprogramming NSC [113], as they already endogenously express Sox2 and
c-Myc.

2.2.2. Non-integrative methods

Although the integrated viruses are transcriptionally silenced following
reprogramming, the risk of tumor formation due to spontaneous reactivation of the viral
transgenes or undesired viral transgene insertions that could activate oncogenes
expression, constitutes the major limitation of this technology. Other strategies for iPS
generation are therefore being studied (Figure 15), including the use of non-integrative
vectors such as adenoviruses [97, 102], RNA-based Sendai viruses [104], episomal
vectors [105, 114], DNA plasmids encoding the reprogramming factors [103, 115],
excisable vectors [99-101], mRNA [109] and microRNAs [110, 111]. In addition, direct
protein transduction has been also assayed by directly delivering the four
reprogramming proteins (OCT3/4, SOX2, KLF4 and c-MYC) into the cells. For that
purpose, proteins were previously fused with a cell-penetrating peptide (CPP) that
contained a high proportion of basic amino acids that allowed overcoming the cell
membrane barrier [106, 107]. In addition to this, a single transfer of ES cell-derived

extract proteins was also assayed [108], demonstrating the reprogramming induction of
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adult somatic cells, although, in this case, with a much lower reprogramming efficiency
(Table 11).

SOMATIC CELLS

Integrative Non-integrative
- Retrovirus - Adenovirus
- Lentivirus - Plasmid
- Inducible lentivirus /\ - Episomal vectors
Chemical
( compounds )
Growth factors
Excisable DNA free
- Transposon - Sendai virus
- Floxed lentiviral - Protein
- RNA transfection
- microRNA

INDUCED PLURIPOTENT
STEM CELLS

Figure 15. Approaches for cellular reprogramming. Somatic cells can be reprogrammed to induced
pluripotent stem (iPS) cells by retroviral or lentiviral transduction of pluripotent transcription factors.
Other strategies have also been studied for iPS generation including the use of non-integrative vectors
such adenovirus, sendavirus, plasmid vectors, recombinant proteins and microRNAs transfections. iPS
cells can be also generated by excisable vectors like the piggyback transposons and floxed lentivirus.
Also, use of chemical compounds and growth factors have been shown to enhance cell reprogramming
reducing the number of reprogramming factors needed.
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2.2.3. Increasing efficiency of cell reprogramming

In general, the reprogramming of somatic cells is a slow and inefficient process
that has been estimated at approximately 0.01% when following standard viral method
protocols and an even lower percentage when using non-viral methods such as protein,
plasmid and adenoviral-based protocols (about 0.001%). Other methods have improved
this rate by using excisable (about 0.1%) or RNA transfection (about 1%) systems,
although still remain quite low (Table 11). Thus, efforts have been made to improve iPS
reprogramming efficiency, inducing the expression of different transcription factors or
adding several chemical compounds that could promote pluripotency and self-renewal
(Table 12). In early experiments, increased reprogramming efficiency was obtained in
human fibroblasts when retroviral vectors encoding human telomerase (nTERT) and the
SV40 large T antigen (SV40 LT) were supplemented to the four transcription factor
(OSKM) vector cocktail [55, 116]. These additional factors play an important role in
cell transformation and senescence [117, 118], which could prevent cellular apoptosis,
and thereby improve the reprogramming efficiency. This greater induction was also
achieved in human fibroblasts by co-expression of the Utf-1 factor with the
reprogramming factors OSKM, along with siRNA knock-down of p53 [119]. Activation
of p53 leads to cell cycle arrest, so its silencing could overcome the cellular senescence
process and render a more efficient process in terms of reprogrammed cell numbers.
Utf-1 expression, which is a target gene for the Oct3/4 and Sox2 complex [120], may
also activate other downstream genes important for promoting reprogramming. Another
transcription factor involved in self-renewal and pluripotency, the Esrrb factor,
regulates the expression of KIf4 and acts as a transcriptional activator of Oct3/4, Sox2
and Nanog reprogramming factors [121, 122], also enhancing the reprogramming
process [123]. In addition to these factors, the activation of the Wnt signaling pathway
by the soluble Wnt3a molecule also promoted the generation of iPS cells in the absence
of c-Myc [124] (Table 2). The Wnt signaling pathway is involved in the maintenance of
pluripotency in ESC [125, 126] through the inhibition of GSK3 (that causes the
subsequent translocation of B-catenin into the nucleus where it interacts with TCF
proteins that regulate the expression of key ESC transcription factors) [127]. Moreover,
IPS cells have been shown to be efficiently derived from mouse embryonic and adult
fibroblasts by viral delivery of a single reprogramming factor (Oc3/t4) when combined
with the BMP4, BMP7 and BMP9 proteins [128].
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Furthermore, addition of chemical compounds can also enhance cell
reprogramming or replace core reprogramming factors. Among them, the DNA
methyltransferase inhibitors, which induce DNA demethylation, and the histone
deacetylase inhibitors, that cause a relaxation of the DNA/histone complex through
histone acetylation, can favor the reactivation of silenced genes. Some extensively used
molecules are the 5-aza-cytidine (5-AZA) [129, 130], the trichostatin A (TSA), the
suberoylanilide hydrozamic acid (SAHA) [130] (among the DNA methyltransferase
inhibitors) and the valproic acid (VPA) (among the histone deacetylase inhibitors) [94].
Also, the inhibitor of the G9a histone methyltransferase, BIX-01294 (B1X), has been
demonstrated in mouse fibroblasts [131] and neural progenitors cells (NPC) [132] to be
effective for cell reprogramming. G9a histone methyltransferase represses Oct3/4
expression [133] and therefore BIX could induce the reactivation of Oct3/4.
Furthermore, the combination of BIX with another chemical compound, the L-calcium
channel agonist BayK8644 (BayK), has significantly enhanced the reprogramming of
mouse embryonic fibroblasts (MEFs) in the absence of Sox2 and c-Myc [131]. The
mechanisms of action of BayK still remain unclear. Moreover, the manipulation of
other signaling pathways involved in self-renewal and pluripotency has been also
reported, like the MEK and GSK3 ones, which could be inhibited by the PD0325901
and CHIR99021 molecules respectively, promoting iPS growth from mouse NSC [112]
and mouse NPC [132]. Moreover, inhibition of the transforming growth factor-p (TGF-
) signaling with the A-83-01 inhibitor can co-operate in the reprogramming of mouse
and human fibroblasts and rat liver progenitors by enabling a faster and more efficient
generation of iPS cells [68]. Interestingly, iPS cells can be also derived by exogenous
expression of Oct3/4 alone if combined with the mentioned molecules PD0325901 and
A-83-01 or others like PS48 (an activator of PDK1 that leads downstream AKT
activation) and sodium butyrate (NaB) (an histone deacetylase inhibitor) [134].
Moreover, hypoxic cultivation or supplementation with ascorbic acid (AA) has also

been found to increase the reprogramming efficiency [135, 136] (Table 12).
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Table 12. Factors and chemical compounds used to increase cell reprogramming efficiency. Legend:
O: Oct3/4; S: Sox2; K: KIf4; M: c-Myc; M*: N-Myc; N: Nanog; L: Lin28; Fbs: Fibroblasts; mFbs:

mouse fibroblasts; hFbs: human fibroblasts; NPC: neural progenitors cells; NSC: neural stem cells

Factors SV40 LT SV40 large T Fibroblasts OSKM* Enhance the [116]
antigen used for efficiency by 23-70
cell fold in both human
transformation adult and fetal Fbs
" " OSM* Increase the [116]
efficiency by 55
fold in comparison
with OSKM* (able
to replace K)
" " 0s Increase the [116]
efficiency by 9 fold
in comparison
with OSKM* (able
to replace N and L)
hTERT Human Fibroblasts OSKM Increase the [55]
telomerase efficiency by 3 fold
reverse in comparison with
transcriptase, OSKM
involved in
cellular
senescence
p53 siRNA, Tumor supressor,  Fibroblasts OSKM Enhance the [119]
utf-1 ESC specific reprogramming by
transcription 100 fold in
factor comparison with
OSKM
Esrrb Orphan nuclear Fibroblasts OsM, OS Replace K [123]
receptor, transcription factor
involved
in ESC self-
renewal and
pluripotency
Wnt3a Cell signaling Fibroblasts OsSK Potentiates iPS [124]
molecule generation by 20
involved fold in the absence
in the regulation of M
of cell fate and
patterning during
embryogenesis
BMPs Growth factors Fibroblasts 0s, 0 Fibroblasts [128]
that belong to the reprogramming in
TGF-B family absence of K and
involved in M and with O alone
embryonic
development
Chemical 5-AZA DNA Fibroblasts OSKM, OSK Enhance the [129]
compounds methyltransferasa reprogramming by '
inhibitor 4 fold with OSKM.  [130]
Increase the
efficiency by 10
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Chemical VPA

compounds

TSA, SAHA

BI1X-01294

BayK8644

PD0325901,
CHIRR99021

PS48, NaB,
A-83-01

Ascorbic acid

Histone
deacetylase
inhibitor

Histone
deacetylase
inhibitors

G9a histone
methyltransferase
inhibitor

L-type calcium
agonist

Inhibitor of MEK
signaling
Inhibitor of
GSK3 pathway

PS48: activator
of PDK1

NaB: histone
deacetylase
inhibitor
A-83-01: TGF-B
inhibitor

"

Antioxidant

Fibroblasts

Fibroblasts

Fibroblasts,
NPC

Fibroblasts

NSC, NPC

Keratinocytes,
HUVECs,
amniotic cells

Liver
progenitors,
fibroblasts

Fibroblasts

OSKM, OSK,
o8}

OSKM

OK, SKM

OK

OSK, OSNL

OSKM, OSK

More than 100 fold
increase efficiency
with OSKM in
mFbs.

Enhance the
efficiency by 50
fold increase with
OSK in mFbs and
by 10 fold in hFbs.
VPA replace K and
M

15 fold increase in
efficiency with
TSA and by 2 fold
increase with
SAHA

Enhance efficiency
by 5 fold increase
in mFbs and 8 fold
in comparison with
OK. In mNPC, BIX
replaces O

In combination
with B1X-01294
increase efficiency
by 15 fold in
absence of Sand M

Both chemicals
compounds plus
LIF promote
growth of iPS cells

Induce cell
reprogramming
when combined
with O +
PD032590

A-83-01in
combination with
LIF and
PD0325901

and CHIRR99021
induce iPS
generation in rat
liver progenitors
with OSK and in
hFbs with OSNL
Increases the
efficiency of iPS
generation by
reducing p53 levels

[130]

[130]

[131,
132]

[131]

[112,
132]

[116,
134]

[68]

[136]
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Finally, specific microRNAs that regulate the cell cycle in the ESC have also been
successfully tested in combination with Oct3/4, Sox2 and Klf4 retrovirus. Transfection
of miR-291-3p, miR-294 or miR-295 into MEFs consistently increased the number of
iIPS colonies [137]. Moreover, the addition of the single miR-294 with the three
reprogramming factors (without c-Myc) increased the efficiency of reprogramming at
similar rates than those obtained with the four transcription factors.

2.3.  Genetic and epigenetic profile of iPS cells

Despite the initial excitement due to the ES-like features of the iPS cells, deeper
molecular analysis have revealed relevant differences between iPS cells and ESC,
mainly related to aberrant gene expression. Incomplete silencing of somatic genes in
cells undergoing reprogramming, weak activation of ESC specific pluripotency genes
and unspecific aberrations distinct from either the cell of origin or ESC, have been
detected. Comparison of the methylation marks of ESC and iPS cell genome has also
revealed significant variations. A thorough screening of cytosine-phosphate-guanine
(CpG) islands in iPS cells identified aberrantly reprogrammed loci, with different
methylation patterns from those of their parental fibroblast and ESC [138]. Also, a
recent study showed significant reprogramming differences in CpG methylation and
histone modifications compared to ESC and other iPS cells [139]. Similar consistent
differences have been observed in miRNA expression between human ESC (hESC) and
human iPS (hiPS) cells [140]. Also, two other studies that compared the global gene
expression of ESC and iPS cells consistently identified the persistence of donor cell
gene expression in iPS cells [141, 142]. Furthermore, one interesting study showed that
iIPS and ESC clones have overlapping variations in gene expression and that both cell
types are clustered together. A meta-analysis of published gene expression data sets on
ESC and iPS cell lines from four different laboratories (with multiple iPS clones derived
using various methods of generation) showed that the different clones clustered
according to the lab of origin rather than to their identity or method of derivation [143].
These data strongly argue that differences in culture conditions, including those that
inherently exist across multiple laboratories, influence the gene expression signatures of
both ESC and iPS cells. Interestingly, it seems that these differences are more
characteristic of early-passage iPS clones and can be evened out with extended culture,

bringing them transcriptionally closer to ESC in later passages [144].
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On the other hand, it has been suggested that due to this aberrant gene expression,
a putative immune response could happen even after autologous transplantation. A
recent work from Zhao and collaborators has shown that whereas ESC derived from
C57/B6 mice did induce teratoma formation without any evident immune rejection, iPS
cells derived from the same mouse strain failed to form teratomas due to rapid rejection
provoked by a T cell dependent immune response [145]. Global gene expression
analysis of ESC and iPS-derived teratomas revealed overexpression of teratoma-related
genes in the iPS, responsible for the immune rejection. However, controversy has arisen
regardind these findings and a recent study has reported the limited/none
immunogenicity of skin and bone marrow-derived iPS. Immunogeneicity levels induced
by ten different iPS clones were similar to what was detected with seven different ESC
clones-derived cells and formation of stable grafts in skin and bone marrow after

transplantation of the iPS differentiated cells were detected in both cases [146].

2.4.  Differentiation potential of iPS cells

Numerous protocols, most of them based on previous ESC differentiation
methods, have been followed to guide the in vitro differentiation of mouse iPS (miPS)
and hiPS cells towards diverse cell types, including CMs and hematopoietic cells [147,
148], vascular cells (endothelial cells (ECs) and smooth muscle cells (SMC)) [148,
149], adipocyte and osteoblast cells [150], macrophages and dendritic cells [151],
hepatocytes [152], retinal cells [153] and neurons [154] among others, demonstrating
their pluripotency. Also, their in vivo differentiation potential has been confirmed in
different animal models. To give one example, rat iPS cells were able to generate rat
pancreas when injected into mouse blastocysts that were deficient in an essential
pancreas development gene [155] and also, undifferentiated iPS cells differentiated
towards cardiac and vascular cells after transplantation into the ischemic rodent heart
[156]. However, despite the proven pluripotency of the iPS cells, differentiation towards
specific cell types can be affected by the origin and epigenetic characteristics of the
derived iPS, which can be more prone to differentiate towards specific cell types.
Although the molecular mechanisms are not well understood yet, this issue is explained
by the fact that iPS present residual DNA methylation signatures characteristic of their
somatic tissue of origin, which can favor their differentiation towards lineages related to

the donor cell [157-159]. For example, it has been shown that iPS cells derived from
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non-hematopoietic cells exhibit a residual methylation at loci required for hematopoietic
cell fate, which results in a reduced blood differentiation potential in vitro [158]. Also,
human retinal pigmented epithelial cells present a greater tendency to differentiate back
into this cell type than ESC or iPS cells that have been derived from other tissues [159].
Furthermore, it has been shown that iPS derived from different somatic cell types are
transcriptionally distinguishable. Specifically, in an interesting study from Dr. Polo and
colleagues it was demonstrated how iPS cells generated from tail tip fibroblasts, splenic
B cells, bone marrow derived granulocytes and skeletal muscle precursors, exhibited
gene expression patterns from their cells of origin, confirming that iPS cells retain a
transcriptional memory of their previous state of differentiation [157]. More recently, it
has been demonstrated that iPS cells generated from human pancreatic islet -cells
present a greater ability to in vitro and in vivo differentiate into insulin-producing cells
than ESC and isogenic non-B-cells, which correlates with the fact that -cell-derived
IPS kept open the chromatin structure at key p-cells genes [160]. In view of this data, it
might be relevant to ascertain which cell lines are the best sources of iPS cells for each
cell lineage specification and to elucidate the best way to select such iPS cell lines for

specific differentiation.

In addition, it has been also suggested that the differentiation efficiency of iPS
cells might depend on the number of reprogramming factors, although it is not clear
which combination could be the best, as contradictory results have been obtained. The
study of Dr. Lohle and colleagues demonstrated that an omission of reprogramming
factors in NSC derived from iPS cells could significantly decrease the efficiency of their
differentiation [161]. A lower functional maturity was detected in the neural cells
obtained after differentiation of iPS that had been generated by overexpression of one or
two transcription factors than from the ones derived from the four-transcription factors-
IPS. In constrast, cardiac differentiation was most consistently induced when performed
with three factor-derived iPS cells than from four-factors iPS where a poor and
inconsistent differentiation towards the cardiac lineage was observed [162]. In view of
these contradictory results, it is obvious that to reach a clear conclusion, it will be
necessary to perform more specific and detailed molecular studies that establish whether
these differences are really due to the number of factors initially overexpressed in the
somatic cells or are just related to specific reprogramming differences in each derived

iPS clone.
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3. CARDIOMYOCYTE DIFFERENTIATION FROM PLURIPOTENT STEM
CELLS

The generation of cardiac cells represents a key issue for therapeutic application
CVD. Despite the proven differentiation capacity of many stem cell populations
towards different lineages (including the vascular ones), a robust differentiation towards
functional cardiac cells has not been shown for many of them. Cardiac progenitors
present in the heart have been described, as the main adult tissue cell source but their in
vivo cardiac differentiation potential after their in vitro expansion does not sufficiently
contribute to heart tissue repair. On the other hand, although a much more robust
cardiac differentiation capacity has been shown for ESC (reviewed in [163]), its clinical
use is not contemplated. Thus, the discovery of iPS cells as a new source for cardiac
cells has opened new perspectives for the establishment of future autologous myocardial
cell-replacement therapies. The spontaneous capacity of mouse [147], human [164] and
pig [165] iPS cells to differentiate towards the cardiac lineage has been already
demonstrated, differentiating towards CMs with a similar gene expression and
functional properties than ESC derived-CMs [166, 167]. Also, undifferentiated iPS cells
contribute to the cardiac tissue after differentiating towards cardiovascular cells in vivo
[156]. However, as it could be expected, due to their embryonic characteristics, cells
also exert a tumorogeneic potential [156]. To bypass this serious limitation and, also, to
enrich the cardiac population to populate the heart, cardiac cells have been in vitro
derived from hiPS to be then injected into the heart [168]. Retention of the transplanted
cells within the infarcted heart and an induction of heart positive remodeling after
ischemic damage has been shown. Importantly, no tumor formation has been reported
although very careful long-term studies are required to confirm this. Furthermore, for
future clinical use, very stringent conditions for CMs selection would be required to
contemplate their application in patients. To this end, several fluorescent dies and
antibodies have already been developed. For example, the CDyl die labels
undifferentiated cells [169] where a mitotracker red dye labels mitochondrias with a
much higher fluorescence intensity in cardiac than in undifferentiated cells [170],
allowing separation of cardiac cells from undifferentiated cells without loosing cell
viability. Also, antibody detection of proteins present in the CMs membrane such
elastin microfibril interf 2 (EMINLINZ2) [171], the signal regulatory protein o (SIRPA)
[172] and VCAML1 [173] have been reported as useful cardiac markers. In any case,

35



INTRODUCTION

despite the fact that cardiac cells can be successfully derived and selected from iPS
cells, optimization of the existing protocols is needed, as the rendered differentiated
CMs present poor levels of maturation [174] with high interline variability [164, 167,
175]. Another suitable option is the derivation of cardiovascular progenitors, which
have been successfully differentiated from iPS cells. In particular, Isl1* cardiovascular
progenitors have been differentiated from miPS cells and have demonstrated an in vivo
contribution towards cardiovascular lineages without teratoma formation [176]. Also,
iPS-derived Flk-1" progenitors cells have been shown to engraft in the heart tissue and
to differentiate towards mature cardiac and vascular cells, improving the heart function
after their transplantation into an acute model of MI in mice [177].

3.1. Enhancing cardiac differentiation with cytokines and small molecules

Many protocols have been tested with ESC to specifically induce cardiac
differentiation (reviewed in [178]) (Table 13), that have been also later applied for iPS
specification. Initially, co-culture with the cell line END-2 was reported as a successful
method for CMs derivation, as this cell line was derived from the visceral endoderm and
plays an inductive role in the cardiac differentiation of the adjacent mesoderm [179].
Also, by emulating embryo development, stem cells have been sequentially treated with
specific growth factors required for the different stages in heart formation. Highly
purified CMs have been generated from hESC by sequential treatment with Activin A
and BMP4 [51]. A combination of other growth factors such as Activin A and FGF2
[180] or BMP4 and FGF2 [181] have also been used to increase cardiac differentiation
efficiency in hESC and hiPS cell lines. In the same way, hiPS cells have been also
successfully differentiated towards CMs after treatment with Activin A, BMP-4, basic
fibroblast growth factor (bFGF) and AA [168]. Elliot and co-workers also demonstrated
a highly efficient cardiac differentiation protocol for ESC that used BMP4 and Activin
A in combination with Wnt3a, SCF and vascular endothelial growth factor (VEGF) in
hESC [182]. In addition, sequential application of some of these cytokines (Activin A
and BMP4) together with bFGF to a cell monolayer cultured over matrigel was highly
effective for inducing cardiac differentiation of hESC and hiPS cells [183]. Also, other
growth factors such as BMP2 and FGF-10, were shown to enhance cardiac
differentiation in both ESC and iPS cells [184, 185]. In contrast, inhibition of BMP

signaling was also reported to induce CMs differentiation from mouse ESCs [186],
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suggesting that transient suppression of BMP signaling might be necessary during CMs
specification. Furthermore, manipulation of the Wnt/B-catenin signaling pathway,
which is required for mesoderm formation and heart development, can induce cardiac
specification [187]. An early treatment with the agonist Wnt3a has been shown to
increase hESC cardiac differentiation [188] and also, activation of the Wnt/B-catenin
signaling by treatment with GSK3 inhibitors such CHIR99021 has been reported to
promote cardiac differentiation of hESC and hiPS cells [189]. On the other hand, the
inhibiton of the Wnt pathway by late addition of DKK1 can induce cardiac specification
in ESC too [190]. Other groups have induced cardiac differentiation of hRESC [191, 192]
and hiPS cells [193] by treatment with the Wnt signaling inhibitors IWR-1 or IWP-4. A
time-dependent action through the Wnt/B-catenin pathway explains these apparently
contradictory results, with early activation required for cardiac differentiation and
inhibition needed for later specification of cardiac precursors [187]. The biphasic role of
TGFB has also been studied. Inhibition of TGFp/Activin/Nodal and BMP signaling
using the molecules SB431542 and dorsomorphin promoted cardiac differentiation in
ESC and iPS cell lines [194], whereas an early inhibition of TGFf signaling produced
complete inhibition of cardiac differentiation in ESCs [195, 196]. On the other hand,
Notch signaling (reviewed in [197]) also plays a critical role in cardiac differentiation
by negatively regulating the Wnt/p-catenin pathway [198]. Thus, sustained inhibition of
Notch signaling by the y-secretase inhibitor (GSI) promoted cardiac mesoderm
specification [199]. Finally, other factors like the Neuregulin-1 (NRG-1) have been
shown to induce cardiac differentiation of ESC [200, 201].

In addition, inhibitors of BMP have been shown to enhance the cardiac
differentiation from mouse ESC (mESC) [202] and AA has been also tested in ESC
[203] and iPS cells [204] showing formation of mature CMs with sarcomeric
organization and enhanced responses to [-adrenergic and muscarinic stimulations.
Other molecules, including DMSO [205], G-CSF [206], and cyclosporin-A [207] have
been identified to induce and enhance the generation of CMs from mouse and human

pluripotent stem cells.
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Table 13. Current methods for cardiac differentiation of pluripotent stem cells. Legend: BMP4:
bone morphogenic protein 4; FGF2: fibroblast growth factor 2; VEGFA: vascular endothelial growth
factor A; DKKZ1.: dickkopf homolog 1; FGF10: fibroblast growth factor 10; IWR-1: WNT signaling
inhibitor; SB431542: TGF-B/activin/nodal signaling inhibitor; dorsomorphin: BMP signaling inhibitor;
CHIR99021: GSK3 signaling inhibitor; SCF: stem cell factor, IWP-4: WNT signaling inhibitor; bFGF:
basic fibroblast growth factor; FBS: fetal bovine serum; GMEM: Glasgow Minimum Essential Medium;
DMEM: Dulbecco’s Modified Eagle Medium; RPMI: Roswell Park Memorial Institute medium;
RPMI/INS: RPMI based-media supplemented with insulin; B27: media supplement; LI-BEL: low
insulin, bovine serum albumin, essential lipids media; Stem Pro34: serum-free medium from Invitrogen;
RPMI-INS: RPMI based-media without insulin.

Embryoid Suspension EB  Activin A, 190
Bodyy p BMP4, FGF2 VEGFA, DKK1  VEGFA, FGF2 [190]
(EB) formation
FGF10 FBS/IGMEM FBS/GMEM [185]
BMP4 IWR-1 FBS/DMEM [193]
Activin A VEGFA, DKK1, (164
BMP4, FOF2 SBA431542 VEGFA, FGF2
dorsomorphin
Activin A, } - . 192
BMP4, FGF2 IWR-1 Triiodothyronine [192]
CHIR99021 RPMI/FBS RPMI/FBS [189]
Forced Activin A, FBS/DMEM FBS/DMEM [180]
aggregation FGF2
EB
BMP4, FGF2 FBS/RPMI RPMI/INS [181]
Activin A,
BMP4, FGF2, LI-BEL LI-BEL [182]
VEGFA, SCF
Cell Monolayer Slmple Activin A, 51
y Monolayer BMP4 RPMI/B27 RPMI/B27 [51]
Activin A,
BMP4, VEGFA, DKK1  VEGFA, FGF2 [173]
FGF2
Activin A,
BMP4, FGF2, LI-BEL LI-BEL [182]
VEGFA, SCF
Activin A, } ) 191
BMP4 IWR-1 or IWP-4 RPMI/B27 [191]
Activin A,
BMP4, bFGF StemPro-34 StemPro-34 [168]
Ascorbic acid
Matrix Activin A, i 183
sandwich BMP4, bEGF RPMI-INS RPMI/B27 [183]
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3.2.  Neuregulin-1 protein: role in cardiac development and cell
differentiation

NRG-1 protein belongs to the epidermal growth factor (EGF) family and it is the
only neuregulin known to be an important regulator of both cardiac development and
postnatal function (reviewed in [208]). NRG-1 can be further divided into three types.
Type | and type Il neuregulins are released to nearby cells after proteolytic processing,
signaling in a paracrine manner [209] whereas mature type Il neuregulin remain
anchored to the cell-membrane and signal to adjacent cells in a juxtacrine manner [210].
By alternative splicing, the extracellular EGF-like domain gives rises to the o and
isoforms which differ in their binding activity, exhibiting the 3 isoforms 10-100 fold
times more activity than the o isoforms [211] and being only the 3 variants biologically
active on CMs [212]. NRG-1 isoforms exert their biological effect through the
erytroblastic leukaemia viral oncogene homolog (ErbB) tyrosine kinase membrane
receptors ErbB-2, ErbB-3 and ErbB-4. These three receptors are critical for heart
development [213-215] (Figure 16) whereas ErbB-3 expression is lost in the adult heart
[216].
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Figure 16. Role of Neuregulin-1 in cardiac development (Image taken from Odiete O et al. Circ Res,
2012).
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NRG-1 ligands are produced by the microvascular ECs present in the myocardium
in response to stress conditions [217]. In CMs, NRG-1 binds to the ErbB-4 receptor,
which dimerizes with ErbB-2, leading to multiple cellular responses like the survival
and proliferation of neonatal [216] and adult CMs [216, 218, 219]. NRG-1 protein
exerts multiple effects on cardiac function including cell survival, proliferation and

calcium uptake among others by activation of multiple signalling cascades (Figure 17).
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Figure 17. Neuregulin-1 signaling cascade in cardiomyocytes. NRG-1 is expressed in the
microvascular endothelium and the ErbB-2 and ErbB-4 receptors are expressed in ventricular
cardiomyocytes. NRG-1 protein exerts multiple effects on cardiac function by activation of multiple
signalling cascades, including the phosphatidylinositol-3-kinase (PI3K)/protein kinase B (Akt),
extracellular signal-regulated kinase (Erk) 1/2, mitogen-activated protein kinase (MAPK),
phosphatidilinositol-3-kinase (PI3K)/protein kinase B (Akt) and Src/focal adhesion kinase (FAK)
pathways (Image taken from Odiete O et al. Circ Res, 2012).
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NRG-1 is involved in myocardial structure preservation by activation of the
Src/FAK (Focal Adhesion Kinase) pathway and up-regulation of the cMLCK, a cardiac-
specific myosin light-chain kinase that controls muscle contraction and sarcomeric
organization [217, 220]. Also, NRG-1 regulates calcium homeostasis implicated in
myocyte relaxation [221] and also exerts anti-adrenergic effects through nitric oxide
(NO) synthesis via the endothelial NO synthase (eNOS), reducing heart overload [222].
Other NRG-1 effects include indirect paracrine angiogenic effects on ECs through the
induction of VEGF-A release [223] and an anti-atherosclerotic effect by reducing the
cholesterol acyltransferase 1 (ACAT1) and increasing the ATP-binding cassette
transporter A-1 (ABCAL) expression in monocyte-derived macrophages [224].
Importantly, NRG-1p stimulates differentiation of embryonic CMs into cells of the
cardiac conduction system with an increase in pacemaker current density, and
transforms fetal CMs into cardiac pacemaker-like cells [225]. Moreover, it has been also
demonstrated the capacity of NRG-1 to induce cardiac differentiation of ESC,
significantly increasing the number of beating embryoid bodies (EBs) derived from
murine ESC which up-regulated the expression of specific cardiac genes such as
Nkx2.5, Gata4, aMhc, pfMhc and Actinin [200]. Interestingly, it has been shown that
NRG-1p can also modulate the ratio of nodal to working-type cells in differentiating
hESC. The inhibition of NRG-1B/ErbB signalling greatly enhanced the proportion of
cells with nodal phenotype, while the treatment with additional exogenous NRG-1f3
increased the fraction of working-type cells [201]. Thus, by manipulating NRG-
1B/ErbB signaling, it might be possible to generate enriched working-type CMs for their

use in infarct repair therapy.

Furthermore, many in vivo studies have established the therapeutic potential of
NRG-1, showing a positive effect on heart function and survival. In rats with heart
dysfunction, intravenous doses of recombinant human NRG-13 (rhNRG-1) improved
cardiac function and increased capillary density in the fibrotic peri-infarct area [226].
Similar beneficial effects on cardiac function were reported in models of anthracycline
and virally induced cardiac injury in mice where the rhNRG-13 administration similarly
improved cardiac contractility and relaxation [226, 227]. Moreover, under pathological
conditions, NRG-1f induces in vivo proliferation of differentiated CMs and promotes
myocardial regeneration and decreased hypertrophy, leading to improved function after

MI in mice [228]. In other MI animal models, it has been also demonstrated the benefit
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of NRG-1 on cardiac function, contributing to improve ventricular remodeling and
reducing mitochondrial dysfunction, CMs apoptosis and oxidative stress [229, 230]. In
addition, administration of exogenous NRG to endothelium-specific NRG knockout
mice, fully reversed the effects of endothelium-selective NRG deletion after Ml, leading
to a significantly smaller infarct size. This data supports the idea that endothelium-
derived NRG protects the heart against ischemic injury [231].

Thus, all these beneficial effects on the biology of the heart suggest that NRG-1
protein may provide a molecular strategy to promote cardiac regeneration. Finally, two
recent clinical assays have been carried out in Australia and China [232, 233]. Patients
with heart failure received daily intravenous infusions of the EGF domain rhNRG-1f3
for 10 days. Three months later, improved cardiac function was observed,
demonstrating that treatment with NRG-1p in patients with cardiac dysfunction can

produce favourable hemodynamic effects.

3.3.  Partial and direct cell reprogramming for cardiac differentiation

Even though methods for safe and efficient iPS cells derivation are being rapidly
developed, their tumorigenic potential remains as a major limitation for clinical
applications. Overcoming this problem will require careful optimization of methods for
differentiation, isolation, and/or characterization of the cells to be transplanted. In this
regard, a protocol allowing differentiation of murine embryonic fibroblasts into CMs
through an initial partial de-differentiation proved to be a fast and efficient manner for
cardiac cell production (Figure 18) and was first described by Dr. Efe and coworkers.
Briefly, fibroblasts were transduced with four reprogramming factors (OSKM) and
cultured in reprogramming media (without LIF cytokine and with an inhibitor of the
JAK-STAT pathway) for nine days before they were induced for cardiac differentiation
via BMP4 treatment [234]. Along the same lines as this new method, a similar partial
reprogramming protocol was successfully followed to generate neural progenitors [235]
and NSC [236]. Thus, with this unique strategy, induction of a transitory or parcial
undifferentiated state could favor cell specification towards a concrete differentiated cell
type. There would be still a risk of acquiring a pluripotent state with tumorogeneic
potential, so a third option is being also tested, which is the direct reprogramming of a
somatic cell into an alternative adult cell, in this case, without inducing a total or partial

cell de-differentiation first. In fact, direct reprogramming is not a new concept. It has
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been long known since it was established that, for example, exogenous expression of
MyoD can directly convert murine fibroblasts into skeletal muscle cells [237]. Also, B
cells can be reprogrammed into macrophages by enforced expression of ¢/Ebpa and
c/Ebpg transcription factors [238] and T cell progenitors reprogrammed to macrophages
and dendritic cells by inducing c/Ebpa and Pu.l transcription factor expression [239].
Other groups have also demonstrated that fibroblasts can be directly derived towards
different cell types like macrophages [240], neuronal cells and NSC [241, 242], blood
progenitors cells [243] and hepatocytes [244, 245] by overexpression of defined sets of
transcription factors combined with different chemical molecule treatments.
Furthermore, direct lineage conversion of terminally differentiated hepatocytes into
functional neurons has been also shown, demonstrating that lineage reprogramming is
possible between cell types derived from different germ layers [246]. Moreover, within
the cardiovascular field, reprogramming of fibroblasts into functional ECs has been also
recently reported. Human fibroblasts were transduced with the OSKM reprogramming
factors for four days and then treated with VEGF to induce endothelial differentiation.
Interestingly, increased angiogenesis and blood flow was observed after their
transplantation in a hindlimb ischemia mouse model [247]. Moreover, direct
transdifferentiation of mouse mesoderm to beating CMs was achieved through over-
expression of two transcription factors, Gata4 and Tbhx5, and a cardiac-specific subunit
of BAF chromatin-remodeling complexes, Baf60c [248]. All these findings show the
possibility of modifying the global gene expression pattern of the cells and, more
importantly, it demonstrates their unexpectedly great plasticity. Making a step forward,
a recent report has described successful in vitro transdifferentiation of somatic cells into
functional CMs [249]. For this, Dr. Srivastava and colleagues found that over-
expression of only three transcription factors, Gata4, Mef2c and Tbx5 in cardiac or
dermal fibroblasts was sufficient for reprogramming into CMs (Figure 18). Importantly,
this capacity was also shown in vivo following local delivery of these three transcription
factors [250-252] and the effect was enhanced by addition of thymosin B4 [253].
Fibroblast-derived cells expressed CMs markers, showed sarcomeric organization,
became binucleated, presented contractile potential and were electrically coupled.
Moreover, a smaller infarct size and improved cardiac function was detected in the
treated animals three months post-infarction. Similary, in vivo reprogramming of

endogenous cardiac fibroblasts into CMs was also recently reported after
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overexpression of Gata4, Hand2, Mef2c and Thx5 [251]. Although this new approach
holds promise, it might require optimization since a recent study found that CMs
generated using this technique (with Gata-4, Mef2c, and Tbx5) failed to express typical
cardiac genes, showed incomplete functional maturation, and displayed poor survival

after transplantation in a model of Ml [254].
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Figure 18. Strategies for cardiac regeneration therapy. Cardiomyocytes (CMs) can be successfully
derived from iPS cells by in vitro treatment with different cytokines and cardiac growth factors.
Moreover, a partial reprogramming protocol from somatic cells through over-expression of Oct3/4, Sox2,
KlIf4 and c-Myc but without clonal isolation of iPS cells and following cardiac differentiation has been
demonstrated to be a fast and relatively efficient manner for CMs generation. Furthermore, CMs can be
directly obtained from a somatic cell without first coming into a pluripotent state, by over-expression of
cardiac transcription factors. New discoveries have shown that resident non-myocytes in the murine heart
can be reprogrammed into cardiomyocyte-like cells in vivo by local delivery of Gata4, Mef2c and Tbx5
transcription factors.
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Finally, microRNA-mediated transdifferentiation is also plausible. A single
transfection of the mirRNAs 1, 133, 20, and 499 has been shown to directly convert
cardiac fibroblasts into CMs. Moreover, this was demonstrated both in vitro and in vivo,
following delivery of these mirRNAs to ischemic mouse myocardium. The resulting
CMs showed expression of typical mature cardiac markers and sarcomeric organization,
and exhibited spontaneous calcium transients [255]. Taken together, these findings are
extremely encouraging as they offer the possibility of reprogramming heart endogenous
fibroblasts into functional CMs. However, the efficiency of direct reprogramming

remains very low and must be improved for future regenerative use.

4. iPS CELLS FOR APPLICATION IN CARDIAC DISEASE

Despite the unquestionable scientific and therapeutic potential of iPS cells,
additional research and optimization will be required to enable future clinical
application of this technology. In fact, it is essential that we acquire a deeper
understanding of technical and biological aspects related to iPS cells generation and
differentiation and standardization of cell transdifferentiation protocols, as well as the
complex genetic and epigenetic mechanisms of cell reprogramming. Other practical
limitations such as the improvement of in vivo cell engraftment and survival degree (a
generally observed caveat in stem cell therapy) need also to be solved. In order to
circumvent this last issue, new strategies such as the co-transplantation of iPS cells with
other cell types that could favor their survival in heart tissue, are being assayed. Thus, it
has already been demonstrated that co-transplantation of ESC and mesenchymal stem
cells (MSC) into the ischemic heart can provide better functional preservation than a
single-cell treatment [256]. MSC can act in a paracrine manner (reviewed in [257])
secreting growth factors that would favor cell survival and also enhance different tissue
regenerative processes like tissue revascularization [258] and positive tissue remodeling
[259]. Furthermore, MSC might modulate the immune response [260], which could
allow the stabilization of the transplanted cells. In fact, it has been shown in a
preclinical pig model of MI that the co-administration of hiPS cells with MSC
considerably increased the hiPS cell retention in the myocardium [261]. In this study,
cell engraftment was detected 15 weeks post-injection and iPS-derived ECs were found
integrated into the cardiac vasculature.
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Furthermore, it has become clear that combining these therapies with tissue
engineering techniques allowing the creation of cell sheets and patches, can increase
stem cell survival and boost therapeutic action (reviewed in [262]). Indeed, creation of
human cardiac cell sheets using hiPS cells was recently reported, and hiPS derived-CMs
sheets displayed spontaneous and synchronous beating and electrical transmission
between cell layers [263]. Moreover, transplantation of stem cell populations within
bioengineered scaffolds has led to greater improvement of cardiac function in animal
MI models [264, 265] and has even allowed for the generation of engineered human
cardiac tissue [266]. For example, a recent report has shown the benefit of transplanting
a matrix composed by a mixture of SSEA1" cardiac progenitors derived from nonhuman
primate ESC and adipose derived stem cells (ADSC), providing new differentiated CMs
and exerting a trophic support, respectively [267]. Also, when hESC derived-CMs and
vascular cells were seeded onto poly-I-lactic acid (PLLA) scaffolds, a highly
vascularized cardiac tissue with structural, molecular and functional cardiac properties
was generated in vitro. In another recent study, a functional improvement was shown in
a porcine model of M1 after transplantation of a fibrin scaffold patch seeded with hESC-
derived ECs and SMC [268]. Also, other relevant reports on myocardial tissue
engineering have been published showing the benefit of scaffold-free myocardial
constructs transplantation. Dr. Stevens and colleagues created heart patches by
combining hESC derived-CMs, endothelial and stromal cells that markedly enhanced
tissue vascularization and survival after their transplantation into rodent hearts [269].
Similar positive effects were reported in the context of the use of an ESC-derived
cardiac tissue sheet in a rat model of MI [270]. Also, based on this knowledge, tissue
patches have been created with cardiovascular cells derived from iPS. Thus, the
generation of a three-dimensional (3D) human cardiac tissue patch by combining
collagen type | and hESC-derived and also hiPS derived-CMs has also recently been
reported [271]. CMs showed alignment and proliferation within the collagen 3D matrix
when subjected to mechanical stress. Also, formation of a vascular network within the
bioengineered human cardiac tissue was demonstrated when ECs and stromal cells were
co-cultured with the CMs. Moreover, when cardiac constructs were transplanted into
immunodefficient rat hearts, human myocardium survived and formed grafts that
closely resembled the host myocardium. Other studies have been reported, showing the
functional benefit derived from the use of an iPS-derived cardiac tissue in mouse [272]

and pig [273] models of MI. Dai and colleagues showed the efficacy of transplantating a
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tricell pacth containing iPS derived-CMs, ECs and MEFs in an infarcted mouse model,
which led to improved the cardiac function and attenuated the degree of adverse tissue
remodeling fibrosis [272]. Interestingly, the therapeutic benefit of hiPS derived-CMs
sheets in a porcine model of MI was also reported [273], resulting in significantly
improved cardiac function and attenuated left ventricular remodeling following
ischemic damage. Importantly, few surviving cells were found when hiPS cell-derived
CM grafts were monitored eight weeks after transplantation, and no teratoma formation
was observed. This report suggests that iPS-derived cardiac tissue could be
therapeutically effective and safe for their use in cardiac regeneration therapy.
Moreover, a recent study has reported the mechanical integration of hRESC-derived CMs
in a pig model of MI [274], demonstrating cell integration with synchronized
contractions within the host myocardium four weeks after their transplantation, reducing
susceptibility to arrhythmia and preserving mechanical function. Therefore, combining
different cell populations and using tissue-engineering platforms might result in
improved engraftment and survival of the transplanted cells, subsequently boosting their

therapeutic effects.

5. iIPS CELLS FOR TREATING DISEASE AND DRUG TESTING

The potential use of iPS-derived cells for the treatment of disorders has not only
been shown in animal models of cardiac disease but also in others like Parkinson, spinal
cord injury or muscular dystrophy. The group of Dr. Werning demonstrated that
neurons derived from reprogrammed fibroblasts functionally integrated into the brain
and improved symptoms of parkisonian rats [275]. Also, Dr. Tsuji and coworkers
showed that iPS-derived neurospheres differentiated into the neural lineages after their
transplantation into the damaged spinal cord, promoting locomotor function recovery
[276]. Similar transplantation strategies have been performed in a mouse model of
muscular dystrophy. Myogenic precursors were derived from hiPS cells and were
transplanted into the dystrophic mouse muscle, engrafting and differentiating towards
myofibers that significantly improved muscle contractility [277]. On the other hand, iPS
cells have been proven to be useful for repairing disease caused by mutations. In a
pioneer study, it was demonstrated that iPS cells could exert a therapeutic effect in an
animal model of sickle cell anemia [278]. In this work, iPS cells were generated from

hematopoietic cells isolated from a transgenic mouse that carried the B-globin gene
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mutation that was then repaired by gene specific targeting. Afterwards, directed
differentiation of the repaired iPS cells into hematopoietic progenitors was performed
and transplantation of these progenitors into the transgenic mouse led to the rescue of
the disease phenotype. In addition, phenotypic correction of hemophilia A in mice
transplanted with iPS derived-endothelial progenitors cells has been also demonstrated
[279] and genetic correction has also been applied to iPS cells derived from patients
with disorders like Fanconi anaemia disease [280]. Patient-derived fibroblasts could be
repaired by transduction with lentiviral vectors encoding the Fanca gene and next be
reprogrammed into iPS cells with a normal phenotype, deriving, when differentiated,
towards functional hematopoietic progenitor cells. Furthermore, genetic correction of
Huntington’s Disease (HD) in fibroblast-derived iPS cells, has also recently been
reported [281]. hiPS cells derived from HD patient fibroblasts could be corrected by the
replacement of the mutation in the huntingtin gene by homologous recombination, with
a persistence of the correct genotype in the differentiated neurons, both in vitro and in
vivo. Finally, targeted gene correction has also been shown in iPS cells derived from
patients with Duchenne muscular dystrophy (DMD) [282], laminopathy disorders [283],

Wilson’s disease [284], granulomatous [285] and B-thalassemia disease [286].

In addition to their regenerative capacity, iPS cells can constitute also an
important tool for modeling cardiac diseases, allowing to study the molecular
mechanisms involved in different syndromes and to test specific drug targets (Figure
19). Several laboratories have already addressed the efficacy of drugs or small
molecules for correcting or improving the disease phenotype for familial dysautonomia
[287], spinal muscular atrophy [288] and Rett syndrome [289]. Thus, for example, the
group of Dr. Lee and colleagues [287] derived iPS cells from patients with familial
dysautonomia, a rare genetic disorder of the peripherial nervous system caused by a
mutation in the Ikbkap gene and, after drug screening with different compounds,
showed that the disease phenotype could be partially repaired by kinetin, a plant
hormone. Similarly, drug screening in amyotrophic lateral sclerosis (ALS) patient-
specific iPS cells, identified the anacardic acid (a histone acetyltransferase inhibitor) as

a compound that could prevent the motor neuron degeneration [290].
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Figure 19. Clinical applications of iPS cells. Generation of iPS cells from somatic cells have broadened
the horizon for regenerative therapy as these cells present the potential to model and treat human disease.
Patient-specific iPS cells can be derived from somatic cells by ectopic expression of the transcription
factors Oct3/4, Sox2, KlIf4 and c-Myc, to be next in vitro differentiated towards the desired cell subtype,
allowing to model the patient’s disease and to screen potential drugs. Alternatively, iPS cells derived from
a patient with a known mutation could be genetically repaired and, once corrected, undergo
differentiation into the desired cell type to be transplanted into the patient. The derivation of iPS cells
presents great potential for stem cell therapy but it is necessary to generate a reproducible differentiation
system for the establishment of patient specific disease models, for drug screening and target validation
and for the establishment of future autologous cell-replacement therapies.

The generation of iPS cells from patients having genetic cardiac disorders has
already been shown too. For instance, iPS cells have been derived from patients with
LEOPARD syndrome, and the in vitro-derived CMs presented the disease phenotype
[291]. Also, hiPS cell-derived CMs from patients with long-QT syndrome displayed the
characteristic electrophysiological signatures of the disease [292-295]. Similar findings
were observed for human iPS cell-derived CMs from patients with familial dilated
cardiomyopathy and Brugada syndrome [296, 297]. Using these cells as a model,
studies have analyzed the potential therapeutic efficacy of drugs or small molecules for

correcting cardiac disease phenotypes. In this regard, it was reported that CMs derived
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from long-QT syndrome iPS cells were susceptible to catecholamine-induced
tachyarrhythmia, and that the effects of isoprenaline, which exacerbated the disease
phenotype, could be attenuated by treatment with [3-adrenergic receptor blocker [292].
Moreover, type-Il long-QT syndrome has also been modeled using iPS-derived CMs
[293], which were used to evaluate the therapeutic potency of existing and new
pharmacological agents. It was identified that the long-QT behavior of the CMs was
aggravated by potassium channel blockers, whereas nifedipine (a calcium channel
blocker) and pinacidil (an agonist of ATP-sensitive potassium channels) ameliorated the
long-QT syndrome phenotype, as shown by decreased duration of action potentials and
elimination of arrhythmias. Finally, catecholaminergic polymorphic ventricular
tachycardia (CPVT) was also studied using hiPS cells, and the arrhythmogenic disease
phenotype could be abrogated following treatment with dantrolene, a drug effective on
malignant hyperthermia [298]. Thus, important advances are likely to stem from the use
of iPS cell-related disease models, which can be utilized to study mechanisms of cardiac
pathogenesis, to identify cardiotoxic effects of drugs, and to characterize the protective
effects or optimal doses_of therapeutic agents.

In summary, the ability to induce a pluripotent state in somatic cells offers
attractive new therapeutic options and provides possible tools for obtaining a deeper
understanding of human disease. Although the use of iPS cells seems ideal for
regenerative medicine, there are many aspects of this technology that need to be
improved and assessed before clinical application becomes a reality. Indeed,
optimization of non-integrative methods for cell reprogramming, cell
differentiation/selection protocols, and in vivo functionality will be required prior to
clinical translation of these techniques. In this regard, direct reprogramming or
transdifferentiation strategies, which can allow generation of progenitors and mature
cells from human somatic cells without establishing initial pluripotency, might lead to
safer protocols. These approaches could avoid the danger associated with residual
pluripotent stem cells that are capable of forming teratomas. In any case, greater efforts
should be made to improve current standard approaches and to better understand the
molecular processes involved in cell reprogramming. Furthermore, new bioengineering
strategies could increase the efficacy of iPS cell-derived transplants by improving their
engraftment, survival, and functionality in tissues. Also these techniques offer the

possibility of creating tissue patches in vitro that could be transplanted into injured
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organs to mediate repair. Finally, this technology can be used to generate reproducible
systems that model patient-specific disease, facilitating drug screening and target

validation.

Taken together, the reprogramming of somatic cells into iPS cells offers exciting
new tools that can be used to gain molecular insight into cardiac diseases and the
potential to develop novel regenerative therapies.
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HYPOTHESIS AND OBJECTIVES

The generation of induced pluripotent stem (iPS) cells represents a great promise
for cardiovascular research and therapeutic applications. The ability of iPS cells to
differentiate into cardiomyocytes has been recently described although their immature

phenotype has been revealed by electrophysiological studies.

Interestingly, it has been described the importance of NRG-1p protein in heart
development as well as its role in ESC cardiac differentiation and cardiomyocytes

survival and proliferation.

Thus, the hypothesis of our study is that NRG-1p protein may provide a
molecular strategy to promote cardiac specification and maturation in iPS cells and that
iPS-derived cardiomyocytes could contribute to the regeneration of damaged heart

tissue after myocardial infarction.

Based on these premises, this thesis attempts to fulfill the following objectives:

1. To generate and characterize clones of iPS cells from adult fibroblasts derived from

an aMHC-GFP transgenic mouse.

2. To analyze the in vitro differentiation potential of iPS cells into cardiac cells and

determine the role of the NRG-1f protein in cardiac specification and maturation.

3. To establish an optimized acquisition and analysis protocol for echocardiographic

evaluation of heart left ventricle remodeling, in a mouse model of myocardial infarction.

4. To study the regenerative potential of the iPS-derived cardiomyocytes in a model of

acute myocardial infarction in mice.
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1. GENERATION OF INDUCED PLURIPOTENT STEM CELLS

1.1. Mouse tail fibroblasts isolation

Mouse fibroblasts were isolated from the tail of 6-8 weeks old aMHC-GFP
DBA/2) female mice (generously donated by Dr. LJ. Field, Indianapolis University,
Indiana, United States) (ethical protocol #099-09 approved by the University of
Navarra, Institutional Committee on Care and Use of Laboratory Animals). The tail was
longitudinally cut to separate the skin from the bone, and the dermis cut into 1 cm
pieces and subjected to mechanical and enzymatic digestions (4 rounds of 15 minutes
with 4 mg/ml of Collagenase-1 (Gibco) at 37°C). After centrifugation (600 x g, 10
minutes), the cells were resuspended in standard culture D10 media (DMEM HG
(Gibco), 10% Fetal Bovine Serum (FBS) (Biochrom) 1% L-glutamine (Gibco) and 1%
penicillin-streptomycin (Biowhittaker)) supplemented with 10 ng/ml of basic fibroblast
growth factor (bFGF) (Sigma-Aldrich) and maintained in culture for 7 days in 0.1%
gelatin (Sigma) coated dishes at 37°C in 5% CO, and humidified atmosphere. The
bFGF concentration was gradually reduced (10 — 1 ng/ml) until the day before use.
Cells were passaged every 2-3 days at a splitting ratio of 1:4 and used within three

passages to avoid replicative senescence.

1.2. Mouse embryonic fibroblasts isolation, expansion and irradiation

DBA/2J mice embryos of 14.5-15.5 days post coitum (p.c.) were extracted from
their placenta and surrounding membranes and dissected to remove the limbs, brain,
internal organs and guts (ethical protocol #110-10 approved by the University of
Navarra, Institutional Committee on Care and Use of Laboratory Animals). The
embryos were washed with DMEM and subjected to 3-4 cycles of mechanical and
enzymatic digestions with 0.5% Trypsin: 2 g/L EDTA (Gibco) for 10 minutes at 37°C
and occasional mixing by vortex. Pooled supernatants were collected and filtered
through a 40 um nylon cell trainer (BD) to remove debris. Cells were centrifuged at 600
x g for 10 minutes and the pellet resuspended in D10 media plus 2 ng/ml of bFGF
(Sigma). Cells were splitted every 2-3 days at a 1:3 ratio for a maximum of three

passages before use (Figure M1A).
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MEFs at passage 3 were irradiated at 50 Gy in a GammaCell irradiator
(Gammacell 3000 Serial #375 Irradiator, MDS Nordion). No changes in cell viability
were detected after irradiation. Next, cells were centrifugated (600 x g, 5 minutes) and
frozen in freezing media (50% FBS and 10% of dimethyl sulfoxide (DMSO) (Sigma) in
DMEM) at a cellular density of 2.5 x 10° cells/cryovial. Cells were immediately stored
at -80 °C in freezing containers (Nalgene) and transferred the next day to liquid nitrogen
tanks for long-term storage. When needed, frozen cells were thawed and plated at a
cellular density of 4 x 10* cells/cm? onto 0.1% gelatin coated dishes the day before use
(Figure M1B).

Figure M1. Mouse embryonic fibroblasts (MEFs) for iPS cell culture. A) Embryonic fibroblasts from
mice embryos (14.5 p.c.) at passage 2. B) Irradiated embryonic fibroblasts at passage 3. Scale bars: 100
um.

1.3.  Retroviral infection and iPS cell generation

For virus production, Plat-E packaging cells (Cell Biolabs) were expanded in 1
ug/ml puromycin (Sigma) and 10 upg/ml blasticidin S (Fluka)-supplemented D10
medium at a splitting ratio of 1:4 - 1:6. The addition of puromycin and blasticidin-S
allows the positive selection of those cells containing the structural genes gag-pol and
env along with resistance genes against the two drugs. A day before transfection, Plat-E
cells were plated in 200 mm Petri dishes at a cellular density of 1 x 10° cells/cm? in D10
media without puromycin and blasticidin-S. To transfect Plat-E cells 27 ul of the
Fugene 6 transfection reagent (Roche) was added to 300 ul DMEM, mixed gently, and
incubated for 5 minutes at room temperature (R/T). Nine micrograms each of the pMXs
plasmids individually containing the reprogramming factors Oct3/4, Sox2 and Klf4
(Addgene) was added to the Fugene-DMEM mix and incubated for 15 minutes at R/T
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(Figure M2). Finally, the complete transfection mix was added dropwise into the
medium of Plat-E cells (10 ml) and incubated overnight (o/n) at 37°C, 5% CO,,

iPS cell Generation

-d7 -ds do di1 d2 d3 d28
Thaw solate Plate Transfect Change [ Collect Plat-E Pick up
Plat-E Fbs Plat-E | Plat-E medium | media and clones
Plat-E infect Fbs
Oct3/4
@ ®
Sox2 Klif4

Figure M2. iPS cells generation protocol. iPS cells were obtained from adult fibroblasts (Fbs) derived
from the mouse tail. Plat-E cells were transfected with retrovirus carrying the reprogrammning factors
Oct3/4, Sox2 and KIf4. Equal amounts of each retrovirus supernatant were mixed and transferred to the
fibroblasts (passage 2-3). Three weeks post-infection, some iPS clones started to appear and at day 28
were selected and maintained in culture onto irradiated embryonic murine fibroblast feeders.

Twenty-four hours after transfection, the media was replaced and the virus-
containing supernatant collected after another 24 hours. Supernatants were filtered
through a 0.45 um pore size filter and supplemented with 4 pg/ml polybrene (Sigma).
Equal amounts of each retrovirus supernatant were mixed and transferred to the
fibroblasts (passage 2-3) at 2 ml/well (Figure M3A). Cells were incubated o/n at 37°C,
5% CO,.. A pMXs-GFP vector (Addgene) was used as control for transfection (Figure
M3B).

On days 1 and 2 post-infection, media was replaced with fresh D10 media and at
day 3, standard media was switched to iPS media (DMEM HG (Gibco), 15% Knock-out
serum replacement (Gibco), 1% nonessential amino acids (BioWhittaker), 1%
penicillin-streptomycin  (BioWhitakker), 1% L-glutamine (Gibco), 0.1 mM -
mercaptoethanol (Gibco) and 10° units/ml leukemia inhibitory factor/LIF (Chemicon)).
From this day on, media was changed every day. Three weeks after infection, defined
colonies started to appear and at day 28 each individual iPS colony was isolated and

disaggregated into single cells by treatment with 0.5% Trypsin: 2 g/L EDTA (Gibco)
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for 30 minutes at 37°C. iPS clones were then transferred onto a 24-well plate coated
with MEFs and maintained in iPS culture media. After one week, colonies were
passaged onto feeder coated 6-well plates and from there on, frozen and characterized in
the following passages. Cells were split every 2-3 days at a ratio of 1:6 — 1:8, depending
on cell density and not allowing a confluence greater than 80% in any case. The media
was changed every day. When spontaneous differentiation became apparent, cells were
split at a ratio of as high as 1:12 to rescue the cultures. When it was impossible to
reverse the differentiation, undifferentiated iPS colonies were individually picked-up in

the same manner as in picking-up colonies during an iPS derivation experiment.

Figure M3. iPS cell generation after tail fibroblasts retroviral infection. A) Tail fibroblasts from 6
week-old mice at passage 1. B) Tail fibroblasts infected with GFP as control for infection. Scale bars: 50
um.

2. CHARACTERIZATION OF iPS CELLS

2.1.  RNA isolation, reverse transcription and quantitative PCR

Total RNA from iPS cells was extracted using the Ultraspect total RNA isolation
kit (Biotecx Laboratories). Two million cells were homogenized with 1 ml of Ultraspect
reagent and mixed with 200 ul of chloroform. After centrifugation, the aqueous layer
was collected and RNA precipitated with an equal volume of 2-propanol and washed
and dissolved in DEPC-treated water. RNA yield was measured using a NanoDrop
spectrophotometer (Thermo Scientific). Next, samples were treated to remove genomic
DNA contamination with the Turbo DNA free kit (Ambion). One-ten ug of RNA were
mixed with a Turbo DNase Buffer and 1 ul of Turbo DNase in a final volume of 50 pl
and then incubated at 37°C for 30 minutes. Next, 5 pl of 10X DNase Inactivation
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Reagent was added to the samples and incubated 2 minutes at R/T. After centrifugation
at 10000 x g for 90 seconds, the RNA was collected and the inactivation reagent

removed. The RNA yield was again measured with a NanoDrop spectrophotometer.

Purified RNA was next reverse transcribed into complementary DNA (cDNA)
using the Superscript Il Reverse Transcription Kit (Invitrogen). One ug of RNA was
mixed with 5 pl of random hexamers (100 ng/ul) in a final volume of 20 ul and a
preliminary annealing step performed (70°C for 10 minutes and 25°C for 10 minutes).
For the cDNA synthesis, a master mix was prepared with 8 uL 5X First Strand Buffer, 4
ul of 0.1 M DDT, 2 ul of 10 mM dNTPs, 1 ul of RNAsa OUT, 1 ul of SuperScript Il
enzyme and 4 pl of distilled water. Finally, 20 pl of the master mix was added to the
first reaction mix (annealing step) for cDNA synthesis (25°C for 10 minutes, 37°C for
45 minutes, 42°C for 45 minutes and 70°C for 15 minutes). Retrotranscription was
performed in a 2720 Thermal Cycler (Applied Biosystems, Foster City, CA, USA).

cDNA solutions were finally diluted to a final volume of 160 pl with distilled water.

Two microliters of the diluted cDNA solution was added to each quantitative PCR
(QPCR) composed of 6 ul 10X Syber Green Master Mix (Applied Biosystems), 0.5 ul of
5 uM forward primer (Sigma), 0.5 ul of 5 uM reverse primer (Sigma) and 3 pul of PCR-
grade water. The gPCR reactions were carried out in the 7300 real-time PCR system
(Applied Biosystems) using the following program: Stage | (1 cycle of 50°C for 2
minutes), Stage Il (1 cycle of 95°C for 10 minutes), Stage 111 (40 cycles of 95°C for 15
seconds and 60°C for 1 minute) followed by a dissociation stage (1 cycle of 95°C for 15
seconds, 60°C for 60 seconds, 95°C for 15 seconds, and 60°C for 15 seconds).

Mouse Gapdh (Applied Biosystems) was used as housekeeping gene. RNA from
mouse D3 embryonic stem cell line (ATCC, CRL-1934) was used as positive control to
normalize the pluripotent genes and total mouse heart RNA (Clontech) was used as
positive control to normalize the cardiac genes. Specific primers were designed by

Primer 3 Software (http://primer3.sourceforque.net/) (Table M1) with annealing

temperatures at 60°C and in a way that amplicons spanned or encompassed large introns

if possible. By nucleotide BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cqi), primers

were verified to have not any sequence homology with other transcripts. Primers were

tested before their use to verify no dimer formation.
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To test for silencing of the retroviral transgenes expressed for cell reprogramming,
gPCR was carried out in the same manner but using primers that distinguish between
endogenous and total transcripts (total transcripts meaning both endogenous and viral
transcripts) as described by Takahashi & Yamanaka [53] (Table M1).

Table M1. gPCR primers for stem cell pluripotency markers (Endo: endogenous gene expression, Total:
viral plus endogenous gene expression).

ESC markers | Sense Antisense

Endo Oct3/4 TAGGTGAGCCGTCTTTCCAC GGTGAGAAGGCGAAGTCTGA
Endo Sox2 AAGGGTTCTTGCTGGGTTTT AGACCACGAAAACGGTCTTG
Endo KIf4 ATTAATGAGGCAGCCACCTG ACGCAGTGTCTTCTCCCTTC
Endo c-Myc TGAAGGCTGGATTTCCTTTG TTCTCTTCCTCGTCGCAGAT
Total Oct3/4 CACGAGTGGAAAGCAACTCA TTCATGTCCTGGGACTCCTC
Total Sox2 ACTTTTGTCCGAGACCGAGA CTCCGGGAAGCGTGTACTTA
Total KIf4 AAAAGAACAGCCACCCACAC TGGTAAGGTTTCTCGCCTGT
Nanog CGCCATCACACTGACATGAG GAGGCAGGTCTTCAGAGGAA
Ecat-1 TGCCTGGAAGATCCAAAAAG TGTGCTCTCCATCCTTACCA
Eras CCTACTGCCCCTCATCAGAC TTTGTAGGCAAAGCCATTCC
Rex1 CCACTGACCAAAAAGCAGGT CCACTTGTCTTTGCCGTTTT
Fbx15 TGCCAATTGTTGGGAGTACA CATGCTGCTTCGTGACAGAT

2.2.  Alkaline phosphatase staining

Alkaline phosphatase staining was performed using the Leukocyte Alkaline

Phosphatase Kit (Sigma). The cells were fixed 15 minutes at R/T with Zn-Formalin
(Thermo Scientific), washed 3 times with PBS and incubated 10 minutes in dark with
the alkaline phosphatase solution. Cells were further washed and blue staining (that
indicates alkaline phosphatase activity) determined. D3 cell line and MEFs were used as

positive and negative controls respectively.

2.3.  Immunofluorescence for pluripotent markers

For immunofluorescence staining, iPS cells were plated on gelatin-coated 6-well
plates with three 15 mm cover slips each well. After 2 days, cells were fixed with Zn-
Formalin (Thermo Scientific) for 10 minutes at R/T and washed thrice with PBS. At this

stage, cells could be stored at 4°C in PBS. For detection of pluripotency markers, cells

64



MATERIAL AND METHODS

were permeabilized with 0.1% Triton X-100 for 30 minutes at R/T and then washed
thrice with PBS for 5 minutes each. Primary antibodies (Table M2) diluted in 3%
bovine serum albumin (BSA) in PBS, were added and incubated during 30 minutes at
37°C. Finally, cover slips were washed thrice with PBS for 5 minutes each, and Cy3-
conjugated secondary antibodies (Table M2) diluted in the same solution as the primary
antibodies were added and incubated during 30 minutes at 37°C in the dark. For nuclear
staining, TOPRO-3 (Molecular Probes) was mixed at a 0.02 mM concentration in a
solution of PBS:glycerol (1:1). Small drops of mounting medium were added on a glass
slide (two per slide) and cover slips were placed upside down on TOPRO-3 to stain. D3
cell line and MEFs were used as positive and negative cell controls respectively. All
photographs were taken on a Zeiss LSM 510 META laser confocal microscope (Carl
Zeiss, Germany) and analyzed with a computerized system (AIM 4.2, Carl Zeiss, Jena

GbmH, Germany).

Table M2. Antibodies used in immunofluorescence techniques for iPS cells characterization.

Type Antibody Host Manufacturer | Catalog No. | Dilution
Primary Oct3/4 Rabbit | Santa Cruz sc-9081 1:50
Primary Nanog Rabbit | Abcam Ab80892 1:100
Secondary | Anti-rabbit IgG Cy3-conjugated Sheep Sigma-Aldrich C2306 1:1500
Secondary | Anti-mouse IgG Cy3-conjugated | Sheep Sigma-Aldrich C2181 1:1000

2.4.  Teratoma formation assay

To test in vivo iPS pluripotency, 1 x 10° cells were subcutaneously transplanted
into the dorsal flanks of 6-8 weeks old Rag2-/-yc-/- male mice (generously donated by
Dr.Spits, Academic Medical Center of Amsterdam, Netherlands) (ethical protocol #112-
10 approved by the University of Navarra, Institutional Committee on Care and Use of
Laboratory Animals). Mouse adult fibroblasts used to generate the iPS cells, non-
irradiated MEFs and the mouse embryonic stem cell line D3, were also injected as
negative and positive cell controls respectively. Six-eight weeks later, the developed
tumours were dissected and fixed in 10% formalin (Thermo Scientific) for 24 hours and

processed for paraffin inclusion. Paraffin embedded samples were sectioned and stained
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with hematoxylin-eosin following conventional protocols for histological analysis.
Presence of differentiated cells representative of the three embryonic germ layers was

considered indicative of iPS pluripotency.

3. INVITRO DIFFERENTIATION

3.1.  Cardiac differentiation protocol

For iPS cardiac differentiation, iPS cells were previously plated onto 0.1% gelatin
coated dishes to eliminate contaminating MEFs. Two days later, iPS colonies were
flushed and cultured on Ultra Low Attachment Culture Dishes (Corning) to allow
embryoid bodies (EBs) formation (day -5). EBs were maintained in suspension during 5
days in differentiation media (DMEM High Glucose (Gibco) medium supplemented
with 10% FBS (Biochrom), 1% L-glutamine (Gibco) and 1% penicillin-streptomycin
(Biowhittaker) and afterwards, plated onto gelatin coated dishes (d0) and treated at days
1, 3 and 5 with 1% DMSO (Sigma-Aldrich) or 100 ng/ml NRG-1p protein
(ImmunoTools) or the combination of both treatments. One week later, when beating
colonies appeared, media was replaced by a specific media for cardiac cells (Claycomb
media (Sigma-Aldrich) supplemented with 10% FBS (Biochrom), 1% L-glutamine
(Gibco) and 1% penicillin-streptomycin (Biowhittaker)). For determining cardiac
differentiation, GFP positive areas (indicative of cardiac specific aMHC expression)
were quantified. Twenty random pictures were taken with a 2.5x objective (at day 7 and
at day 14) and analyzed with the Analysis FIVE software (Olympus Biosystems GmbH,
Germany). Data were expressed as the percentage of GFP positive areas. Finally,
beating areas were dissected under the microscope (at day 7 and at day 14) and
disagregated by incubation with 0.1% trypsin (Gibco) (diluted in DMEM media plus
2% chicken serum (Gibco)) for 2 hours at 37°C, for their characterization and for the in

vivo studies.
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3.2.  Characterization of iPS-derived cardiomyocytes (iPS-CMs)

3.2.1. Cardiovascular gene expression

RNA isolation, reverse transcription (RT), and qPCR were performed as described
above (See 2.1). Cardiac specific markers were evaluated using the primers indicated in

Table M3 and Gapdh (Applied Biosystems) was included as housekeeping gene.

Table M3. qPCR primers for cardiovascular markers.

Cardiac Sense Antisense
Mef2c TGGAGAAGCAGAAAGGCACT CACTTCTTCACTGCCACAGC
Nkx2.5 CAAGTGCTCTCCTGCTTTCC GGCTTTGTCCAGCTCCACT
Tbx5 CACCTGGACCCGTTTGGA CTTTGAACCGAACCCATTATTTTC
Gata4 CTGGAAGACACCCCAATCTC CACAGGCATTGCACAGGTAG
aMhc ATGTTAAGGCCAAGGTCGTG CACCTGGTCCTCCTTTATGG
pMhc CAACTGGAGGAGGAGGTCAA TTCCCTCAGCAGGTCACAAT
Milc2v ACTATGTCCGGGAGATGCTG TGGGTAATGATGTGGACCAA
Actinin TCTCTTCCAGCCCTCTTTCA ATGGTGGTGCCTCCAGATAG
Ryr2 GCGAGGATGAGATCCAGTTC CTGCTGTTCTTTGTGGATGG
Hcnl GTGGAGAAGGAGCAGGAAAG | GACCAAATTTCCAACCATCA
Cacnalc AGGAAGTTCAAGGGCAAGGT ATTCATGTTGGCATGAGCTG
Pln CACTGTGACGATCACCGAAG TTTCCATTATGCCAGGAAGG
Endothelium
Cd31 GTCATGGCCATGGTCGAGTA CTCCTCGGCGATCTTGCTGAA
VWF TGCCGTTATGATGTTTGCTC TTCCCACACTGCAGGTACAC
Flk-1 GATGCAGGAAACTACACGGTCA | CATAGGCGACATCAAGGCTTTC
VE-cadherin ATTGAGACAGACCCCAAACG TTCTGGTTTTCTGGCAGCTT
Smooth muscle
Sm22a. CCACAAACGACCAAGCCTTCT | CGGCTCATGCCGTAGGAT
a-SMA ACTGGGACGACATGGAAAAG GTTCAGTGGTGCCTCTGTCA
Calponin ACATCATTGGACTGCAGATG CAAAGATCTGCCGCTTGGTG
3.2.2. Immunofluorescence for cardiac markers

For immunofluorescent detection of cardiac markers, day 12-differentiated cells
were seeded in chamber slides (Nalgene Nunc International, Naperville, IL) at a density
of 60 x 10° cells/cm? and 2 days later (day 14 of differentiation) fixed with Zn-Formalin
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(Thermo Scientific) for 10 minutes at R/T. After washed with PBS, permeabilized with
0.1% Tween (Sigma) for 15 minutes and blocked with 0.4% Fish Gelatin (Sigma) for 1
hour at R/T, cells were incubated 2 hours at R/T with the primary antibodies diluted in
0.4% Fish Gelatin (Table M4). After three washes with 0.1% Tween, Alexa Fluor-594
anti-mouse (Invitrogen), Alexa Fluor-594 donkey anti-rabbit (Invitrogen) and Cy3
donkey anti-goat (Jackson Immunoresearch) secondary antibodies were diluted and
incubated at R/T for 1 hour in the dark. For nuclear staining, TOPRO-3 was used. The
murine cardiac cell line, HL1 (generously donated by Dr. Claycomb, Louisinana State
University Medical Center, USA) and the murine fibroblasts cell line, STO (MMRRC,
UC Davis) were used as positive and negative cell controls respectively. All
photographs were taken on a Zeiss LSM 510 META laser confocal microscope (Carl
Zeiss, Germany) and analyzed with a computerized system (AIM 4.2, Carl Zeiss, Jena

GbmH, Germany).

Table M4. Antibodies used for immunofluorescence techniques for characterization of iPS-CMs.

Type Antibody Host Manufacturer Catalog No. Dilution
Primary Cardiac actinin Mouse | Sigma-Aldrich A9357 1:100
Primary Connexin 43 Rabbit | Sigma-Aldrich C6219 1:500
Primary Gata-4 Goat Santa Cruz sc-1237 1:50
Primary Titin Mouse | Hybridoma Bank Clone 9D10 1:300
Secondary | Anti-mouse Alexa Fluor-594 | Goat Invitrogen A11032 1:500
Secondary | Anti-rabbit Alexa Fluor-594 | Donkey | Invitrogen A21207 1:500
Secondary gnr;.il;%(;?;dlge Cy3- Donkey fﬁ::nl(wzonnoresearch 705-166-147 | 1:500

3.2.3. Transmission electron microscopy

Isolated iPS-CMs were seeded in chamber slides (Nalgene Nunc International,
Naperville, IL) at day 12 of differentiation at a density of 60 x 10° cells/cm? and 2 days
later (day 14) fixed in 3.5% glutaraldehyde for 1 hour at 37 °C. Cells were post-fixed in
2% 0OsO,4 for 1 hour at R/T and stained in 2% uranyl acetate for 2 h at 4°C (dark).
Finally, cells were rinsed in 0.1 M sodium phosphate buffer (PB) (pH 7.2), dehydrated
in ethanol and infiltrated o/n in Araldite (Durcupan, Fluka, Buchs SG, Switzerland).
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Following polymerization, embedded cells were detached from the chamber slide and
glued to araldite blocks. Serial semi-thin (1.5 um) sections were cut with an Ultracut
UC-6 (Leica, Heidelberg, Germany) and mounted onto slides and stained with 1%
toluidine blue. Selected semi-thin sections were glued (Super Glue, Loctite) to araldite
blocks and detached from the glass slide by repeated freezing (in liquid nitrogen) and
thawing. Ultrathin sections (0.06 — 0.09 um) were prepared with the Ultracut and

stained with lead citrate.

For electron microscopy studies of the mice hearts, animals were sacrificed,
perfused with 0.1 M PB during 5 minutes and with Zn-Formalin / 0.5% glutaraldhehyde
(Thermo Scientific) during other 5 minutes. Immediately, hearts were cut in slices of
1.0 mm with the help of a mouse heart slicer matrix (Zivic instruments) and fixed with
Zn-Formalin / 0.5% glutaraldhehyde at 4°C o/n. Slices were saturated in 25% sucrose
(4°C o/n), embedded in O.C.T. compound (Tissue-Tek, Sakura) and snap frozen in
nitrogen-cooled isopentane. One hundred micrometer sections were washed in 0.1 M
PB, cryoprotected in 25% sucrose and freeze-thawed (3x) in methyl-butane. For
immunogold staining, samples were washed in PB, blocked in the solution I (0.3% BSA
(Aurion) in PB) for 1 hour at R/T and incubated with a chicken primary anti-GFP
antibody (1:200 diluted in blocking solution I; Aves Labs) for 3 days, at 4°C under mild
agitation. After three washes in PB (10 minutes each), sections were incubated in
blocking solution Il (0.5% BSA and 0.1% fish gelatin (Aurion) in PB) for 1 hour at R/T
and incubated next with an anti-chicken goat antibody conjugated to colloidal gold
(1:50 diluted in blocking solution II; UltraSmall; Aurion) for 24 hours at R/T under
mild agitation. Sections were washed in PB and 2% sodium acetate. Silver enhancement
was performed (following Aurion instructions) and washed again in 2% sodium acetate.
To stabilize silver particles, samples were immersed in 0.05% gold chloride (10 minutes
at 4°C), washed first in sodium thiosulfate and next in PB and postfixed in 2%
glutaraldehyde (30 minutes). Sections were contrasted with 1% osmium and 7% glucose
and embedded in araldite. Finally, semi-thin 1.5 pum sections were prepared, selected at
the light microscope level and re-embedded for ultra-thin sectioning at 70 nm.

All photomicrographs were obtained under a transmission electron microscope
FEI Tecnai G2 Spirit (FEI Europe, Eindhoven, Netherlands) using a digital camera
Morada (Olympus Soft Image Solutions GmbH, Miinster, Germany).
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3.2.4. Patch-clamp analysis

To compare the electrophysiological maturation process, cells differentiated in the
presence or not of NRG-1p protein were analyzed. Embryoid bodies were generated and
differentiated as described above (See 3.1) on PD30 culture dishes (Falcon) coated with
0.1% of gelatine, and the cells were analyzed at day 7 and 14 of differentiation. Beating
cells were examined under an inverted fluorescence microscope (Axiovert 200; Zeiss,
Oberkochen, Germany), enabling the identification of GFP positive cardiomyocytes.
Glass microelectrodes filled with 3 mol/l KCI (resistance: 20-30 MQ) were used for
recordings of intracellular APs. Since the cell layer was to some extent transparent, the
tip of the recording electrode could be localized by the inverted microscope used,
allowing a specific positioning of the electrode. All recordings were performed at 37°C.
Signals were amplified by a SEC-10LX single electrode clamp amplifier (NPI
Electronic, Tamm, Germany, http://www.npielectronic.com/) and acquired with the
PULSE software (HEKA, Lambrecht/Pflaz, Germany, htpp://www.heka.com/). AP
parameters were analyzed off-line with the Mini Analysis software (Synaptosoft,
Decateur, GA, USA, http://synaptosoft.com/).

4. TRANSPLANTATION OF iPS-CMs IN A MOUSE MODEL OF ACUTE
MYOCARDIAL INFARCTION IN MICE

4.1.  Surgical procedure for induction of myocardial infarction

Eight week old female DBA/2J mice (n=28) (Charles River Laboratories, France)
underwent coronary artery ligation [299]. For surgical procedure, animals were
anesthetized with 2% isofluorane (Isoflo®, ABBOTT S.A, Madrid, Spain), placed on a
heating table in a supine position and endotracheally intubated for mechanical
ventilation with supplementary oxygen. During surgery, anesthesia was maintained with
a combination of 3% isoflourane and 0.01 mg/kg/ fentanyl (Fentanest, Kern Pharma). A
thoracotomy was then performed at the left three intercostal space, the pericardium was
opened and the left anterior descendent (LAD) coronary artery ligated with a 7.0
absorbable suture. Myocardial ischemia was confirmed by color change of the left
ventricular wall. 10-15 minutes after artery ligation and CMs-iPS at day 7 of
differentiation (2 x 10° cells suspended in 10 ul of DMEM) or control medium (10 ul)

were injected in 4 points of the peri-infarct area by using a Hamilton syringe (Hamilton,
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701N, 10ul). The intercostal incision was closed in layers with a 6.0 absorbable suture,
the endotracheal tube removed and spontaneous breathing restored. The animals were
kept in a cage, lying on a heating blanket for several hours until recovered from surgery.
Enrofloxacin (25 mg/Kg) (Alsir ®, Esteve veterinaria) was added in the drinking water
for 7 days to prevent infections and Ketoprofen (Ketofen®, Jesus Guerreo)
subcutaneously injected 24 and 48 hours after surgery for analgesia. The survival rate
over the course of the experiment was over 90%. Only those animals that survived
(n=26) and with an ejection fraction (EF) below 40% (determined by echocardiography,
see section 4.2.2) 2 days post-transplantation, were included in the study (n=16). All
experiments were performed in accordance with the principles of laboratory animal care
formulated by the National Society for Medical Research and the guide for the care and
use of laboratory animals of the Institute of Laboratory Animal Resources (Commission
on Life Science, National Research Council). All animal procedures were approved by
the University of Navarra Institutional Committee on Care and Use of Laboratory
Animals (ethical protocol #099-09).

4.2.  Echocardiographic studies

For echocardiography procedure, mice were anesthetized with isoflurane (Isoflo®,
ABBOTT S.A, Madrid, Spain), at a concentration of 4% (for induction) and 1.5% (for
maintenance) in 100% of oxygen. The animal was placed on a heating table in a supine
position with the extremities fixed on the table through four electrocardiography leads.
The chest was shaved using a chemical hair remover (Veet, Reckitt Benckise,
Granollers, Spain). Warmed ultrasound gel (Quick Eco-Gel, Lessa, Barcelona, Spain)
was applied to the thorax surface to optimize the visibility of the cardiac chambers. The
heart rate (HR) was recorded immediately before the echocardiography study (ethical
protocol #099-09 approved by the University of Navarra, Institutional Committee on

Care and Use of Laboratory Animals).

Echocardiography was performed using a Vevo 770 ultrasound system
(Visualsonics, Toronto, Canada) and measurements for small animals optimized and
performed as we have previously described [300]. For iPS-derived CMs or media
(control group) treated hearts, echocardiography was performed 2, 30 and 60 days after
LAD artery ligation. LV remodeling was quantified according to the guidelines and

standards of American Society of Echocardiology, and the Guide to micro-
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echocardiography study using the Vevo 770 and the Vevo 770® Protocol-Based
Measurements and Calculations guide. LV structural analysis was quantified. First
volume in diastole (VD) and volume in systole (VS) were calculated using the
Simpson’s rule from a long-axis view and four short-axis views at different levels, from
the aortic annulus to the endocardial border at the apex level, in both diastole and

systole (Figure M4).

Figure M4. Scheme of area and length measurements performed to obtain Simpson’s measurements.

Stroke volume (SV), fractional shortening (FS%) and ejection fraction (EF%)
were calculated according to the following equations: SV=VD-VS, FS%=[(VD-
VS)/VD] x 100 and EF%= (SV/VD) x 100. Given the poor definition of the endocardial
border on the short-axis view (especially at mid-ventricular and apical levels), that is
caused by the apical location of the infarction in our model, the fractional area change
(FAC%) was calculated in one paraesternal long-axis (FAC% long) in systole (Areas)
and diastole (Aread) following the equation: FAC%= [(Endocardial Aread -
Endocardial Areas)/Endocardial Aread] x 100. Long-axis views were acquired using

gain settings that optimized the visualization of the endocardial and epicardial walls.
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4.3.  Tissue processing and staining

Animals were sacrificed at 1, 2 and 4 weeks (1-2 mice/group) for histological
assessment and at 2 months (8 animals/group) for functional and histological assesment.
Mice were anesthetized, injected with 100ul of 0.1mM cadmium chloride (Sigma) for
diastole cardiac arrest, and perfusion-fixed for 15 minutes with Zn-Formalin (Thermo
Scientific) under physiological pressure. The hearts were excised, fixed o/n in Zn-
Formalin at 4°C, and cut in 3 equally sized blocks (apical, mid-ventricular and basal) of
3.0 mm by using a mouse heart slicer matrix (Zivic instruments) (Figure M5). Finally,

hearts were dehydrated in ethanol 70% (4°C, o/n) and embedded in paraffin.

111

Figure M5. Tissue processing. A) Rodent heart slicer (Zivic Instruments). The heart is located into the
slicer hole and two blades (Stanley) inserted (3 mm separated of each other). Once the blades are partially
inserted, they are aligned with another one and simultaneously pressed down until the end. B) Heart
blocks. The blades are raised out and the three heart blocks (apical, mid-ventricular and basal) removed.

For histological analysis, 5 um serial sections were performed. Cell detection was
based upon the presence of GFP positive signals by immnunohistochemical methods
using anti-GFP rabbit polyconal antibody (pAb), or anti-GFP chicken pAb diluted in
TBS (TBS: Tris 50 mM, NaCl 0.9%, pH: 7.36) for immunofluorescence.
Immunolabeling was performed with antibodies against a-Smooth Muscle Actin (a-
SMA-Cy3 conjugated), Caveolin-1, Connexin 43 and Cardiac-Troponin (cTnT) (Table
Mb5). AlexaFluor-633 rabbit anti-mouse 1gG, Alexa Fluor-594 donkey anti rabbit 1gG,
Alexa Fluor-488 goat anti chicken and Donkey anti rabbit FITC were used as secondary
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antibodies (Table M5). EnVisison"™-HRP conjugated system (Dako) was used as
secondary reagent for immunohistochemistry. For confocal microscopy, a LSM 510
META (Carl Zeiss, Germany) microscope was used and photographs analyzed with a

computerized system (AIM 4.2, Carl Zeiss, Jena GbmH, Germany).

For Sirius Red staining, sections were deparaffinized and immersed for 90
minutes in 0.1% Fast Red (Sigma) diluted in a saturated solution of picric acid,
differentiated 2 minutes in 0.01 N HCI (Sigma), dehydrated, and mounted in DPX.

Table M5. Antibodies used for heart tissue staining.

Type Antibody Host Manufacturer Catalog No. | Dilution
Primary eGFP Rabbit Invitrogen Al1122 1:500
Primary eGFP Chicken | Invitrogen A13970 1:200
Primary Caveolin-1 Rabbit Cell signaling 3238 1:125
Primary a-SMA-Cy3 Mouse Sigma-Aldrich 6198 1:500
Primary Troponin | Mouse Abcam ab19615 1:100
Primary Connexin 43 Rabbit Sigma-Aldrich C6219 1:500
Secondary 4Aggi—chicken Alexa Fluor- Goat Invitrogen A11039 1:500
Secondary | Anti-mouse Alexa Fluor-633 | Rabbit Invitrogen A21063 1:400
Secondary | Anti-rabbit Alexa Fluor-594 | Donkey | Invitrogen A21207 1:500
Secondary | Anti-rabbit FITC Donkey | Jackson Inmunology Ié;'()%' 1:200

4.4.  Morphometric analysis

The infarct size and the tissue fibrosis degree were determined in Sirius Red
stained sections. Infarct size was assessed by quantifying images taken from 12 serial
heart sections 50 um apart. Images were analyzed with the AnalySIS software and data
expressed as a percentage of the ischemic area versus the total left ventricle area (LVA).
For the quantification of the fibrosis degree, 24 images of the peri-infarct areas were
taken from serial heart sections and analyzed with the AnalySIS software. Data were
expressed as a percentage of the fibrotic area (red) of the peri-infarct zone versus the

total tissue area.
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Quantification of the vascular density was performed in animals sacrificed 2
months post-implantation. For arteriolar area (um?), 12 serial sections 50 um apart were
stained with an anti-a-SMA-Cy3 conjugated antibody (Table M5) and infarct border
images were analyzed by measuring the area occupied by smooth muscle-covered
vessels. Pictures were analyzed with software developed with the Matlab platform.

5. STATISTICAL ANALYSIS

Normal distribution was analyzed using the Shapiro-Wilk test. All data were
expressed as mean = SD. In case of normal distribution, comparisons between groups
were performed using Student’s t-test or ANOVA followed by Bonferroni’s and
Tukey’s HDS post-hoc tests. Non-parametric analysis was performed using Kruskal-
Wallis and Mann-Whitney U test. Statistical analysis was performed with Prism
GraphPad 4.0 and SPSS 11.0 softwares. Differences were considered statistically
significant when P<0.05.
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1. PART ONE: GENERATION OF MOUSE iPS CELLS

1.1. Generation of iPS cells from adult mouse tail fibroblasts

Induced pluripotent stem (iPS) cells were derived following Dr. Yamanaka’s
protocol. Adult fibroblasts obtained from the tail of aMHC-GFP transgenic mice were
transduced with a combination of three genes involved in stem cell pluripotency (Sox2,
Oct3/4 and KIf4), using a retrovirus-based approach. Approximately three weeks after
infection, several clones started to appear as compact clusters with embryonic stem cell-
like morphology. These colonies could be identified by their small, round, and compact
morphology and tight, well defined borders, consistent with full reprogramming [301].
Six colonies were picked-up four weeks after infection and expanded into stable clones
over an irradiated feeder layer of fibroblasts (MEFs). All the picked-up colonies easily
grew to become stable clones. Irradiated MEFs supported the growth of undifferentiated
IPS cells more robustly than the murine immortalized fibroblast cell line STO (only 1
clon of 56 picked-up colonies grew to became a stable clone), on which unwanted
differentiation occurred more frequently, so all the studies were performed with a MEFs
feeder layer. Six independent isolated clones were selected for in vitro characterization

(Figure R1) that could be maintained in culture for at least 25 passages.

iPs-1

iPS-3

iPS-5
iPS-6

Figure R1. iPS cells morphologically resemble ESC. Morphology of six mouse iPS clones cultured
over irradiated embryonic murine fibroblasts (MEFs) at passage 2. Scale bars: 50 um.
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1.2.  iPS cells express endogenous ESC markers

One of the key properties of fully reprogrammed iPS clones is the endogenous
activation of the core ESC gene regulatory network [301, 302]. Pluripotency of the
selected clones was analyzed by qPCR data, showing that all of them expressed high
levels of the endogenous pluripotent genes Oct3/4, Klf4, Sox2 and other pluripotent
genes not included in the reprogramming cocktail such as Nanog, c-Myc, Ecatl, Eras,
Fbx15 and Rex1, which were in some cases even higher than in the murine embryonic
stem cell line D3. Expression of these genes was variable among clones being as an
average higher in clone 1 (iPS-1) (Figure R2).
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Figure R2. Endogenous gene expression of pluripotency markers measured by gPCR. The six iPS
clones expressed genes common to pluripotent cells including Nanog, Oct3/4, Kif4, Sox2, c-Myc, Ecatl,
Eras, Fbx15 and Rex1. The murine embryonic stem cell line D3 and mouse adult fibroblasts (Fbs) were
included as positive and negative controls respectively. Values were represented in comparison with D3
(Expression with respect to (wrt) D3). Data were expressed as mean + SD.
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Protein expression of the key pluripotent markers OCT3/4 and NANOG was
analyzed by immunofluorescence together with Alkaline Phosphatase activity. All
clones stained for OCT3/4 and NANOG proteins (Figure R3). Alkaline Phosphatase

activity was also detected in all the clones (Figure R4).
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Figure R3. Protein expression of pluripotency markers. Protein expression of OCT3/4 (Cy3: red) and
NANOG (Cy3: red) in iPS clones detected by immunoflurescence technique. Mouse embryonic stem
cells (D3 cell line) and mouse adult fibroblasts (Fbs) were included as positive and negative controls
respectively. Nuclear staining was performed with TOPRO-3 (blue). Scale bars: 50um.
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iPS-1
iPS-2

iPS-3
iPS-4

iPS-5
iPS-6

MEFs

Figure R4. Alkaline Phosphatase staining in iPS clones. AP staining was performed in all the iPS
clones, in the mouse embryonic stem cell line D3 (positive control) and in the mouse embryonic
fibroblast (MEFs) (negative control). Scale bars: 50 um (iPS and D3) and 25 um (MEFs).

1.3.  iPS cells show retroviral silencing

Another mark of fully reprogrammed iPS clones is their capacity to silence the
retroviruses introduced and therefore their ability to sustain pluripotency in absence of
exogenous factor expression [301]. Thus, gPCR primers were designed to discriminate
the endogenous transcripts of the three factors from the total transcripts (viral plus
endogenous). The clones iPS-1, iPS-2 and iPS-6 demonstrated retroviral silencing of the
three factors confirming the reprogramming of the cells (Figure R5). iPS-3, iPS-4 and
iPS-5 clones expressed higher levels of total transcripts demonstrating an incomplete

reprogramming.
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Figure R5. Retroviral silencing in iPS clones. gPCR data showing endogenous and total (viral plus
endogenous) expression of the three factors (A) Oct3/4, (B) KIf4, and (C) Sox2 in iPS clones analyzed at
passage two. High levels of total transcripts in iPS-3, iPS-4 and iPS-5 denote retroviral activity. Total

levels did not increased in iPS-1, iPS-2 and iPS-6 clones. Data were expressed as mean + SD. *p<0.05;
**p<0.01 between endogenous and total expression.

1.4. iPS cells form teratomas in vivo

To test the in vivo pluripotency of iPS clones, one million cells of each iPS clone,
the mouse embryonic stem cell line D3 and mouse adult fibroblasts, were
subcutaneously injected into the dorsal flanks of Rag2”yc™ mice. As early as 2-3 weeks
after injection, several nodules appeared at the sites of the injection for both ESC and
iIPS cells whereas no tumor growth was observed in the fibroblasts control group
(Figure R6A). Histological analysis of 4-8 weeks tumours showed presence of many
differentiated cell types that belonged to any of the three germ-layers like glandular
epithelia (endoderm), cartilage (mesoderm) and nervous tissue (ectoderm) among
others, confirming the pluripotent potential of the iPS clones (Figure R6B).
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Figure R6. Generation of iPS-derived teratomas. A) One million cells of mouse iPS cells, the mouse
embryonic stem cell line D3 and adult fibroblasts (Fbs) were subcutaneously transplanted into the dorsal
flanks of Rag2”yc” mice. iPS and D3 cells, but not Fbs, formed large teratomas after 6-8 weeks of
injection. B) Histological analysis of the iPS-teratomas from iPS-1 and iPS-2 clones in haematoxilin and
eosin-stained sections confirmed iPS differentiation towards epithelial tissue (endoderm), cartilage
(mesoderm) and neural tissue (ectoderm) among others.
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2. CARDIAC DIFFERENTIATION OF MOUSE iPS CELLS

2.1.  iPS cardiac differentiation potential

The cardiac differentiation potential of the six iPS clones was analyzed. For that
purpose, EBs were generated and initially differentiated by treatment with 1% DMSO
(Figure R7A). Among the six clones, a consistent cardiac differentiation with GFP
positive beating areas was observed for clones iPS-1 and iPS-2 (Figure R7B). Lower
differentiation potential was observed for the clone iPS-6 which presented smaller GFP
positive beating areas (data not shown) and no cardiac differentiated cells were obtained
with clones i1PS-3, iPS-4 and iPS-5, in which total silencing of the retroviral transcripts
has not been achieved. The clones iPS-1 and iPS-2 were selected for further evaluation
of their cardiac differentiation potential.

A Cardiomyocyte differentiation
< ™
Plate EBs on 0.1% First beating areas CM:s isolation
gelatin dishes start to appear

EBs formation Differentiation media (1% DMSO) Claycomb media (w/o DMSO)

Day -5 Day 0 Day § Day 14

Day 5

iPS-1

iPS-2

Figure R7. Cardiac differentiation of iPS cells. A) Scheme of iPS cardiac differentiation protocol. B)
Cardiac differentiation process. iPS clones (day -5) were differentiated into embryoid bodies (EBs) (day
0) and plated on gelatin-coated dishes where they formed several clusters that acquired spontaneous
contraction (day 5) (outlined red dotted lines) that were maintained during days (day 14). Beating
clusters were GFP positive, which indicated expression of the cardiac aMHC protein and confirmed
cardiac differentiation. Scale bars: 150 um (GFP positive clusters); 100 um (iPS clones) and 50 um (EBs
and beating clusters).
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Five days after plating the EBs, the cells acquired spontaneous contraction that
increased over time. Also, presence of GFP positive clusters were detected
demonstrating differentiation towards CMs as the expression of the GFP protein is

driven under the cardiac specific aMHC-GFP promoter.

Day 14-beating clusters were analyzed after differentiation treatment. First,
cardiac gene expression was determined by gPCR, detecting up-regulation of the
cardiac genes Gata4 and Mef2c (early expression) and fMch, aMhc, MIc2v and cardiac
Actinin (late expression) in both clones, although, as an average, it was higher in the
CMs derived from iPS-1 (Figure R8). Moreover, in order to evaluate the level of
maturation of the cardiac derived cells, the gene expression of specific cardiac channel
markers was also analyzed by qPCR at day 14 of differentiation. High levels of L-type
calcium channel (Cacnalc), Ryanodine receptor (Ryr2), potassium/sodium channel

(Henl) and Phospholamban (PIn) genes were detected in the clones iPS-1 and iPS-2.

Furthermore, putative differentiation towards other cell types that could contribute
to the cardiovascular lineages, like the endothelial and smooth muscle lineages was
analyzed. Very low levels were detected after DMSO-cardiac differentiation, indicating

a directed specification towards a cardiac phenotype (Figure R9).
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Figure R8. Expression of cardiac markers in differentiated iPS cells. Cardiac specification was
analyzed in two different iPS clones (iPS-1 and iPS-2) at day 14 of differentiation. Cardiac gene
expression was determined by quantitative PCR. High levels of early cardiac markers (Gata4 and Mef2c)
and late cardiac genes (8Mhc, aMhc, Mlc2v and cardiac Actinin) were detected. Up-regulation of specific
cardiac channel markers (Cacnalc, Ryr2, Henl and PlIn) were also detected in the iPS clones. Values
were represented in comparison with the murine cardiac cell line HL1 (Expression with respect to (wrt)
HL1). Black bars denote cardiomyocytes derived from iPS cells at day 14 of differentiation (iPS-CMs
d14) and white bars denote undifferentiated iPS cells (iPS cells). Data were expressed as mean + SD.
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Figure R9. Expression of endothelial and smooth muscle markers in differentiated iPS cells.
Endothelial and smooth muscle differentiation was analyzed by quantitative PCR in two different iPS
clones (iPS-1 and iPS-2) at day 14 of differentiation. Very low levels of endothelial markers (Cd31, vWF,
Flk-1 and VE-cadherin) and smooth muscle markers (Sm22¢«, Asma and Calponin) were detected. Values
were represented in comparison with the murine endothelial cell line MS1 (Expression with respect to
(wrt) MS1) and the murine smooth muscle cell line MOVAS (Expression with respect to (wrt) MOVAS).
Black bars denote cells derived from iPS cells at day 14 of differentiation (iPS d14) and white bars denote
undifferentiated iPS cells (iPS cells). Data were expressed as mean + SD.

Furthermore, cardiac differentiation was analyzed at the protein level and
expression of GATA4, TITIN, CONNEXIN43 (CX43) and ACTININ cardiac markers
was confirmed by immunofluorescence technique at day 14 of differentiation in both
iPS clones (Figure R10). Cells were positive for all these markers and expressed GFP

also, indicating expression of cardiac aMHC protein and thereby, confirming cardiac
specification (Figure R10).
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Figure R10. Immunofluorescence detection of cardiac proteins after iPS differentiation. Cardiac
differentiation was anlyzed by immunofluorescence in clones iPS-1 and iPS-2 at day 14 of differentiation.
Representative images of iPS-1 clone are shown. Cells were stained for GATA4 (Alexa-594: red) (A),
TITIN (Alexa-594: red) (B), CX43 (Alexa-594: red) (C) and cardiac ACTININ (Alexa-594: red) (D). The
cells positive for these markers were also positive for GFP, which indicates cardiac specific aMHC
protein expression (arrowheads). Nuclear staining was performed with TOPRO-3 (blue). Scale bars: 50
pum; higher magnification: 10 um.

89



RESULTS

Finally, formation of mature CMs was confirmed at the ultrastructural level by
transmission electronic microscopy showing a typical sarcomeric organization with

organized myofibrils that distributed through out the cytoplasm (Figure R11).

Figure R11. Electron microscopy photographs of iPS-CMs. Cardiac differentiation was also confirmed
in clones iPS-1 and iPS-2 at day 14 of differentiation by electronic microscopy. Representative images of
iPS-1 clone are shown. A typical sarcomeric organization was observed in the differentiated cells
(arrowheads) (A). A higher magnification field shows cardiomyocytes that contained organized
myofibrils that distributed trough out the cytoplasm (arrowheads) (B). Scale bars: 10 um (A), 2 um (B).

2.2.  Role of NRG-1 B protein in cardiac specification and maturation

2.2.1. NRG-1p potentiates iPS cardiac differentiation

The effect of the NRG-1p protein in iPS cardiac differentiation and maturation
was analyzed as its importance in heart development (reviewed in [208]) as well as its
role in ESC cardiac differentiation [200, 201, 225] and CMs survival and proliferation
[226, 228, 231] have been previously demonstrated. For such analysis, the clone iPS-1

was selected, as showed the best cardiomyogenic potential.

Cardiac differentiation was analyzed at day 7 and day 14 after treatment with
DMSO, NRG-1p or the combination of both treatments. At day 7 of differentiation, the
percentage of formed GFP positive areas was significantly greater in the group treated
with the combination of DMSO and NRG-1f protein (DMSO+NRG-1f) in comparison
with the treatments alone (GFP" areas %: DMSO: 17.7 + 3.0% (p<0.001 vs. NRG-1p),
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NRG-1B: 10.3 + 3.1%; DMSO+NRG-1p: 25.0 + 3.9% (p<0.01 vs. DMSO and p<0.001
vs. NRG-1pB) (Figure R12). This effect was also observed by day 14 of differentiation.
An increase in the GFP areas was detected in the three analyzed groups that was
significantly higher in the group treated with DMSO+NRG-1B (GFP® areas %:
DMSO: 37.0 + 4.3% (p<0.001 vs. NRG-1B), NRG-1p: 19.8 + 4.4% DMSO+NRG-1p:
44.7 + 5.7% (p<0.05 vs. DMSO and p<0.001 vs. NRG-1p) (Figure R12). These results
demonstrate the synergic effect of the NRG-1 and DMSO that, when combined, induced

a greater cardiac differentiation of iPS than when added alone.
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Figure R12. NRG-1p potentiates iPS cardiac differentiation. A) GFP positive clusters were detected
at day 7 and at day 14 of differentiation. iPS-1 clone was differentiated by treatment with DMSO (1%),
NRG-1p (100ng/ml) or with the combination of both treatments. Larger GFP areas were observed when
cells were treated with the combination of DMSO and NRG-18 protein. Scale bars: 150 pum. B)
Quantification of GFP positive areas. GFP positive areas were quantified at day 7 and at day 14 of
differentiation. The percentage of GFP positive clusters was significantly higher in the group treated with
the combination of DMSO and NRG-1B than with the treatments alone (*p<0.05, **p<0.01,
***p<(0.001). Data were expressed as mean + SD.
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2.2.2. NRG-1p potentiates maturation of iPS-CMs

As contractile properties of the cardiac cells are crucial for functional
regeneration, the electrophysiological properties of the iPS-CMs were evaluated by
patch-clamp technique. Their specific phenotype (atrial, ventricular or nodal CMs) and
maturation state were analyzed at day 7 and 14 of differentiation in the three
experimental groups. Intracellular action potential (AP) recordings demonstrated the
existence of viable iPS-CMs and revealed ventricular-like action potentials in all the
analyzed groups. Not atrial or pacemaker CMs were found indicating a specific
differentiation towards a ventricular phenotype. By day 14 of differentiation, the
amplitude of AP increased in all the groups that was higher in those ones treated with
NRG-1 than in the one treated only with DMSO (Figures R13 and R14).
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Figure R13. iPS-CMs phenotype. iPS cells were differentiated by embryoid body formation and
following plating on gelatin-coated dishes. The cells were treated at different time points (1, 3 and 5 day
after plating the EBs) with DMSO (1%) (A), NRG-1p (100ng/ml) (B) and DMSO+NRG-1 (C). The
electrophysiological properties were analyzed at day 7 and day 14 of differentiation. Spontaneous action
potential (AP) recordings showed a ventricular-like cardiac phenotype (A-C) and a higher action potential

amplitude in the group treated with the combination of NRG-1 and DMSO than with the treatments alone,
at day 14 of differentiation.

93



RESULTS

200 - 250 - * *
E 150 - é
E - m §
= (=W
= <
0 4 T 1
Day 7 Day 14 Day 7 Day 14
—_— 100 9 80 1 ***
-
Py z
< 50 - -
= -9
= ]
= =
-
0 4 1
Day 7 Day 14 Day 7 Day 14
20 -
Jedkk ;
F 15 =
H ;
é 10 4 5
: 5
> 5 -m 2
=
0 -
Day 7 Day 14 Day 7 Day 14

Bl pMso [] NRG-18 [_] DMSO+NRG-1p

Figure R14. Electrophysiological properties of iPS-CMs. Action potential duration at 50%
repolarization (APD50), action potential duration at 90% repolarization (APD90), amplitude, maximal
diastolic potential (MDP), maximal upstroke velocity (Vmax) and frequency parameters were measured
at day 7 and at day 14 of differentiation. Ten-fourteen measurements were performed in different beating
clusters per experimental group. Although AP parameters of iPS-CMs showed typical properties of fetal
ventricular-like CMs, maturation of the CMs electrophysiological properties was observed after treatment
with NRG-1p protein. Results are shown as mean + SD. *P<0.05, **p<0.01, ***p<0.001 in comparison
with DMSO.
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Furthermore, in order to evaluate the effect of NRG-1 protein on the maturation of
AP properties of iPS-CMs, the action potential parameters: action potential duration at
50% repolarization (APD50), action potential duration at 90% repolarization (APD90),
amplitude, maximal diastolic potential (MDP), maximal upstroke velocity (Vmax) and

frequency were also determined (Figure R14).

Significant lower values for APD50 and APD90 were detected at day 7 of
differentiation in the group treated with DMSO+NRG-1f than in the DMSO group
(p<0.05 vs. DMSO), indicating the formation of CMs with a higher level of maturation.
Also, a decrease of APD50 and APD90 was detected in the group treated with NRG-1p,
although a statistical significance was not reached. Interestingly, at day 14 of
differentiation, the groups treated with NRG-1 (either with or without DMSO) showed
lower APD50 and APD90 values (Figure R14), with closer APD90 values to the adult
host CMs (APD90: 136.9 + 11.7 ms (DMSO); 90.4 + 7.4 ms (DMSO+NRG1p) and
86.4 + 2.2 ms (NRG1p) (p<0.01 vs. DMSO) vs. Adult CMs: 83.3 + 4.5 ms (previously
described by Halbach et al. [303] and performed in the same conditions), indicating that
NRG-1p protein treatment contributed to the cardiac differentiation and maturation

process.

Moreover, although at day 7 of differentiation the cells possessed an Amplitude
value of fetal cultivated CMs (FCMs) (Amplitude: 62.8 mV (FCMs) previously
described by Halbach et al. [303] and performed in the same conditions), this value
increased by day 14 of differentiation, being significantly higher in the group treated
with NRG-1p (p<0.01 vs. DMSO) and closer to the amplitude value of the adult host
CMs (Amplitude: 66.8 £ 3.0 mV (DMSO); 80.2 + 3.0 mV (NRG-1p) and 72.8 + 1.9
mV (DMSO+NRG1B) vs. Adult CMs: 87.0 £ 2.6 mV (See Halbach et al. [303])
(Figure R14). Moreover, MDP and Vmax values also increased by day 14 of
differentiation, being higher in the groups treated with NRG-1 (MDP: DMSO: -49.1 +
1.4 mV; NRG-1p: -58.7 + 1.2 (p<0.01 vs. DMSO) and DMSO+NRG-1p: -57.1 + 2.0
(p<0.05 vs. DMSO); Vmax: DMSO: 6.1 + 0.4 m/s; NRG-1f: 13.1 + 0.8 m/s (p<0.001
vs. DMSO) and DMSO+NRG-1B: 8.8 + 1.0 m/s). Finally, greater values were also
found for the frequency parameter in the groups treated with NRG-1p protein in
comparison with the cells treated only with DMSO (DMSO+NRG-1 p<0.01 vs.
DMSO and NRG-1p p<0.01 vs. DMSO) (Figure R14).
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In summary, at day 7 of differentiation iPS-derived cardiac cells reached a more
mature ventricular-like phenotype when treated with the DMSO+NRG-1f3, showing a
shorter APD50 and APD90 values than when treated with DMSO or NRG-1p alone. By
day 14 of differentiation, iPS-CMs differentiated with NRG-1, in combination or not
with DMSO, exhibited more mature properties with higher MDP, amplitude, frequency
and Vmax as well as a shorter APD50 and APD90. On the other hand, iPS-CMs
differentiated only with DMSO, exhibited typical properties of fetal cultivated CMs
with a low MDP, frequency, amplitude and Vmax, as well as a longer APD50 and
APD90 (Figure R14). These findings support the role of NRG-1f for cardiac

differentiation and maturation of stem cells.

3. REGENERATIVE POTENTIAL OF PREDIFFERENTIATED iPS-CMs IN A
MOUSE MODEL OF ACUTE MYOCARDIAL INFARCTION

3.1. Optimization of echocardiographic evaluation of left ventricular

function in a mouse model of myocardial infarction

To study the in vivo regenerative potential of iPS-CMs, we previously optimized
the acquisition and analysis protocol for the echocardiographic evaluation of LV
remodeling in a mouse model of MI. To perform reliable measurements of cardiac
function in a mouse model of MI, it is necessary to use high-resolution
echocardiography equipment specifically designed for small animals [28], like the Vevo
770 (VisulaSonics, Toronto, ON), which has been used in this study.

3.1.1. Echocardiographic data

A complete characterization of LV post-infarction remodeling was performed in a
DBA/2J mouse model of MI. In a pilot study, seventeen 8 week old female DBA/2J
mice underwent permanent occlusion of the LAD coronary artery leading to MI. A
sham group of fourteen 8 week old female DBA/2J mice that underwent thoracotomy
but did not undergo ligation of the coronary artery was included. Four mice from the
experimental group were excluded from the study: three of them died during surgery
and one more 7 days after MI. Mice echocardiography was performed using a VEVO
770 before infarction and 7, 14, 30, 60, 90 and 120 days after ligation.
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3.1.2. Measurement of left ventricular remodeling and cardiac function

LV systolic function was evaluated by measuring the fractional shorthening
(FS%), the ejection fraction (EF%), fractional area change (FAC%), stroke volume
(SV), volume in diastole (VD) and volume in systole (VS) parameters. The EF% was
calculated by Teicholz and Simpson methods and the FAC% parameter was calculated
in short-axis and long-axis views to visualize better the localization of the ventricular

infarction.

3.1.2.1. LV structural analysis

LV diastolic average internal diameter at baseline (Dbvi), middle (Dmvi) and
apical (Davi) levels were calculated before Ml and 7, 14, 30, 60 and 90 days post-
infarction (Table R2). These values increased after MI, revealing progressive post-
infarction remodeling of the left ventricle. Namely, at the basal level (Dbvi), the LV
diameter significantly increased (p<0.001) 90 days post-infarction. At middle level
(Dmuvi), a significant enlargment (p<0.01) was detected starting 14 days post-infarction
and becoming prominent 30 days post-infarction (p<0.001). At apical level (Davi), a
marked, statistically significant enlargement (p<0.001) appeared 7 days post-infarction
that continued until the end of the study. Furthermore, the LV end-diastolic and systolic
areas (Aread; Areas) (Table R2) significantly increased as well, starting 7 days post-
infarction (p<0.001) and remaining at that level for the rest of the study. As it can be
observed at the Table R2 data and Figure R15, a progressive ventricular dilation
extended from the apical origin of the infarction towards healthy myocardial areas,
resulting in marked changes of both size and shape.
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Table R2. Structural analysis. HR: heart rate. Dbvi: LV diameter (basal). Dmvi: LV diamter (medium).
Davi: LV diameter (apical). Aread: end-diastolic area. Areas: end-systolic area (** indicates statistical
significance versus day 0, with p<0.01) (*** indicates statistical significance versus day 0, with p<0.001).

Data are mean + SD.

Day HR Dbvi Dmvi Davi Aread Areas

0 364.15 + 27.20 3.09 £0.38 3.36 £0.20 2.82+0.24 18.98 +1.81 6.87 £ 0.93

7 366.54 + 39.49 3.27+£0.35 3.63+£0.30 3.49 £ 0.42*** 22.04 £2.11*** 13.81 £ 2.80***
14 368.08 +£41.21 3.09 £0.31 3.75+0.33** 326 £0.32*** 2216 £ 2.16*** 14.31 £ 2.48***
30 361.23 £29.31 3.49+£0.43 3.76 £0.30*** 3.60 £ 0.41*** 22.83 £2.37*** 14.69 £ 2.75***
60 374.23 £ 36.31 3.35+0.17 3.83£0.31*** 3.48 £0.28*** 23.75 +2.67*** 15.30 £ 3.16***
90 364.23£37.35 3.68+£0.39*** 3.95+0.37*** 3.81+£0.45*** 24.08 +2.45*** 1578 +3.20***

Control

Figure R15. Visualization of the infarction. Sample images at baseline and 7, 30 and 90 days post-
infarction. Upper row: Parasternal short-axis views. Lower row: Paraesternal long-axis views. The
infarcted area is appreciated 7 days post-infarction and is located at the apical region. The evolution of the
infarction results in progressive left ventricular remodeling.

3.1.2.2. LV functional analysis

The systolic measurements taken on short-axis views at the level of the papillary
muscles (Table R3) did not significantly change during the experiment. This was due to
the apical origin of the infarction in our model and their slow progression towards the
middle and baseline levels. In view of these results, the Simpson’s rule was chosen to
calculate EF% and FAC% measurements. The EF% calculated using Simpson’s rule

(EF% simp) (Table R3) shows significant loss of systolic function starting 7 days post-
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infarction (p<0.001). Confirming this, the LV systolic function was also evaluated using
the FAC% parameter (Figure R16), which has been found to correlate with the EF%
[30]. Namely, FAC% measured in a short-axis (FAC% short) (Figure R16, Table R3)
decreased significantly (p<0.001) 7 days post-infarction and remained virtually
unchanged. This reduction of FAC% was more evident when measured in the
parasternal long-axis (FAC% long) (Table R3).

When the infarction affects the ventricular apex, visualizing the infarct area in a
short-axis at medium and an upper level becomes difficult. Thereby, a single
paraesternal long-axis view, which results in an improved visualization of the LV was

also chosen to calculate FAC% in our model of M.

Table R3. Systolic function. EF% tei: ejection fraction using Teichholz. EF% simp: ejection fraction
using Simpson’s rule. FS% tei: fractional shortening using Teichholz. VcFc: normalized mean velocity
of circumferential fiber shortening. FAC% short: fractional area change measured on a short-axis view.
FAC% long: fractional area change measured on a long-axis view (*** indicates statistical significance
versus day 0, with p>0.001). Data are mean + SD.

Day EF% tei EF% simp FS% VcFc FAC% short FAC% long

0 62.48 £ 9.99 66.61 + 6.42 33.59 +£7.58 0.24 £0.05 65.55+3.78 63.78 + 3.87

7 65.26 +5.78  48.15+6.21*** 3543 +4.75 0.25 +£0.05 47.89 +3.99*** 3590 % 6.76***

14 60.76 £5.56  51.69 +4.59***  32.19 +3.88 0.22 £0.03 50.37 £4.90***  35.69 + 7.08***

30 59.70+7.38 4851 +6.13** 3159+519 0.21+£0.04 49.96 + 3.74***  36.01 £ 7.69***

60 63.11+£3.45 45.76 £10.50***  33.93 +2.56 0.24 £0.03 49.26 £4.78***  36.16 + 6.74***

90 59.37+498 4484 +830** 3131+344 0.22 £0.03 46.78 + 3.87***  35.03 £ 8.12***
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Figure R16. LV systolic funtion. FAC% measured both in paraesternal short-axis views and a long-axis
views. The FAC% decreased significantly as early as 7 days after myocardial infarction (*** indicates
statistically significance versus day 0, with p<0.001).

3.1.3. Tissue infarct size

In order to determine the correlation between the systolic functional changes and
the heart tissue remodeling, the percentage of infarcted tissue was measured at the end-
point of the experiment (90 days post-infarction). Figure R17 shows transverse sections
of one sample heart, starting at the level of the papillary muscles (leftmost) and ending
at the apex (rightmost). The muscle stains in light brown-colored while the collagen
appears in red, due to the Sirius red staining. Linear regression analyses demonstrated a
significant correlation between the FAC% values calculated in a long-axis view and the
infarct size values (r= -0.946; R? =0.90, p<0.05). However, the correlation with FAC%
calculated in a short-axis view was lower (r= -0.812; R* =0.66), due to the difficulty for
obtaining good short-axis views in this specific model, confirming the convenience to

perform long-axis views for LV functional analysis.

Figure R17. Histological analysis. Transverse sections of a heart 90 days after permanent ligation of the
LAD. The sections were approximately taken starting at the level the papillary muscles (left most) to the
apex (right most). The anterolateral myocardium is replaced by a thin fibrous scar tissue. Scale bar: 1
mm.
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In summary, mice echocardiography using Vevo 770 is a reliable method for
study LV post-infarction remodeling in a DBA/2J mouse model of MI when using the
Simpson’s rule and FAC% LV functional parameter calculated from the parasternal
short and long-axis views, which better adapted to the particular characteristics of our
MI model.

Therefore, the cardiac recovery after transplantation of iPS-CMs was analyzed

next following these methods in a model of acute MI.

3.2.  Transplantation of predifferentiated iPS-CMs in a model of acute

myocardial infarction in mice

The clone iPS-1 showed the best cardiac differentiation potential, so it was
selected to study its in vivo regenerative cardiovascular potential in a model of acute Ml
in mice. iPS-CMs were transplanted on day 7 of differentiation as pre-differentiated
cells might survive and proliferate better than fully mature differentiated cells. Cardiac
specification was induced by treatment with DMSO+NRG-13, which, as described
above, was the treatment that induced a greater cardiac differentiation at the protein
level (GFP positive areas) and a more mature ventricular-like phenotype as
determinated by electrophysiological methods. LV remodeling and cardiac function

were analyzed in order to evaluate the therapeutic effect of the iPS-CMs.

3.2.1. Transplantation of iPS-CMs in an acute model of MI, preserves

cardiac function

In order to assess if iPS-CMs were capable of inducing an improvement in a
model of acute MI, cells were transplanted in the peri-infarct area 8 week old female
DBA/2J mice (n=15) after permanent LAD coronary artery occlusion. A control group
(treated media animals) (n=13) and a sham group (mice that underwent thoracotomy but
did not undergo ligation of the coronary artery) (n=14) were included in the study. Two
animals from the iPS-CMs treated group were excluded from the study: one mouse died
during surgery and another one 30 days after MI. For histological analysis, two animals
per group were sacrified at 1 and 2 weeks, one animal at 4 weeks, respectively and eight

animals per group at 2 months.

101



RESULTS

Cardiac function was assessed by echocardiography 2, 30 and 60 days after cell
transplantion. A statistically significant decrease was observed in EF% and FAC%
values 60 days after transplant in the control animals group (treated with media) in
comparison with baseline values (day 2) that indicated an adverse function of the heart
(Table R4). Importantly, a statistically significant decrease in EF% and FAC% was not
observed in iPS-CMs treated animals (EF% Day 60: Medium: 28.4 + 8.2% (p<0.05 vs.
day 2) and iPS-CMs: 32.6 + 3.9% (p=n.s.); FAC% Day 60: Medium: 17.8 + 4.9%
(p<0.05 vs. day 2) and iPS-CMs: 20.0 =+ 3.3% (p=n.s.)) which indicated that
transplantation of iPS-CMs induced a preservation of the cardiac function in this model.
Not significant differences in EF% and FAC% was observed at day 30 in both groups.
Volume in diastole (VD) and volume in systole (VS) were also analyzed (Table R4)
and not significant differences were observed in VD and VS parameters between 2 days
and 60 days in both groups (Table R4).

Table R4. Echocardiographic studies. Values of EF%, FAC%, VD and VS, 2, 30 and 60 days after
transplantation. Results represent the mean + SD. *p<0.05, ** p<0.01, *** p<0.001 between 2 days and
30 or 60 days after iPS-CMs or Medium transplantation. A sham group was included as control of
experimental procedure.

EF (%)
2d 63.4 % 2.3 36.0 £ 4.5 355+ 4.7
30d 61.7+ 1.9 332123 34.7+55
60d 62.0 % 1.0 284182 * 32.6 3.9
FAC (%)
2d 44.0 £ 3.7 245%6.3 242%7.0
30d 431462 21.8+3.5 215+ 4.2
60d 410+ 4.8 178+ 4.9 * 20.0 + 3.3
VD (uh)
2d 56.7 + 12.1 47171 50.6 % 6.1
30d 60.7 + 11.4 86.7 + 17.8 *** 08.2 + 22.3 ***
60d 50.0 + 7.8 97.8 + 26.9 *** 105.8 + 19.9 ***
VS (ul)
2d 20.0£ 55 30.0 £ 4.5 32.7 4.6
30d 22.7+4.8 58.2 + 13.3 *** 64.7 £ 16.7 ***
60d 22.0+2.8 71.1 4 23.8 *** 71.7 £ 15.2 ***
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3.2.2. Transplantation of iPS-CMs induces positive tissue remodeling in

infarcted hearts

To evaluate if changes in cardiac performance could be related to cell-derived
effects, infarct size and infarct collagen content (fibrosis) were measured in the hearts

from both experimental groups 2 months post-transplant (n=8 per group).

Transplantation of iPS-CMs induced positive remodeling of the heart in
comparison with the control group (medium-treated animals), suggesting a protective
effect exerted by the cells. A significant smaller infarct size (Medium: 36.2 + 13.6%;
IPS-CMs: 24.7 + 6.3%; p<0.05) was detected 2 months after cells transplant in iPS-
CMs treated animals (Figure R19). Moreover, tissue fibrosis, quantified as collagen
content, was significantly reduced in the peri-infarct area in iPS-CMs treated animals
(Medium: 43.8 + 4.0%; iPS-CMs: 38.6 + 4.1%) in comparison with the control group
(Figure R20).
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Figure R19. Infarct size. A) Heart infarct area measured 2 months post-transplantation. Black bars
denote Medium treated animals (Medium) (n=8) and white bars denote iPS-CMs treated animals (iPS-
CMs) (n=8). A significant smaller infarct size was detected in iPS-CMs treated animals in comparison
with medium treated animals (12 serial heart sections 50 um apart). Data indicates percentage of infarcted
area (1A) versus total left ventricular area (LVA). Data were expressed as mean + SD. *p<0.05. B)
Representative images of Sirius Red stained sections. Scale bars: 500 pum.
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Figure R20. Cardiac tissue fibrosis. A) Percentage of collagen volume fraction (%CVF) measured in
the peri-infarct area of left ventricles of the iPS-CMs treated animals (white bars) (n=8) hearts in
comparison with the media treated animals (black bars) (n=8) 2 months post-transplantation. Fibrosis was
significantly reduced in the iPS-CMs treated animals in comparison with medium treated animals (12
serial heart sections 50 um apart). Data are expressed as mean + SD. *p<0.05. B) Representative images
of Sirius Red serial sections in the peri-infarct zone. Scale bars: 100 um.

3.2.3. Transplantation of iPS-CMs induces revascularization of the

cardiac tissue

Furthermore, in order to determine the potential mechanisms involved in the
positive tissue remodeling and in the preservation of the cardiac function, the

angiogenic effect of cell transplant was analyzed in the injured tissue.

Vascular density (arteries/arterioles) was determined 2 months after
transplantation by quantification of a-SMA-positive vessels at the border zone of the
infarct (n=8 per group). Tissue revascularization significantly increased in the animals
treated with iPS-CMs in comparison with the media-injected ones (Medium: 12.5 + 2.6
x 10® pm?/mm?; iPS-CMs: 17.8 + 5.2 x 10 um?mm? (Figure R22).
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Figure R22. Cardiac tissue revascularization. A) Tissue revascularization was determined by
quantifying the total area of a-SMA-positive vessels (um? per mm?) in the peri-infarct area. Black bars
denote medium treated animals (Medium) (n=8) and white bars denote iPS-CMs treated animals (iPS-

CMs) (n=8) (12 serial heart sections 50 um apart). Total area of o-SMA-positive vessels was
significantly higher in the iPS-CMs treated animals than in the medium treated animals. Data are

expressed as mean + SD. *p<0.05. B) Representative images of a-SMA stained sections. Scale bars: 100
um.

3.24. Cell engraftment

Finally, cell fate was analyzed at 7, 14, 30, and 60 days after transplantation by
immunohistochemistry against GFP. iPS-CMs-GFP positive cells were detected 7 and
14 days post-transplantation (Day 7: 3.8 £ 4.6%; Day 14: 0.3 + 0.4% versus total
transplanted cells) (Figure R21) whereas no GFP-positive signals were detected at

longer time-points (30 and 60 days after transplantation) in any of the animals.

Interestingly, ultrastuctural analysis by transmission electron microscopy
confirmed the presence of GFP positive iPS-CMs in the areas of cell injection one week
after their transplantation (Figure R22) where GFP positive iPS-CMs with organized

sarcomeric structure and Z bands could be detected. Importantly, the presence of
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intercalated discs composed of desmosomes was also observed between the GFP
positive transplanted iPS-CMs and host CMs, indicating an intercellular connection

between both cell types.

Figure R21. Analysis of cell engraftment by immunochemical detection of GFP positive cells. iPS-
CMs cells were injected in the peri-infarct area after inducing an infarct. Representative areas of injured
myocardium are shown 7, 14, 30 and 60 days after transplantation (day 7 and dayl14: n=2; day 30 and day
60: n=1) (12 serial heart sections 50 um apart). GFP-positive areas were found 7 and 14 days after
transplantation. Scale bars: 100 um. Higher magnification: 50 um.

Figure R22. Transmission electron microscopy of heart transplanted iPS-CMs. Presence of GFP
positive transplanted iPS-CMs was confirmed by electron microscopy after previous immunogold GFP
staining (n=3). Intercalated discs composed of desmosomes (arrowheads) were detected between GFP
positive iPS-CMs (red star) and host GFP negative CMs (asterisks) (A). Higher magnification of
desmosomes structures (arrowheads) (B). Scale bars: 2 um. Higher magnification: 1 pum.
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Finally, the GFP positive cells were also stained for CX43 and CTNT proteins
confirming the cardiac phenotype of the transplanted cells and their electro-mechanical

coupling among them (Figure R23).

Figure R23. Immunofluorescence detection of cardiac proteins of iPS-CMs transplanted cells. iPS-
CMs were detected in the injection area 7 days after their transplantation (n=2). The cells were stained for
GFP (MHC) (Alexa-488: green), CX43 (Alexa-594: red) and cardiac TROPONIN (CTNT) (Alexa-633:
sky-blue). Nuclear staining was performed with DAPI (blue). Scale bars: 20 um.

In summary, our results indicate that transplantation of iPS-CMs contributes to
preserve the cardiac function and tissue viability in a model of acute MI in mice.
Implanted cells exert beneficial effects by inducing a positive tissue remodeling and an
increase in the damaged-tissue perfusion. The promising features of these cells require
further evaluation and new strategies that potentiate their engraftment and survival in

the heart tissue, contributing in a greater manner to the cardiac tissue regeneration.
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DISCUSSION

Numerous studies have demonstrated the beneficial effect derived from stem cell
therapy for the treatment of MI [36]. However, a direct contribution to the cardiac tissue
has been only shown for few populations such as ESC, the cardiac progenitors present
in the heart and the recently discovered iPS cells. Taking into account the immunogenic
and ethical concerns of the ESC and the still existing technical limitations on isolating
cardiac stem cells with a robust cardiac differentiation potential, the iPS cells constitute

a promising cell source for cell therapy and research.

In this study, we have successfully generated iPS cells from adult mice fibroblasts
by retroviral transduction of three transcription factors, Oct3/4, Sox2 and Klf4. The
protooncogene c-Myc was not included in the set of pluripotency factors as several
reports have demonstrated that it is not essential for iPS cells generation and that its
inclusion in the original set of transcription factors increases the risk of tumor formation
[93]. Moreover, the negative role of c-Myc in the self-renewal of ESC has recently been
reported showing how forced expression of c-Myc induced differentiation and apoptosis
of hESC [304]. We generated iPS cells that presented ES-like properties, including
morphology, proliferation, gene and protein expression patterns and teratoma formation
capacity. Moreover, the exogenous genes over-expressed by the retrovirus were silenced
in several clones, indicating that these cells were efficiently reprogrammed and did not

depend on continuous expression of the transgenes for self-renewal.

Due to their embryonic-like properties, iPS cells are able to in vitro differentiate
towards any cell type, including CMs. iPS cardiac potential has been also shown in vivo,
after transplantation of the undifferentiated cells in an infarcted heart [156]. However,
as it could be expected, a tumorigenic potential has been evidenced for iPS cells. To
circumvent this problem, cardiac cells were previously derived in vitro to enrich the
cardiac population and to eliminate residual undifferentiated cells [147, 164, 166, 167].
Still, the actual differentiation protocols present limitations and only a small percentage
of the total cells differentiate towards cardiac cells. Furthermore, differentiated cardiac
cells present poor levels of maturation and protocols to improve it are needed.
Therefore, in the current study, we have generated iPS cells from an aMHC-GFP
transgenic mouse (which allows the identification of cardiac differentiated cells) and
successfully differentiated them into CMs for further selection and implantation in vivo.
Embryoid bodies from two different iPS clones were initially differentiated by treatment

with DMSO, a demethyation agent that has been shown to induce cardiac differentiation
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in the P19 embryonal carcinomal cell line [305] and in hESC [205]. DMSO may exert a
direct induction of CMs specification by regulation of gene expression by
demethylation. By this treatment, iPS clones demonstrated early and robust in vitro
cardiogenesis with consistent beating activity, cardiac and channel marker expression
and sarcomere maturation. However, electrophysiological data revealed that DMSO-
differentiated cells showed immature properties typical of fetal CMs. Our results are in
concordance with previous studies where cardiac cells were in vitro derived from ESC
or iPS cells showed also poor levels of cardiac maturation [174, 306, 307]. Many
protocols have been developed to improve the cardiac specification process [51, 173,
192, 194] and recent methodological progress has enabled researchers to differentiate
hESC and hiPS cells with high efficiency (more than 80%). However, despite this
improvement, the cardiac cells derived continued displaying fetal phenotypes [181, 183,
308]. Thus, in an attempt to produce functionally mature CMs, we investigated the
effect of the NRG-1B protein in iPS cardiac differentiation and maturation as its
importance in heart development (reviewed in [208]) as well as its role in ESC cardiac
differentiation [200, 201, 225] and CMs survival and proliferation [226, 228, 231] has

been previously demonstrated.

The effect of NRG-1p on cardiac differentiation was analyzed by treating the cells
with the protein alone or in combination with DMSO, and greater cardiac differentiation
was observed when NRG-1f protein was added together with DMSO. The combined
treatment significantly increased the number of GFP beating clusters of differentiated
iIPS cells in comparison with the treatments alone, demonstrating the synergic effect of
the NRG-1B and DMSO in cardiac differentiation. Previous studies have shown that
treatment with NRG-1 increased the number of beating EBs in ESC differentiation by
around 50% [200] whereas in our study, NRG-1f alone induced cardiac differentiation
to a lower degree (around 20%). This discrepancy between studies might reflect
differences in the epigenetic/genetic characteristics of the two stem cell populations
together with differences in protocol conditions for differentiating and maintaining the
cardiac cells. In any case, when NRG-1f protein was combined with DMSO, similar

levels of cardiac specification were reached (around 45%).

Interestingly, when the functionality of differentiated cells was analyzed, the
existence of viable iPS-CMs that displayed ventricular-like action potentials was
detected in all cases. It is well known that ESC-CMs form a heterogeneous population
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that includes both working and nodal-type CMs [309]. This heterogeneity has been
considered as a major limitation for the application of ESC-CMs for cardiac repair, as
the transplantation of cardiac cells with a sustained pacemaker phenotype could
promote arrhythmias [310]. In this study, we obtained a homogeneous population of
ventricular-like iPS-CMs, and neither atrial or pacemaker CMs were found among the
GFP populations, which indicates a specific differentiation towards a ventricular-like
phenotype. More importantly, NRG-1f treated CMs exhibited functional properties that
were clearly more comparable to adult host CMs than to embryonic or fetal CMs [303].
IPS-CMs showed electrophysiological maturation at day 14 of differentiation when
treated with the NRG-1p protein, showing a significant shortening of APD50 and
APD90 and an increase of Vmax, amplitude and MDP. On the contrary,
electrophysiological maturation was not found in the cells differentiated only with
DMSO, which showed a lower MDP, frequency, amplitude and Vmax, as well as a
longer APD50 and APD90. Thus, we demonstrated that NRG-1p treated iPS-CMs
reached a more mature phenotype in comparison to previous studies where CMs were
derived from murine ESC or iPS cells [164, 166, 181, 307, 308, 311], including the
studies where ESC were differentiated by NRG-1f [201]. Functional CMs with
spontaneous rhythmic Ca®* transients and B-adrenergic and muscarinic response were
derived from iPS and ESC but multielectrode functional analysis has shown that iPS
and ESC derived cardiac cells exhibited an immature phenotype that was significantly
different from native ventricular tissue [174]. In a similar way, hiPS cells were
differentiated towards functional CMs [164] but the cells derived exhibited typical
properties of human embryonic CMs with higher values of AP duration (approximately
300 ms) but not of adult cardiac muscle [167]. Functional CMs with active response to
the B-adrenergic and muscarinic agonists were also shown for ESC after NRG-13
treatment. Again, electrophysiological analysis revealed poor levels of maturation in the
ESC-CMs that presented APD90 values of 200 ms (in comparison with the APD90
values of 80-90 ms we reported, closer to the APD90 values of adult CMs (83 ms) [303]
[200, 201]).

As we identified an efficient cardiac differentiation protocol for mouse iPS cells
and demonstrated a ventricular-like phenotype, we then studied the therapeutic benefit
of the iPS-CMs cells (obtained after differentiation with dual treatment (DMSO and

NRG-1p)) in a rodent model of MI. To study cardiac recovery after transplantation of
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IPS-CMs in the infarcted heart, we performed ultrasound imaging, which provides a fast
an inexpensive alternative to magnetic resonance imaging [25-27]. In general, the
evaluation of cardiac function in mice has been hampered to date by technical issues
such as the fast mouse HR, the difficulty of obtaining clear echocardiographic views of
the heart and the translational motion present during the image acquisition [29, 312-
314]. In this case, echocardiographic evaluation of LV remodeling was performed using
the high-resolution equipment Vevo 770 (VisualSonics), specially designed for small
animals. Moreover, the echocardiographic measurements and the analysis protocols
were previously optimized in a pilot study where a complete structural and functional
echocardiographic characterization of the LV remodeling was performed in our mouse
model of MI [300]. Some technical issues were dealt with thanks to the high resolution
of the equipment that provides high quality echocardiographic views of the LV.
Moreover, cardiac function was initially calculated using the Teichholz and the
Simpson methods as both could be theoretically used to evaluate LV function.
However, our results showed that Simpson’s rule was better adapted to the particular
characteristics of our MI model because unlike the Teichholz method, it does not
assume that the LV cavity is an ellipse, and therefore, the post-infarct LV induced
dilation is calculated in multiple slices in both systole and diastole, adjusting better to
the morphometry of the heart and thereby offering a more reliable method for this in
vivo model. Furthermore, in order to better visualize the infarct area, we acquired and
performed structural measurements in both paraesternal short-axis and long-axis views.
Other groups have done similar studies using the same equipment [250, 315, 316] but
only using standard measurements. Given the location of the infarction, starting at the
apical level and progressing towards the middle ventricle, we measured the FAC% not
only using the standard short-axis views, but also a parasternal long-axis view. Both
results demonstrated marked systolic dysfunction caused by LV remodeling, although a
greater correlation between FAC% and infarct size (estimated from the histology) was
detected in the single long-axis than in the short-axis views. This is due to the difficulty
of obtaining LV short-axis views with a clear definition of the entire post-infarction
endocardial border because of the orientation of the heart and the small size of the
mouse rib cage [314]. Our analysis of the evolution of FAC% showed that the systolic
function was directly related to the progressive dilation of the LV internal diameter and
the increase of the end-systolic and end-diastolic areas. After this complete

echocardiographic characterization of the heart LV remodeling, we studied the
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regenerative potential of iPS derived cardiac cells in an acute mouse model of MI. Few
studies have described the in vivo potential of iPS cells for cardiac repair [156]. Early
ones showed that transplantation of undifferentiated iPS cells in acutely infarcted hearts
resulted in cell engraftment, cardiac in vivo differentiation and an improvement in
cardiac function but, as expected, they also reported tumor formation. In view of this
evident limitation, we transplanted previously in vitro differentiated cardiac cells. At the
functional level, a preservation of the cardiac function was detected in the long-term (2
months) in the iPS-CMs-treated animals that was not observed in the non-treated
animals. Furthemore, iPS-CMs transplantation induced a beneficial effect in the injured
hearts that resulted in a smaller infarct size and scar collagen content and an increase in
the revascularization of the tissue. Moreover, no teratoma formation was observed in
any animals due to the differentiation and selection method, although a more dedicated

study would be needed for evaluating its safe use.

Interestingly, our in vivo results at the functional and tissue remodeling levels are
comparable with other reports, in which a positive effect was observed after iPS-CMs
transplantation [168]. In the study by Carpenter et al., transplantation of hiPS-derived
cardiac differentiated cells in a rat Ml model attenuated scar tissue formation and, in
association with this, preserved the cardiac function. In this case, the transplanted cells
were detected in the peri-infarct zone 10 weeks post-transplantation (with 22%
engraftment) although ten times more cells were implanted in this study than in ours.
The poorer level of engraftment detected in our study could be explained by the
ischemic conditions of our MI model (a permanent-ligation acute model in comparison
with the ischemic-reperfusion model performed in the study by Dr. Watt), the
immunogenicity against the GFP protein [259] and the cell dose. This last issue has also
been previously analyzed in more detail. Interestingly, Mummery et al. compared the
effect of injecting 1 million vs. 3 million cells and observed that the lower dose, despite
forming smaller grafts of hESC-CMs, was associated with a better functional outcome
[317]. This is consistent with other reports, which showed equal improvement of the
cardiac function after transplantation with different hESC-CMs doses (10 million vs. 1.5
million CMs) [51, 52]. This effect must be due to the fact that cells did not significantly
contribute to the regeneration of the tissue as they survived poorly in it [318]. In fact,
the initial presence of large clusters of cells could cause structural disruption of adjacent

host CMs [319] as it has been described for skeletal myoblasts, which when injected at
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high doses disrupted the electrical coupling between the host CMs (reviewed in [320]).
Clusters of cells may also secrete more extracellular matrix, increasing the fibrotic area

between transplanted cells and host cells and therefore isolating the graft [50, 51].

On the other hand, although we have shown that at day 14 of differentiation
cardiac cells exhibited more mature properties, iPS-CMs were transplanted at day 7 of
differentiation as pre-differentiated cells might survive and proliferate better than fully
mature differentiated cells. Previous studies have shown that transplanted fetal CMs
integrate and survive in the myocardium better than primary adult CMs as they present
a greater capacity for proliferation [321]. Moreover, it has been reported by our group
that due to their high sensitivity to hypoxia, mature differentiated CMs derived from the
adipose tissue did not survive in heart tissue for up to a week and thereby, failed to
improve heart function [322]. In our study, we detected engrafted cardiac cells for up to
two weeks, which importantly, presented a sarcomeric organization with developed Z
bands. Interestingly, intercalated discs composed by desmosomes were observed
connecting the transplanted CMs to adjacent host CMs, demonstrating in vivo
maturation of the predifferentiated CMs. In comparison with our results, Mauritz el al.
have also reported that iPS cell-derived FIk1" cardiovascular progenitors are capable of
engrafting on the heart tissue improving the heart function [177]. However, structured
sarcomeric organization and alignment of these cells could not be detected, suggesting
that these cells had an early and immature cardiac phenotype. Moreover, in other
reports, pre-differentiated CMs derived from hESC have also been shown to engraft on
injured rat hearts [323]. Mummery and colleagues were the first ones to demonstrate the
long-term fate of hESC-CMs when transplanted in a model of MI in immnunodeficient
mice [50]. hESC-CMs survived, integrated and matured in the host myocardium for at
least 3 months. A maturation of hESC-CMs was observed over time, showing an
improved sarcomeric organization and alignment within the host myocardium,
downregulation of cardiac immature markers (Sma and Mlc2a) and upregulation of
mature markers (Mlc2v and Cx43) together with the establishment of intercellular
contacts such as desmosomes and gap junctions structures among the CMs. Moreover,
early cardiovascular progenitors not only might not only survive and engraft better in
the ischemic heart tissue but also contribute directly to the cardiovascular lineages. A
stable engraftment and robust cardiac differentiation was detected for transplanted ESC-

derived Nkx2.5+ cardiac progenitors following MI, which established gap junctions
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with the host cells [324]. Similar results have also been demonstrated after ESC-derived
cardiovascular progenitor transplantation in a murine MI model [51, 190]. Yang et al.
described a population derived from hESC phenotypically characterized by the
expression of KDR'™/c-kit™ that displayed in vitro and in vivo cardiac and vascular
potential. Furthermore, mESC-derived FIk-1" progenitors proliferated and differentiated
into CMs in vivo, contributing to improve cardiac function in a dilated cardiomyopathy
mouse model [325]. Mouse and human iPS cell-derived FIk-1* progenitor cells have
also been derived in vitro [147] and have exerted beneficial effects after their
transplantation in vivo, differentiating into cardiovascular lineages and improving
cardiac function in a mouse model of acute MI [177]. Finally, a population of cardiac
derived cells enriched for Isl1+ progenitor cells have been shown not only to survive
long-term after their transplantation into the infarcted hearts but also to differentiate into
CMs, ECs and SMC, promoting endogenous angiogenesis, reducing cardiac apoptosis
and infarct size and improving cardiac function [46, 326, 327].

Importantly, despite the fact that histological analysis has demonstrated the
presence of electromechanically coupled iPS-CMs in the heart tissue, it can be
suggested that the positive benefit observed at the functional and remodeling level is for
the most part due to the trophic effect of the cells. In fact, many (stem) cells have
demonstrated their therapeutic potential through paracrine mechanisms. Blood, bone
marrow (BM) and adipose tissue derived progenitor cells like BM-derived mononuclear
cells (BM-MNCs), SVF [328], mesenchymal stem cells [322, 329, 330] and endothelial
progenitor cells (EPCs) [331] have been shown to release angiogenic factors such as
bFGF, VEGF, and hepatocyte growth factor (HGF), protecting the heart from ischemia,
activating revascularization of the damaged tissue, improving contractility and
attenuating fibrosis following MI (reviewed in [257]). Importantly, adult CMs also
release angiogenic factors in response to hypoxia [332] and mechanical stress [333,
334] promoting angiogenesis, cell survival and regulating the CMs function too [335].
Interestingly, the role of the mesenchymal cells has been described at the hemodynamic
level: transplantation of autologous MSC in a non-ischemic rabbit model of heart failure
led to an improvement in cardiac contractility by a decrease in catecholamine levels and
a subsequent attenuation in B-adrenoceptor downregulation [336]. Also, a positive effect
in cardiac post-infarction remodeling can be exerted by MSC by promoting host-derived

myofibroblasts proliferation [337, 338] and by attenuating expression of collagen types
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I and I, tissue inhibitor of MMP-1 (TIMP1) [339] TGF-B [340] and pro-inflammatory

cytokines, which are known to regulate LV remodeling [339].

All these results demonstrate that CMs can engraft into the heart tissue, although
they do not survive long-term and disappear with time. Thus, new strategies to
potentiate cell delivery, engraftment and survival of the cells are essential for improving
repair of infarcted hearts. Scar tissue formation after MI creates a hypoxic environment
that severely compromises CM survival. Therefore, co-tranplantation of CMs with other
cell populations such as the ECs and SMC that can contribute to new blood vessel
formation to supply oxygen and nutrients, and stromal cells (fibroblasts) or
mesenchymal cells for ECM support, could be a good option to improve cardiac cell
survival. In fact, mixed populations of differentiating ESC cultures have already been
used. A matrix composed of non-human primate ESC derived-SSEA1+ cardiac
progenitors combined with ADSC provided new differentiated CMs and exerted trophic
support after their transplantation in a primate MI model [267]. Interestingly, Templin et
al. were the first to demonstrate long-term survival (visualized for up to 15 weeks) and
differentiation after the co-administration of hiPS with MSC in a large-animal model of
MI [261]. Interestingly, it has also been shown that cell patches comprising only hESC
derived-CMs and the matrix that they secreted, survived poorly after their
transplantation. However, the addition of endothelial and stromal cells greatly enhanced
cell survival and induced tissue revascularization [269]. Similar positive effects have
recently been reported using tissue patches prepared with cardiac cells derived from iPS
cells. Two interesting studies have been published to date in a mouse and a pig model of
MI respectively, showing the functional benefit derived from the transplanted iPS-
derived cell sheets [272, 273]. Moreover, a significantly higher engraftment of CMs was
demonstrated when cells were transplanted as a tricell patch composed of iPS-derived
CMs, ECs and MEFs [272].

Regardless of the cell source, survival of the injected cells in the injured heart has
been very limited, due not only to the injection methods, but also to the ischemic
environment and the lack of cell-to-cell and cell-to matrix contact with the following
loss of survival signals (reviewed in [341]). Early studies have shown how cells
implanted into the infarcted heart that were previously adhered to solid scaffolds,
presented greater engraftment and as a consequence, induced a much greater benefit

than when injected as a cell suspension [342]. Also, transplantation of hESC derived-
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CMs within bioengineered scaffolds has shown a functional improvement, increasing
the tissue vascularization and survival of the cells after their transplantation into the
injured hearts [266, 268-270]. Interestingly, Levenberg et al. showed that ESC-ECs,
seeded in biodegradable polymer scaffolds could engraft long-term and form new
vessels [343]. Moreover, a 3D human cardiac tissue composed by collagen type | and
hiPS-CMs also showed a functional benefit after its transplantation into
immunodeficient rat hearts [271]. Furthermore, Caspi et al. seeded hESC-derived CMs
and vascular cells onto poly-L-lactic acid scaffolds, with an enhancement of CMs
proliferation due to presence of ECs and the scaffold support [266]. All these data
strongly suggests that engineered tissue rather than direct cell transplantation could be a

more efficient approach for therapeutic purposes [344].

However, although these studies suggest a direct contribution of the transplanted
IPS derived cells, further experiments will be necessary to assess the mechanisms of
action of the transplanted cells as well as their functional integration and
electrophysiological behavior in vivo. The mechanical integration of hESC-CMs in a
pig model of MI [274] has been recently reported, demonstrating cell integration with
the host cardiac tissue, as late as one month after their transplantation. In vivo functional
integration of iPS-CMs should be determined to confirm their potential for cardiac

repair.

Thus, although we have reported the beneficial effect derived from the
transplantation of NRG-1f differentiated iPS-CMs, their poor survival and integration
in the tissue constitutes the principal limitation of this study. Other strategies to improve
the survival of the cells in the tissue and induce their differentiation and maturation
more strongly are therefore necessary. Further studies could be proposed in which stem
cells could be treated with different cytokines before or after their transplantation to
enhance their survival in the tissue and therefore their therapeutic efficacy. For instance,
transplantation of MSC pre-treated with FGF-2, IGF-1 and BMP2 and transplanted in a
rat model of MI showed better survival in the tissue and exerted greater cytoprotective
effects on neighboring CMs, which translated into a reduced infarct size and an
improvement of the LV function [345]. Moreover, MSC transfected with adenovirus
expressing human VEGF and SDF-1 also survived at greater levels and therefore,
enhanced their trophic effect, inducing greater benefit in terms of tissue

revascularization and remodeling, and thereby improving cardiac function [346].
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The role that trophic factors released by the transplanted cells exert in cardiac
repair is noteworthy, so it could be argued that injection of key factors/cytokines could
induce a similar paracrine effect. However, it has to be taken into account that the
injection of soluble factors in ischemia models has been associated with limited success,
mainly due to the short-lived effect of the cytokines (reviewed in [35]). In this context,
the use of controlled release systems that could allow sustained cytokine release could
significantly prolong their biological effect. Several studies have developed therapeutic
controlled delivery systems to release angiogenic cytokines such as VEGF, bFGF and
FGF. Sustained and localized release of VEGF through PLGA microparticles has
recently been reported by our group [347] which, when injected in the rat hearts after
MI, induced an increase in the revascularization of the tissue and positive remodeling of
the heart. The preparation of porous alginate scaffolds with the capacity to deliver bFGF
with a controlled pattern has also been reported [348]. Interestingly, when the scaffold
was transplanted into the mesenteric membrane of the rat peritoneum, an increased
capillary density was observed. Other studies have reported efficient tissue
revascularization after administration of VEGF-loaded nanoparticle-fibrin gel
complexes in a rabbit model of ischemic hind limb [349] or after injection of matrigel
constructs loaded with FGF9 in ischemic heart mouse models [350]. Also, local
delivery of insulin-like growth factor 1 (IGF-1) with biotinylated peptide nanofibers
improved cell therapy for MI [351]. In this experiment, when neonatal CMs were
transplanted together with the IGF-1 nanofibers they survived better and an improved
systolic function was detected. Interestingly, we have demonstrated by using a PLGA-
MP system, that NRG-1B-sustained treatment induces a functional benefit that is
associated with an induction of tissue revascularization and positive remodeling in an
acute rat model of MI. Furthermore, induction of host CMs proliferation was also
observed (data not published). Therefore, the combination of a sustained NRG-1B
protein release system with iPS-CMs could represent an attractive strategy to boost
survival, proliferation, differentiation and maturation of the transplanted iPS-CMs could

be potentiated.

Other interesting strategies are the possibility of inducing partial or direct
reprogramming of somatic cells towards CMs by overexpression of different sets of
cardiac reprogramming factors like Gata4, Hand2, Mef2c and Thx5 [249, 251]. Direct
in vitro conversion of adult cells into cardiomyocyte-like cells has been shown although
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it still seems to be a rather inefficient process that needs to be optimized. Initial studies
have shown that the generated CMs failed in the expression of some typical cardiac
genes, showed incomplete functional maturation and poor survival after transplantation
in @ mouse model of MI [254]. Interestingly, this reprogramming phenomenon has been
also reported in vivo [250]. However, even though a functional benefit was induced in a
MI model, the level of transduced cells that remained with time is not clear, nor is the
mechanism of this functional improvement. Also, the induction of cardiomyocyte-like
cells in infarcted hearts has not been so successfully achieved by other groups that
performed gene transfer of the same factors by using a polycistronic retrovirus [252].
Thus, further studies will be needed in future research in order to improve these

protocols and better understand the underlying mechanisms (See scheme D1).

In summary, our results indicate that transplantation of iPS-CMs provides a long-
term beneficial effect, helping to preserve the cardiac function and tissue viability in a
model of acute MI in mice. Implanted in an acute ischemic environment, these cells
survive and form connections with each other and with adjacent host CMs, exerting
beneficial effects that include positive cardiac remodeling and an induction of tissue
perfusion. Furthermore, we have demonstrated for the first time that NRG-1p protein
significantly induces cardiac specification of miPS cells towards a mature ventricular-
like cardiac phenotype. A greater effect regarding the percentage of differentiated cells
was detected when cells were treated with NRG-1f in combination with DMSO. Thus,
IPS cells differentiated with NRG-1$ and DMSO could represent a useful source to
produce a sufficient number of mature CMs for cellular transplantation and also for
drug screening and target validation. The promising features of these cells require
further evaluation and new strategies that help to boost their engraftment and survival

into the heart tissue, contributing to a greater degree to cardiac tissue regeneration.
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Scheme D1. iPS-CMs therapy in cardiac repair. Transplanted iPS-CMs engrafted and matured in the
damaged heart tissue exerting a positive benefit including the preservation of cardiac remodeling and
tissue viability. However, the poor engraftment of the cells represents the principal limitation for the
therapeutical application of cardiac iPS cells. Thus, further studies such as the combination of CMs with
other (stem) cell populations and bioengineered scaffolds are being assayed to improve the engraftment
and survival of the transplanted cells. Finally, transplantation of iPS-CMs together with NRG-1
microparticles could represent an alternative strategy to promote in vivo differentiation and maturation of

CMs.
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1. Adult tail fibroblasts derived from oMHC-GFP transgenic mice can be
reprogrammed into embryonic stem-like cells by retroviral over-expression of the

specific pluripotency transcription factors Oct3/4, KIf4 and Sox2.

2. All the generated and analyzed mouse iPS clones share the defining features of ESC,
according to the standard tests of pluripotency. At the cell culture level, the iPS clones,
exhibit typical mouse ESC morphology, present unlimited growth capacity and
spontaneously form embryoid bodies when grown in suspension in the presence of
serum. IPS clones activate the expression of the core ESC gene regulatory network
Nanog, Oct3/4, Klf4, Sox2, Eras, Ecatl, Fbx15 and Rex1 pluripotent genes. OCT3/4 and
NANOG protein expression and Alkaline Phosphatase activity have also been detected
in the reprogrammed cells. In vivo, iPS cells subcutaneously injected into

immunodeficient mice generate teratomas.

3. Among the six derived iPS clones, clones 1 and 2 exhibit the most robust cardiac
differentiation potential. In vitro, treatment with a demethylation agent, dymethyl
sulfoxide (DMSO), induces up-regulation of early and late specific cardiac genes and
proteins, whereas no or very low levels of endothelial and smooth muscle genes
expression are detected, indicating the iPS cells specification towards a cardiac
phenotype. In vitro differentiated cells present sarcomeric organization and spontaneous

contraction with action potentials typical of fetal cardiomyocytes.

4. Combination of DMSO with the recombinant NRG-1 protein induces a more robust
differentiation of iPS cells towards a cardiac phenotype with larger beating GFP
positive areas than DMSO alone. Also, a greater differentiation induction is achieved
with the combined treatment than with the NRG-1p protein alone, demonstrating the

synergistic effect of both factors.

5. 1IPS-derived cardiomyocytes also achieve a more mature cardiac phenotype when they
are differentiated with the NRG-1p protein and show a ventricular-like action potential
with shorter APD50 and APD90 and higher MDP, amplitude, frequency and Vmax
values. On the contrary, iIPS-CMs differentiated only with DMSO, exhibit typical
properties of fetal CMs with longer APD50 and APD90 and lower MDP, amplitude,

frequency and Vmax values.
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6. The high resolution equipment for echocardiography, VEVO 770, allows a reliable
evaluation of the left ventricular post-infarction heart remodeling in an acute DBA/2J
model of MI. Measurements performed by following Simpson’s method and images

taken in the heart with short but also long-axis views are required for optimal analysis.

7. Transplantation of iPS-derived cardiomyocytes in a model of acute Ml in DBA/2]
mice contributes to preserve the cardiac function and tissue viability. A long-lasting
functional effect is associated with a smaller infarct size and scar collagen content

together with higher tissue revascularization.

8. Injected in an acute ischemic environment, the cardiac cells are able to engraft,
establish gap junctions among them and couple to the host cardiomyocytes through
desmosomes. In global terms, contribution to the cardiac tissue is, however, minimal,

suggesting a paracrine effect as the main mechanism for the observed benefits.

9. Altogether, these findings show the potential of NRG-1B protein and DMSO as a
treatment for inducing a specific iPS cells differentiation towards ventricular-like
cardiomyocytes. iPS-derived cardiac cells could represent an interesting cell source for
cardiac regenerative therapy as they contribute to the regeneration of the ischemic tissue
and provide a long-term functional preservation and positive tissue remodeling in a

mouse model of acute MI.
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Abstract

Background: The aim of this article is to present an optimized acquisition and analysis protocol for the echocardiographic
evaluation of left ventricle (LV) remodeling in a mouse model of myocardial infarction (Ml).

Methodology: 13 female DBA/2J) mice underwent permanent occlusion of the left anterior descending (LAD) coronary
artery leading to MI. Mice echocardiography was performed using a Vevo 770 (Visualsonics, Canada) before infarction, and
7,14, 30, 60, 90 and 120 days after LAD ligation. LV systolic function was evaluated using different parameters, including the
fractional area change (FAC%) computed in four high-temporal resolution B-mode short axis images taken at different
ventricular levels, and in one parasternal long axis. Pulsed wave and tissue Doppler modes were used to evaluate the
diastolic function and Tei Index for global cardiac function. The echocardiographic measurements of infarct size were
validated histologically using collagen deposition labeled by Sirius red staining. All data was analyzed using Shapiro-Wilk
and Student’s t-tests.

Principal Findings: Our results reveal LV dilation resulting in marked remodeling an severe systolic dysfunction, starting
seven days after Ml (LV internal apical diameter, basal=2.82+0.24, 7d=3.49+0.42; p<0.001. End-diastolic area,
basal=18.98+1.81, 7d=22.04+2.11; p<0.001). A strong statistically significant negative correlation exists between the
infarct size and long-axis FAC% (r=—0.946; R,=0.90; p<<0.05). Moreover, the measured Tei Index values confirmed
significant post-infarction impairment of the global cardiac function (basal =0.46+0.07, 7d =0.55+0.08, 14 d =0.57=0.06,
30 d=0.54%+0.06, 60 d=0.54+0.07, 90 d=0.57=*0.08; p<<0.01).

Conclusions/Significance: In summary, we have performed a complete characterization of LV post-infarction remodeling in
a DBA/2J mouse model of MI, using parameters adapted to the particular characteristics of the model In the future, this well
characterized model will be used in both investigative and pharmacological studies that require accurate quantitative
monitoring of cardiac recovery after myocardial infarction.
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Introduction dilatation with distortion of ventricular geometry and secondary
mitral regurgitation [5].

Quantitative bi-dimensional transthoracic echocardiography is
routinely used to characterize the LV remodeling associated with
ischemic cardiomyopathies [6],[7]. The traditional echocardio-
graphic measurements recommended for the evaluation of LV
remodeling include estimates of LV end-diastolic and end-systolic
volumes and LV mass. LV volumes have been demonstrated to
predict adverse cardiovascular follow-up events, including recur-
rent infarction, heart failure, ventricular arrhythmias, and mitral
regurgitation [7].

Cardiovascular disease, and more specifically myocardial
infarction (MI), is the first cause of morbidity and mortality in
the world [1],[2],[3]. Left ventricle (V) remodeling occurs after
myocardial infarction as a result of the abrupt loss of contracting
cardiomyocytes. Early expansion of the infarct zone is associated
with LV dilation caused by the redistribution of the increased
regional wall stress to preserve stroke volume [4]. Between one half
and one third of patients experience progressive post-infarction
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Several murine models of myocardial infarction exist, based on
permanent occlusion of the left anterior descending coronary
artery (LAD). These models have been used to elucidate
mechanisms of myocardial remodeling and provide new insights
into the physiology and treatment of cardiovascular disease
[8],[9],[10],[11]. To perform reliable measurements of cardiac
function in mouse models, high-resolution echocardiography
equipment is available, specifically designed for small animal
imaging [12]. This is the case of the Vevo 770 (VisualSonics,
Toronto, ON), a high-resolution i viwo micro-imaging system,
which has been used in this study. Ultrasound imaging provides a
fast and inexpensive alternative to magnetic resonance imaging
[13],[14],[15] when performing longitudinal follow up studies of
cardiac remodeling.

The most common parameters used to evaluate the systolic
function of the LV are the fractional shortening (FS%), ejection
fraction (EF%) and cardiac output (CO) [16]. In the absence of
regional wall motion abnormalities, 'S% and EF% are predictably
related. In mice however, the extent of the typical cavity
obliteration and the associated error introduced in the volumetric
measurements is far greater than in humans. Consequently, the
use of FS% is more appropriate [16]. The I'S% and EF% are
routinely calculated using the Teichholz method [17], which
assumes that the left ventricular cavity can be represented as a 3D
ellipsoid of revolution. However, this might not be a reasonable
assumption when the LV adopts the complex shapes caused by
regional wall motion abnormalities that are common after MI.
Therefore, an alternative approach to calculating EF% exists,
based on the shape independent Simpson’s rule [8],[18],[19],
where the LV endocardial border is traced in multiple slices both
in systole and diastole, and the volumes are computed from these
tracings.

Using the above method, the LV function can also be measured
as the percentage of change in left ventricular cross-sectional area
between diastole and systole (fractional area change, FAC%),
which has been found to correlate well with EF% both in normal
and abnormal subjects [20]. The standard method to estimate
FAC% wuses cross-sectional area short-axis views at different
ventricular levels. However, when the infarction affects the
ventricular apex, visualizing the infarct area at medium and
upper levels becomes difficult and so it is to visualize the entire
endocardial border. In those cases, the standard FAC% measure-
ment is hardly representative of the real damage. Instead we
propose to use a single parasternal long-axis view, which results in
improved visualization.

Cardiologists, beyond the standard systolic dysfunction, are
starting to analyze post-infarction diastolic dysfunction, which
precedes the depression of systolic function in patients of all ages
suffering from both permanent and temporary ischemic cardio-
myopathies. The standard approach to diagnose diastolic
dysfunction uses a pulsed-wave Doppler scan of transmitral flow,
although a variety of other measurements can be used [21],[22].
The accuracy with which those measurements quantify diastolic
dysfunction is still open to discussion [23].

Finally, since the isolated analysis of systolic and diastolic
mechanisms may not be reflective of overall cardiac dysfunction,
the Tei index has been recently introduced. The Tei Index is a
simple, reproducible, quantitative estimate of global dysfunction,
independent from heart rate and blood pressure levels, character-
ized by low inter-observer and intra-observer variability
[21],[24],[25],[26]. An estimate of global cardiac function can
also be obtained using tissue Doppler imaging.

The aim of the present article is to present an optimized
echocardiographic quantification of LV remodeling in a mouse
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model of myocardial infarction. All the above-described param-
eters have been included and compared in our evaluation, and
those that have morphological significance, correlated with
histological measurements.

The rest of the article is organized as follows. In Section 2, we
briefly summarize our mice model of MI by LAD ligation, the
image acquisition protocols and parameters used to evaluate
cardiac function. The results are presented in Section 3. A final
discussion (Section 4) and conclusions (Section 5) end the article.

Methods

Experimental model

Seventeen 8-week-old female DBA/2J mice (Harlan IBERICA
S.L. Barcelona, Spain) underwent coronary artery ligation as
described in  Pelacho et al. [27]. Briefly, the animals were
anesthetized with 2% isofluorane, intubated, connected to a
ventilator for small animals and placed on a heating table in a
supine position. A thoracotomy was then practiced at the left
fourth intercostal space. Next the pericardium was opened and the
left anterior descending coronary artery was ligated using a 7.0
absorbable suture. The pericardial incision was closed in layers
with a 6.0 absorbable suture and the skin incision with 6.0 sutures.
Finally, the endotracheal tube was removed and spontaneous
breathing restored. The animals were kept in a cage, lying on a
heating blanket for several hours until recovered from surgery.
The survival rate over the course of the experiment was over 75%.
A —sham- group made of fourteen 8-week-old female mice that
underwent thoracotomy but did not undergo ligation of the
coronary artery was used as control of the experimental group.

All experiments were performed in accordance with the
principles of laboratory animal care formulated by the National
Society for Medical Research and the guide for the care and use of
laboratory animals of the Institute of Laboratory Animal
Resources (Commission on Life Science, National Research
Council). All animal procedures were approved by the University
of Navarra Institutional Committee on Care and Use of
Laboratory Animals.

Echocardiographic studies

Echocardiography. Echocardiography was performed using
a Vevo 770 ultrasound system (Visualsonics, Toronto, Canada)
equipped with a real time micro-visualization scan head probe
(RMV-707B) working at a frame rate ranging between 110 and
120 frames per sec (fps). The nosepiece-transducer used has a
central frequency of 30 MHz, a focal length of 12.7 mm and
55 um of nominal spatial resolution. The Vevo 770 is equipped
with ECG-gated kilohertz visualization software (EKV'™), which
synthesizes high temporal resolution B-Mode images by combin-
ing several ECG-synchronized heart cycles. The EKV image
reconstruction software produces B-mode sequences at up to 1000
frames per second.

Animal preparation. Mice were anesthetized with isoflurane
(Isoflo®, ABBOTT S.A, Madrid, Spain), at a concentration of 4%
(induction) and 1.5% (maintenance) in 100% Oxygen. Each
animal was placed on a heating table in a supine position with the
extremities tied to the table through four electrocardiography
leads. The chest was shaved using a chemical hair remover (Veet,
Reckitt Benckise, Granollers, Spain). Warmed ultrasound gel
(Quick Eco-Gel, Lessa, Barcelona, Spain) was applied to the
thorax surface to optimize the visibility of the cardiac chambers.
The heart rate (HR) of the animals was recorded immediately
before the echocardiographic study.
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Table 1. Structural analysis.
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Day HR Dbvi Dmvi Davi Aread Areas

0 364,15+27,20 3,09+0,38 3,36+0,20 2,82+0,24 18,98+1,81 6,87+0,93

7 366,54+39,49 3,27+0,35 3,63+0,30 3,49+0,42%* 22,04+2,11** 13,81%2,80%*
14 368,08+41,21 3,09%+0,31 3,75+0,33* 3,26+0,32%* 22,16+2,16** 14,31+2,48**
30 361,23+29,31 3,49+0,43 3,76+0,30** 3,60+0,41%* 22,83+2,37** 14,69+2,75%*
60 374,23%+36,31 3,35%0,17 3,83£0,31** 3,48+0,28** 23,75+2,67** 15,30%3,16**
20 364,23*+37,35 3,68+0,39** 3,95+0,37** 3,81+0,45%* 24,08+2,45%* 15,78+3,20**

doi:10.1371/journal.pone.0041691.t001

Views and measurements. Fchoes were acquired at base-
line (before LAD ligation), and 7, 14, 30, 60 and 90 days after
LAD ligation. LV remodeling was quantified according to the
guidelines and standards of American Society of Echocardiology,
the guide to micro-echocardiography study using the Vevo770
[28] and the Vevo 770® Protocol-Based Measurements and
Calculations guide, as described in the following paragraphs.

First we quantified the LV structural analysis. To that end the
LV diameters at basal (Dbvi), middle (Dmvi) and apical level
(Davi), the end-diastolic (Aread) and end-systolic (Areas) areas
were measured on a two-dimensional (B-mode) parasternal long-
axis view.

The functional analysis of the heart was next evaluated, starting
with the LV systolic function that was measured several ways:

— The ejection (EF% teil) and shortening (F'S%) fractions were
calculated from the LV diameters (LVID d, LVID s) measured
on an M-mode examination of the LV. To obtain the classical
LV M-mode tracing, the M-mode cursor was vertically
positioned at a transthoracic parasternal short axis view —
visualizing both papillary muscles-.

— The normalized mean velocity of circumferential fiber
shortening (VcFc) was calculated as the ratio between the
shortening fraction and the heart rate (HR) corrected ejection
time (Et,), namely:

Table 2. Systolic function.

HR: heart rate. Dbvi: LV diameter (basal). Dmvi: LV diameter (medium). Davi: LV diameter (apical). Aread: end-diastolic area. Areas: end-systolic area. (* indicates
statistical significance versus day 0, with p<<0.01) (** indicates statistical significance versus day 0, with p<0.001).

FS ES
VeFe= Eitn = T
©
HR

— The ejection fraction was also calculated using the Simpson’s
rule (EF% simp), from a long axis view and four short axis
views at different levels of the LV

— The fractional area change (FAC%), was measured as

(Aread — Areas)

FACY% =
% Aread

% 100.
First, we calculated the FAC% using one parasternal short-axis
view at mid-ventricular level (FAC% short). Given the poor
definition of the endocardial border on the short-axis view,
especially at mid-ventricular and apical levels, caused by the
apical location of the infarction in our model, we also
calculated the FAC% in one EKV-mode parasternal long-axis
view (FAC% long). Both short and long-axis views were
acquired using gain settings that optimized the visualization of
the endocardial and epicardial walls.

— The peak velocity of the septal basal level (S’ septal) and the
posterior wall (S" post) were measured using Tissue Doppler
from a four chamber and short axis view, respectively.

Day EF% tei EF% simp FS% VcFc FAC% short FAC% long
0 62,48+9,99 66,61+6,42 33,59+7,58 0,24+0,05 65,55+3,78 63,78+3,87

7 65,26+5,78 48,15+6,21** 35,43%4,75 0,25%+0,05 47,89+3,99%* 35,90£6,76**
14 60,76£5,56 51,69+4,59** 32,19+3,88 0,22+0,03 50,37 £4,90** 35,69+7,08**
30 59,70£7,38 48,51+6,13** 31,59£5,19 0,21+0,04 49,96+3,74** 36,01£7,69%*
60 63,11+3,45 45,76+10,50%* 33,93+2,56 0,24+0,03 49,26+4,78** 36,16+6,74**
20 59,37+4,98 44,84+8,30%* 31,31+3,44 0,22+0,03 46,78+3,87** 35,03+8,12%*

doi:10.1371/journal.pone.0041691.t002

@ PLoS ONE | www.plosone.org

EF% tei: ejection fraction using Teichholz. EF% simp: ejection fraction using Simpson’s rule. FS% tei: fractional shortening using Teichholz. VcFc: normalized mean
velocity of circumferential fiber shortening. FAC% short: fractional area change measured on a short axis view. FAC% long: fractional area change measured on a
long axis view. (* indicates statistical significance versus day 0, with p<<0.01) (** indicates statistical significance versus day 0, with p<<0.001).
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Table 3. Systolic function (cont'd).

Myocardical Infarction Evaluation in Mice

Table 5. Diastolic function (cont’d).

Day LVID d LVID s co S’ post S’ septal

0 3,64+0,29  2,38%+0,34 15,76+2,36 20,18+£1,60 20,78+3,23
7 3,95+0,40 2,53+0,27 13,90£3,75 18,96+2,36 19,05+1,97
14 4,04*0,36* 2,72+0,31 1540+420 1896+1,79 17,91+1,23*
30 4,08*041* 2,80+043 17181495 18,81*+1,31 17,41%£1,09%*
60 4,28+0,33* 285%0,32* 13,83*+231 1837%0,95*% 17,74%2,70*

90 4,22+0,34** 2,90*0,28** 16,23+2,82 19,57+2,43 18,69*1,89

LVID d: LV internal diameter (diastole). LVID s: LV internal diameter (systole).
CO: cardiac output. S’ post: peak velocity of the posterior wall. S’ septal: peak
velocity of septal basal level. (* indicates statistical significance versus day 0,
with p<<0.01) (** indicates statistical significance versus day 0, with p<0.001).
doi:10.1371/journal.pone.0041691.t003

— The cardiac output (CO), was measured from the left
ventricular output tract length (LVOT) and HR measured on
a long axis view, and the area under the curve of a Doppler
measured on the aortic valve.

The LV diastolic function was evaluated using pulsed-wave
Doppler sensing of the transmitral inflow obtained from LV apical
two or four chamber views. From the pulsed-wave Doppler graph,
we measured the peak E wave velocity (early filling wave), peak A
wave velocity (late atrial contraction wave), E/A ratio, decelera-
tion time (MVDT), ejection time from opening to closure of the
aortic valve (ET ms) and LV isovolumetric relaxation (IVR'T) and
contraction (IVCT) times. During the scan, the ultrasound beam
was kept as parallel as possible to the blood flow. Representative
Doppler curves obtained from one of the animals in all time points
are included as Figure S1.

The Tei Index —an indicator of global cardiac function- was
calculated from the pulsed-wave Doppler graph:

1VCT +I1VRT

Tei Index =
ei Index 5T

Finally, an estimate of both systolic and diastolic function was also
obtained using tissue Doppler imaging on the LV septal basal
portion of the mitral annulus, and on the LV posterior wall, taken
from a parasternal short-axis view at the level of the papillary
muscle. From the tissue Doppler imaging graph, we calculated the
negative E' wave (early diastolic myocardial relaxation velocity),
negative A’ wave (late-atrial myocardial contraction velocity), and

Table 4. Diastolic function.

Day E A E/A ET ms MVDT

0 670,38+6946 410,55+49,86 1,58*0,23
7 61452+78,08 317,09%73,61* 2,10=0,68
14 588,37+52,63* 411,86+-88,69 1,63+0,46
30 558,02+74,43** 350,09+60,88 1,72+0,41
60 593,40+107,20 349,78+87,45 1,79+0,47
90 590,41+104,08 371,00%£66,21 1,57%0,30

57,79%5,36 21,25+1,48
5894+6,39 20,10+4,28
58,73%=5,74 19,43£1,97
60,71%3,72 20,10£3,00
56,064,94 19,27+2,16
57,69+5,81 20,00£2,34

E: early filling wave. A: late atrial contraction wave. E/A: ratio between E and A.
ET ms: ejection time from opening to closing of the aortic valve. MVDT:
deceleration time. (* indicates statistical significance versus day 0, with p<<0.01)
(** indicates statistical significance versus day 0, with p<<0.001).
doi:10.1371/journal.pone.0041691.t004

@ PLoS ONE | www.plosone.org

Day \Va y IVRT

0 12,50+2,93 14,23+2,26

7 13,94+2,97 18,17+2,20%*
14 14,33+3,81 18,27+3,25*
30 13,56+3,14 18,75+2,60%*
60 12,31+2,54 17,98+2,82*
20 12,98+3,08 17,50+2,39*

IVCT: LV isovolumetric contraction time. IVRT: LV isovolumetric relaxation
time. (* indicates statistical significance versus day 0, with p<<0.01) (** indicates
statistical significance versus day 0, with p<<0.001).
doi:10.1371/journal.pone.0041691.t005

the ratio E/E’ (ratio of mitral peak velocity of early filling E to
carly diastolic mitral annular velocity E') Representative tissue
Doppler curves obtained from one of the animals in all time points
are included as Figure S2.

All measurements were performed offline using dedicated
Vevo770 quantification software (Vevo 770 v. 3.0.0).

Tissue processing and staining

Mice were anesthetized, injected with 100 pl saline containing
0.1 mM cadmium chloride (Sigma), and perfusion-fixed for
10 min with 4% paraformaldehyde under physiological pressure.
The hearts were excised, fixed overnight in 4% paraformaldehyde
at 4°C, and cut in three 3.0 mm blocks (apical, mid-ventricular
and basal) using a mouse heart slicer matrix (Zivic instruments, see
Figure S3). Finally, hearts were dehydrated in 70% ethanol (4°C,
o/n), embedded in paraffin and sectioned at 5 um thickness. The
sections were deparaffinated and stained by immersion in
Picrosirius Red (Sigma) for 90 minutes, differentiated 2 minutes
in HCI (Sigma) 0.01 N, dehydrated and mounted in DPX [27].

Morphometric analysis

The histological extent of the infarction was measured as the
amount of collagen deposition stained by Sirius red [22]. Briefly,
an average of 15 serial sections per heart were imaged at 2.5X
using a Zeiss Axio Imager M1 microscope (Carl Zeiss AG,
Oberkochen, Germany) equipped with and AxioCam 1Cc3 digital
camera and Axiovision software (v 4.6.3.0). The images were
acquired as image mosaics mounted by the software that controls
the microscope. The infarct size was automatically measured in
cach section photograph, using the AnalySIS® software [29]. The
results were calculated as percentage of infarcted area vs. total LV
area and averaged through all the sections.

Statistical analysis

All data are expressed as mean * standard deviation. The
Shapiro-Wilk test was used to verify that the data followed a
normal distribution, which justified or not the use of a parametric
test. A Student’s /-test was used for the statistical analysis of means.
To calculate the correlation between infarction size and FAC% we
used the Pearson correlation and linear regression analysis. For all
tests, a P value of less than 0.01 was considered statistically
significant. All statistical analysis was performed using SPSS
software for windows (Version 15.0).
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Table 6. Global cardiac function.
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Day Tei index E/E’ E’ septal E’ post A’ septal A’ post

0 0,46+0,07 28,45+3,53 23,82+3,21 25,20+4,30 20,07+3,61 17,00%2,99
7 0,55+0,08* 29,59+6,68 21,51+4,52 22,13+3,76 18,03+3,46 17,20+3,49
14 0,56+0,08* 28,57+4,69 20,33+2,43* 22,08+3,81 17,07 +£3,66* 17,32%3,90
30 0,54+0,06* 27,86+3,90 20,23+2,71* 21,38+3,98 18,00+£2,47* 17,45+4,67
60 0,54+0,08* 29,50+3,68 20,22+3,20* 22,11+3,87 19,09+4,19* 16,29+3,45
20 0,58+0,08* 29,29+4,53 20,44+3,66 21,83+3,44 20,44+3,33 17,39%3,11

doi:10.1371/journal.pone.0041691.t006

Results

Echocardiographic data

The average study was 15 minutes long. Four mice from the
experimental group were excluded from the study: Three of them
died during surgery and one more 7 days after myocardial
infarction. The results of the structural and functional measure-
ments performed on the control —sham- group are included in
Table S1. No significant differences between the basal and post-
surgery (7 day) measurements were found in any of the
measurements, thus the measurements obtained on the experi-
mental group, summarized in Tables 1, 2, 3, 4, 5, and 6 can be
considered free from artifacts caused by the surgery.

Control

Myocardial infarction 7 days

Tei index: index tei. E/E": ratio between E and E'. E’ septal: early diastolic myocardial relaxation velocity (septal level). E" post: early diastolic myocardial relaxation
velocity (posterior wall). A’ septal: late-atrial myocardial relaxation velocity (septal level). A" post: late-atrial myocardial relaxation velocity (posterior wall). (* indicates
statistical significance versus day 0, with p<<0.01) (** indicates statistical significance versus day 0, with p<0.001).

Measurement of left ventricular remodeling and cardiac
function

LV structural analysis. Table 1 (HR) shows the average
heart rate of the animals before MI and 7, 30 and 90 days post-
infarction. There are no statistically significant changes between
time points. Therefore no changes on LV-fractional area values
can be attributed to changes in HR caused by non-properly
controlled effects of the anesthetic.

Table 1 lists the LV diastolic average internal diameter at
baseline (Dbvi), middle (Dmvi) and apical (Davi) levels before MI
and 7, 30 and 90 days post-infarction. These values reveal
progressive post-infarction remodeling of the left ventricle.
Namely, at basal level (Dbvi), the LV diameter significantly
increased (p<0.001) 90 days post-infarction. At middle level
(Dmvi), a significant enlargement (p<0.01) was detected starting
14 days post-infarction and becoming prominent 30 days post-

Myocardial infarction 30 days Myocardial infarction 90 days

Figure 1. Visualization of the infarction. Sample EKV images at baseline and 7, 30 and 90 days post-infarction. Upper row: Parasternal short-axis
views. Lower row: Parasternal long-axis views. The infarcted area is appreciated 7 days post-infarction and is located in the apical region. The
evolution of the infarction results in progressive left ventricular remodeling. The videos from which the frames were selected are given as

Supplementary material.
doi:10.1371/journal.pone.0041691.9001
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Figure 2. LV systolic function. FAC% measured both in parasternal short-axis views and a long-axis view. The FAC% decreased significantly as
early as 7 days after myocardial infarction (** indicates statistically significance versus day 0, with p<<0.001).

doi:10.1371/journal.pone.0041691.g002

infarction (p<<0.001). At apical level (Davi), a marked, statistically
significant enlargement (p<<0.001) appeared 7 days post-infarction
that continued until the end of the study. Furthermore, the LV
end-diastolic and systolic areas -Table 1 (Aread) & Table 1 (Areas)-
increased significantly as well, starting 7 days post-infarction
(p<<0.001) and remained at that level for the rest of the study.

These data indicate that the ventricular dilation extends
progressively from the apical origin of the infarction towards
healthy myocardial areas, resulting in marked changes of both size
and shape. This is clearly visualized in Figure 1, which presents
sample EKV images of the LV of one of the animals at baseline
and 7, 30 and 90 days post-infarction, both using a mid-level
short-axis and a parasternal long-axis view. The corresponding
videos are given as Videos S1, S2, S3, S4, S5, S6, S7, and S8. Due
to the apical location of the origin of the infarction, the progression
of the infarction, i.e. LV remodeling, is not clearly appreciated on
the short-axis views (Videos S1, S2, S3, and S4), while it is evident
in the long-axis views (Videos S5, S6, S7, and S8).

LV functional analysis. The systolic measurements taken on
short axis views at the level of the papillary muscles -Table 2 (EF%

Ratio E/A

0 7 14 30 60 90

Days Post infarction
Figure 3. LV diastolic function. Evaluation of diastolic function
measured as the E/A ratio calculated using the pulse Doppler wave

mode at baseline and 7, 14, 30, 60 and 90 days post-infarction.
doi:10.1371/journal.pone.0041691.g003

@ PLoS ONE | www.plosone.org

tei, FS% & Vclc)- did not significantly change during the
experiment. This is due —as already explained- to the apical origin
of the infarctions in our model, and their slow progression towards
the middle and baseline levels. That motivated the use of the
Simpson’s rule to calculate the EF% and the FAC measurements.

The EF% calculated using the Simpson’s rule -Table 2 (EF%
simp)- shows significant loss of systolic function starting 7 days
post-infarction (p<<0.001). Confirming this fact, Iigure 2 illustrates
the evolution of the LV systolic function using the FAC%.
Namely, FAC% measured in a short axis view —Table 2 (FAC%
short)- decreases significantly (p<<0.001) 7 days post-infarction and
remains virtually unchanged. This reduction of FAC% was more
evident when measured in the parasternal long-axis view —Table 2
(FAC% long)-.

Finally, Table 3 (S’ septal & S post) contains the evolution of
systolic function measured by tissue Doppler. The systolic tissue
velocity S is degraded both at the septal basal level (S” septal) and
in the posterior wall (S" post). This decrease is statistically

Index Tei
o ©o o
~ o o
1 1 1

o
[N]
|
T

o

0 7 14 30 60 90
Days Post infarction

Figure 4. LV global cardiac function. Global cardiac dysfunction
measured with the Tei Index at base line, 7, 14, 30, 60 and 90 days post-
infarction. Changes are significant starting 7 days post-infarction until
the end of the experiment (* indicates statistical significance versus day
0, with p<0.01).

doi:10.1371/journal.pone.0041691.g004
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significant between 14 and 60 days post-infarction when measured
on the septal basal level (p<<0.01), but it is only significant 60 days
post-infarction when measured on the posterior wall (p=0.01).

We used the pulsed wave Doppler of the mitral filling to
measure diastolic dysfunction. We observed no significant increase
of the ratio E/A -Table 4 (E/A) & Figure 3- and unchanged
MVDT values (p = 0.405) during the entire duration of the study —
Table 4 (MVDT)- . However, the IRVT increased significantly 7
days (p<<0.001) post-infarction, and remained at that level until the
end of the study (p<<0.001), as seen in Table 5 (IVRT).

The Tei Index, used as an indicator of global cardiac function, -
Table 6 (Index Tei) & Figure 4- increased significantly 7 days post-
infarction (p<<0.01) and this increase was maintained until the end
of the study (p<<0.01).

The tissue Doppler analysis reveals significant deterioration of
the diastolic function at the septal basal velocity —Table 6 (E'
septal)-, from 14 to 60 days post infarction (p<<0.01), but no
significant deterioration based on the posterior velocity —Table 6
(E" post)-. Finally, the ratio E/E" —Table 6 (E/E’)- did not present
significant changes against the basal values any time during the
study.

Correlation between systolic functional changes and
tissue remodeling

At the end point of the experiment —90 days post-infarction-,
the percentage of infarcted tissue was measured as described in the
material and methods section. Figure 5 shows transverse sections
of one sample heart, starting at the level of the papillary muscles
(leftmost), and ending at the apex (rightmost). The muscle appears
light brown-colored while the collagen in red, due to the Sirius red
staining. Linear regression analyses demonstrated that the average
infarct size measured from the histological sections correlated
significantly with the FAC% values calculated in a long-axis view
(r=—0.946; R?=0.90; p<<0.05). However, the correlation with
FAC% calculated in a short-axis view was lower (r=—0.812;
R?=0.66), due to the difficulty of obtaining good short-axis views
in this specific model.

Discussion

The evaluation of cardiac function in mice has been hampered
until this date by technical issues, such us the fast mouse heart rate,
the difficulty to obtain clear echocardiographic views of the heart,
and the translational motion present during image acquisition
[16],[22],[23],[30]. In this study we present a complete structural
and functional echocardiographic characterization of LV remod-
eling in a mouse model of long-term MI. To deal with the first two
technical issues we used high-resolution ultrasound equipment

Myocardical Infarction Evaluation in Mice

dedicated for small animal imaging, which provide high-quality
echocardiographic views of the LV of the mouse. In order to better
visualize our apically located infarction, we have acquired and
performed structural measurements in both parasternal short-axis
and long-axis views. High resolution EKV mode images were used
whenever necessary to improve the quality of the inherently noisy
ultrasound images. Finally, the translational motion was partially
compensated by the use of anesthetics.

This study has been carried out in the context of a broader
effort aimed at characterizing the long-term effects of stem cell
based therapies in post-infarction cardiac remodeling. We will use
induced pluripotent stem (IPS) cells derived from DBA/2J
cardiomyocytes, which will be injected in the infarcted myocardial
areas. To avoid unwanted immunological response, the cells will
be injected in infarcted hearts of DBA/2] mice. Previous studies
on mouse models of MI were done mostly on C57BL mouse
background [11],[19],[21],[30],[31],[32]. Since there is substantial
evidence of different responses to MI due to age, sex or genetic
background [10] we carried out a complete characterization of our
DBA/2] MI based model. The common practice in these type of
studies involves monitoring LV remodeling from 4 weeks to 9
weeks after surgery [11],[19], consistent with the general
understanding that post-infarction complications can only be
prevented very soon after the ischemic episode [27],[33] Instead,
we monitor the cardiac function during 90 days after LAD ligation
because that is the prospective duration of our cell-based therapy.

We have done a complete characterization of our myocardial
infarction model by measuring the untreated progression of the
LV systolic, LV diastolic and global cardiac function post MI.
Other groups have done similar studies using the same equipment
[34],[35],[36], but only used standard measurements. In our
model, given the location of the infarction —starting at the
ventricular apex and progressing towards the middle ventricle- we
have measured the FAC% not only using the standard short-axis
views but also in a parasternal long-axis view. Both results reflect
marked systolic dysfunction caused by LV remodeling. However,
the correlation between FAC% and infarct size estimated from the
histology was higher for the FAC% measured in a single long-axis
view than when measured in the short-axis views. This is due to
the difficulty to obtain LV short-axis views with a clear definition
of the entire post-infarction endocardial border, because of the
orientation of the heart and the small size of the rib cage [23].

Our analysis of the evolution of FAC% with time shows that
systolic dysfunction —visible as early as 7 days after MI- is directly
related to the progressive dilation of the LV internal diameter and
with the increase of the end-systolic and end-diastolic areas.
However, changes in the diastolic function were not so evident,
and were only detected using the IVRT. Contrarily, we found no

Figure 5. Histological analysis. Transverse sections of a heart 90 days after permanent ligation of the LAD. The sections were approximately taken
starting at the level the papillary muscles (leftmost) to the apex (rightmost). The anterolateral myocardium is replaced by a thin fibrous scar tissue.

The scale bar represents 1 mm.
doi:10.1371/journal.pone.0041691.g005
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significant changes of DT and the ratio E/A, while E’ measured at
the posterior wall reflected significant changes only 14 days post-
infarction. This is consistent with the findings of recent studies that
claim that the isolated analysis of systolic or diastolic function may
not be reflective of overall cardiac function [24],[25]. Moreover, it
is well know that the common parameters of systolic and diastolic
function are influenced by the anesthesia used for the mouse
immobilization [22],[23]. Therefore, we also computed the
combined myocardial performance Tei Index, which is indepen-
dent of the heart rate or blood pressure levels. Our measurements
confirmed significant impairment of global cardiac function
starting 7 days post-infarction.

The measurement of the infarcted area in tissue sections is the
common ex-vivo approach to determine the infarct size in animal
models [11]. A recent study estimated the infarct size in vivo by
calculating the infarct area from sequential B-mode echocardio-
graphic short-axis images in a mouse model of MI, demonstrating
significant correlation between the estimated infarct size and the
EF% [8]. Takagawa et al. [11] reported that infarct size derived
from area, length and midline length measurements all reflect the
severity of systolic dysfunction. In that line, our linear regression
analysis also finds significant correlation between long-axis view
FAC% and the histological infarcted size measured as the mean
percentage of infarcted area vs. total LV area.

In summary, we have performed a complete characterization of
LV remodeling in a mouse model of MI, establishing a valuable
control for future pharmacological, cellular or tissue engineering
studies of post-infarction cardiac remodeling, such as those
reported by us and others [27],{29],[33],[34],[35],[36].

Supporting Information

Figure S1 Pulsed-wave Doppler analysis. Sample Doppler
pulsed-wave recordings of the transmitral inflow obtained from
LV apical two or four chamber views. The recordings were
obtained from the same animal before infarction (top) and 7, 14,
30, 60 and 90 days (bottom) after infarction.

(TIF)

Figure S2 Tissue Doppler analysis. Sample tissue Doppler
recordings of the LV septal basal portion of the mitral annulus,
taken from a parasternal short-axis view at the level of the
papillary muscle. The recordings were obtained from the same
animal before infarction (top) and 7, 14, 30, 60 and 90 days
(bottom) after infarction.

(TIF)

Figure S3 Tissue processing. A) Rodent heart slicer (Zivic
Instruments). The heart is located into the slicer hole and two
blades (Stanley) inserted (3 mm separated of each other). Once the
blades are partially inserted, they are aligned with another one and
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Abstract

The possibility to induce pluripotency in somatic cells or, even further, to induce cell
transdifferentiation through the forced expression of reprogramming factors, has offered new
attractive options for cardiovascular regenerative medicine. Thus, induced pluripotent stem
cells (iPS cells) can be differentiated towards cardiomyocytes, a key cell type for cardiac
regeneration, representing an ideal cell source for modeling cardiac human diseases and for a
personalized regenerative cell therapy. The current article pretends to give an overview of the
iPS cells features and differentiation capability, together with the methods already described
for inducing their specification towards a cardiovascular phenotype. Also, in vivo studies
performed to determine the therapeutic potential of iPS-derived cardiac cells will be
discussed. Emerging studies for modeling several genetic cardiac disorders with iPS-derived
cells will be finally described, as they can offer an excellent tool for drug testing and future

patient-specific treatment.

Keywords: induced pluripotent stem cells (iPS); cell reprogramming; cardiac differentiation;

stem cell therapy; cardiac regeneration.



1. Introduction

Cardiovascular disease is the leading cause of morbidity and mortality worldwide. It
represents approximately 30% of all deaths, with nearly half resulting from myocardial
infarction (M) [1]. Fortunately, medical advances at the pharmacological, interventional, and
surgical levels have significantly decreased the rate of mortality at the acute stage of the
disease and have prolonged life expectancy. In spite of this remarkable progress, current
treatment strategies have been unable to regenerate the diseased heart or provide a definitive
cure. However, recent stem cell research has offered new hope that protective and
regenerative therapies are possible (reviewed in [2]). Nevertheless, despite reports of
successful in vitro differentiation of adult stem cells into cardiovascular lineages, only a few
studies have demonstrated in vivo differentiation towards cardiomyocytes (CMs), particularly
those derived from cardiac tissue [3, 4]. It has been hypothesized that the principal
mechanism of heart tissue regeneration involves replication and differentiation of cardiac
progenitor cells (CPCs). The differentiation potential of CPCs to cardiac and vascular cells (in
vitro and in vivo) has been demonstrated, along with their therapeutic potential following
implantation into infarcted hearts of mice, which contributed to preservation of cardiac
function and tissue viability [5-7]. However, despite these positive in vivo effects, CPCs were
found to display limited potential for self-renewal and differentiation into CMs. Thus, their
therapeutic benefits have been mainly attributed to release of complementary paracrine
factors. Furthermore, the regenerative role of CPCs was recently challenged after pulse-chase
studies demonstrated that pre-existing adult CMs were the dominant source of heart cell
replacement during myocardial homeostasis and injury [8].

Although human embryonic stem cells (ESCs) have shown the greatest cardiac differentiation
potential [9], their clinical use has been hampered by important limitations, including their
potential tumori- and immunogenic properties as well as ethical issues related to their origin.
For this reason, the discovery of so-called induced pluripotent stem (iPS) cells [10], which
closely resemble ESCs and can be easily derived from adult cells, has provided an exciting
alternative for bypassing these ethical and immunogenic concerns. In this review, we provide

a detailed discussion of the origin, characteristics, and differentiation potential of iPS cells.

2. Discovery and derivation of iPS cells
The cell differentiation process was once believed to be irreversible. However, in 2006, the
novel generation of embryonic stem-like cells from somatic cells resulting in iPS cells, was

reported by the laboratory of Dr. Yamanaka, a finding that resulted in a Nobel Prize in 2012



[10]. In order to produce iPS cells from adult mouse fibroblasts, cell de-differentiation was
induced through retroviral transduction of several factors involved in pluripotency and self-
renewal of ESCs. Initially, a total of 24 genes were selected and over-expressed in various
combinations in order to identify those that might participate in cell reprogramming, which
was ultimately found to depend on only four of the factors: Oct3/4, Klf-4, Sox-2, and c-Myc
(OSKM). One year later, human iPS (hiPS) generation was also described by using the same
combination of factors [11] or a different one (Oct3/4, Sox-2, Nanog, and Lin-28) [12].
Following these studies, efforts to simplify the reprogramming process and to minimize the
risk of chromosomal disruption revealed that a reduced set of reprogramming factors was
sufficient to generate iPS cells (reviewed in [13]). Moreover, due to safety concerns
surrounding spontaneous reactivation of viral transgenes or possible oncogene activation via
lentiviral insertion, alternative iPS generation strategies have been developed and tested.
These have involved the use of adenoviruses, RNA-based Sendai viruses, episomal vectors,
DNA plasmids, excisable vectors, mMRNAs, microRNAs, or even proteins (reviewed in [14]).
Recently, the use of genetic factors, chemical inhibitors, and signaling molecules that can
either replace core reprogramming factors or enhance reprogramming efficiency has also been
investigated (reviewed in [15]).

Collectively, in vitro and in vivo studies have indicated that, like ESCs, iPS cells have the
capacity to differentiate into cell types derived from any of the three germ layers. Indeed, this
wide differentiation potential was confirmed through injection of iPS cells into either
immunosuppressed mice to generate teratomas or into embryos to produce chimeras [16].
Also, the protocol developed for iPS cell generation has proved to be quite reproducible. iPS
cells have already been derived from many species, including humans, non-human primates,
pigs, rats and mice, that share among them common pluripotency features but that similarly to
ESCs and depending on the specie of origin, differ in others like phenotype, morphology and
culture condition requirements. Thus, activation of the LIF-JAK-STAT pathway is required
for mouse ESC and iPS self-renewal [17], being the leukemia inhibitory factor (LIF) [18] and
the bone morphogenetic proteins (BMPs) [19] indispensable for cell culture and pluripotency
maintenance. In contrast, fibroblast growth factor-2 (FGF2) and Nodal/Activin signaling
pathways have been found to be neccesary for human ESC and iPS maintenance [11, 20],
being the human iPS media usually supplemented with FGF2 for an adequate culture of the

pluripotent stem cells [11, 21].



In addition, several cell types like adult B-pancreatic cells, neurons, keratinocytes and
hepatocytes and hematopoietic, neural and adipose stem cells, among others, have been
successfully used to produce iPS cells, demonstrating the striking plasticity of cells,

independently of their origin and differentiation stage (reviewed in [13]).

3. Genetic and epigenetic profiles of iPS cells

Despite initial excitement regarding the ES-like features of iPS cells, deeper molecular
analysis revealed differences between iPS cells and ESCs, mainly relating to aberrant gene
expression [22]. In particular, incomplete silencing of somatic genes in reprogrammed cells,
weak activation of ESC specific pluripotency genes, and non-specific aberrations (distinct
from either the cell of origin or ESCs) have been detected. Also, comparison of methylation
marks in ESC and iPS cell genomes revealed significant variations. Similarly, consistent
differences have been observed in miRNA expression patterns between hESCs and hiPS cells
[23]. Furthermore, two studies comparing global gene expression profiles in ESCs and iPS
cells consistently identified the persistence of donor cell gene activation in iPS cells [24, 25].
It has been suggested that this aberrant expression could lead to immune responses even after
autologous transplantation. In fact, recent work from Zhao and collaborators demonstrated
that ESCs derived from C57/B6 mice induced teratoma formation without any evidence of
immune responses, whereas iPS cells derived from the same mouse strain failed to form
teratomas due to rapid, T cell-dependent rejection. Moreover, global gene expression analyses
of ESC- and iPS cell-derived teratomas revealed overexpression of teratoma-related genes in
the iPS cells, which were responsible for the immune rejection [26]. However, these findings
are now controversial after a recent study observed very limited immunogenicity of skin and
bone marrow-derived iPS cells transplanted into mice. It was found that the immunogenicity
of ten iPS cell clones was similar to that of seven different ESC clone-derived cells, and that
stable skin and bone marrow grafts derived from iPS cells formed without evidence of
rejection [27].

4. Differentiation potential of iPS cells

Numerous protocols, most of them based on previous ESC techniques, have been used to
differentiate iPS cells into diverse cell types in vitro (reviewed in [28]), demonstrating their
pluripotency. Also, their in vivo differentiation potential has been confirmed in several animal
models. For example, rat iPS cells were used to generate rat pancreas when injected into

mouse blastocysts that were deficient in an essential gene required for pancreas development



[29]. Additionally, when undifferentiated iPS cells were transplanted into an ischemic rodent
heart, they efficiently differentiated into cardiac and vascular cells [30]. However, despite the
proven pluripotency of iPS cells, differentiation patterns can be influenced by the origin and
epigenetic characteristics of the derived iPS cells, thus leading to preferential differentiation
into specific cell types. Although the molecular mechanisms for this phenomenon remain ill
defined, it has been proposed that iPS cells can retain residual DNA methylation signatures
characteristic of their somatic tissue of origin, which can favor their differentiation towards
lineages related to the donor cell [31]. In an interesting study from Dr. Polo and colleagues, it
was found that iPS cells generated from tail tip fibroblasts, splenic B cells, bone marrow-
derived granulocytes, and skeletal muscle precursors exhibited gene expression patterns
related to their origin, suggesting that iPS cells retain a transcriptional memory of their
previous state of differentiation [31]. Recently, it was demonstrated that iPS cells generated
from human pancreatic islet B-cells more efficiently differentiated (in vitro and in vivo) into
insulin-producing cells than ESCs and isogenic non-p-cells, corresponding with the fact that
[-cell-derived iPS cells maintained open chromatin structure at key -cell genes [32]. In light
of these findings, it might be possible to optimize cell lineage differentiation based on the
source of iPS cells. Thus, in order to tailor this technology to each specific application, it may
be necessary to elucidate the best way to select iPS cell lines for specific differentiation

procedures.

5. Cardiomyocyte differentiation from pluripotent stem cells

Efficient generation of cardiac cells represents a key goal in the therapeutic application of
stem cells in cardiovascular disease. Despite the proven differentiation capacity of many stem
cell populations towards different lineages (including vascular cells), a direct contribution to
the cardiac tissue has been only shown for few populations, namely ESC, the cardiac
progenitors present in the heart and the iPS cells. Taking into account the immunogenic and
ethical concerns of the ESC and the still existing technical limitations to isolate cardiac stem
cells with a robust cardiac differentiation potential, the iPS constitute a promising cell source
for future myocardial regenerative therapies. Indeed, it has already been shown that mouse,
human, and pig iPS cells can spontaneously differentiate into CMs that present similar gene
expression patterns and functional properties as ESC-derived CMs [33]. Also, the contribution
of undifferentiated iPS cells to cardiac tissue has been shown in vivo [30]. However, as might
be anticipated, these cells also exerted a tumorigenic potential due to their embryonic

characteristics [30]. To bypass this serious limitation, cardiac cells were derived from iPS



cells in vitro in order to enrich the cardiac population and then injected into the heart [34]. In
general, these transplanted cells remained within the infarcted heart and decrease cardiac
remodeling after ischemic damage. Importantly, no tumor formation has been reported,
however, very careful long-term studies will be required to confirm this. Moreover, together
with CMs, vascular cells can also participate in heart regeneration. By using differentiation
protocols established for ESCs, recent studies have demonstrated the capacity of iPS cells to
differentiate into endothelial cells (ECs) and smooth muscle cells (SMCs), contributing to
heart repair by forming new blood vessels [35, 36]. On the other hand, iPS-derived
cardiovascular progenitors might represent a promising alternative source for cardiac repair.
Indeed, iPS cell-derived fetal liver kinase-1 (FIk-1)" progenitor cells have been produced in
vitro [35, 37], and they were shown to improve cardiac function in vivo in a mouse model of
acute MI [38]. Also, a population of iPS cell-derived progenitor cells enriched for the LIM-
homeobox transcription factor islet-1 (Isl1) were shown to survive after transplantation into
infarcted hearts and to differentiate into CMs, ECs, and SMCs [39]. For future clinical use,
very stringent conditions for cardiovascular cell selection will need to be implemented prior to
contemplating their application in patients. Also, optimization of existing in vitro and in vivo
protocols for cardiac differentiation will be required, as iPS cell-derived CMs have been

shown to present poor levels of maturation with high inter-line variability [40].

6. Enhancing cardiac differentiation with cytokines and small molecules

Many protocols have been used to specifically induce cardiac differentiation in ESCs, and
these methods were later applied to iPS cell specification. Initially, co-culture with an
endoderm-like cell line (END-2) was reported as an effective manner for deriving CMs since
the endoderm plays an inductive role in the differentiation of the mesoderm-derived cardiac
cells [41]. Also, to emulate embryonic development, stem cells have been sequentially treated
with specific growth factors that drive the different steps of heart formation. In this regard,
combinations of Activin A and FGF2 [42] or bone morphogenetic protein-4 (BMP4) and
FGF2 [43] have been used to induce cardiac differentiation in hESCs and hiPS cell lines.
Similarly, hiPS cells have been successfully differentiated into CMs following treatment with
Activin A, BMP4, FGF2, and ascorbic acid [34]. Elliot and co-workers also demonstrated a
highly efficient cardiac differentiation protocol for hESCs that used BMP4 and Activin A in
combination with Wnt3a, stem cell factor (SCF or KITLG), and vascular endothelial growth
factor (VEGF) [44]. In addition, sequential application of some of these factors (Activin A,
BMP4, and FGF2) to a monolayer of hESCs and hiPS cells cultured over matrigel was highly



effective for inducing cardiac differentiation [45]. Also, other growth factors, such as BMP2
and FGF10, were shown to enhance cardiac differentiation in both ESCs and iPS cells [46,
47]. In contrast, inhibition of BMP signaling was also reported to induce CM differentiation
from mouse ESCs [48], suggesting that transient suppression of BMP signaling might be
necessary during CM specification. Furthermore, manipulation of the Wnt/B-catenin signaling
pathway, which is required for mesoderm formation and heart development, can induce
cardiac specification. In fact, activation of Wnt/B-catenin signaling with glycogen synthase
kinase-3 (GSK3) inhibitors, such as CHIR99021 (CH), has been reported to promote cardiac
differentiation of hESCs and hiPS cells [49]. Interestingly, inhibition of the Wnt pathway by
late addition of the Wnt signaling inhibitors, IWR-1 or IWP-4, can also induce cardiac
specification in hiPS cells [50, 51]. Distinct temporal actions of the Wnt/p-catenin pathway
might explain these apparently contradictory results, with early activation required for cardiac
differentiation, and inhibition needed for later specification of cardiac precursors [52-54]. The
biphasic role of transforming growth factor-p (TGFB) has also been studied. Inhibition of
TGFp/activin/Nodal and BMP signaling, using the molecules SB431542 and dorsomorphin
[55], promoted cardiac differentiation in ESCs and iPS cell lines, whereas an early inhibition
of TGFp signaling produced complete inhibition of cardiac differentiation in ESCs [56, 57].
On the other hand, sustained inhibition of Notch signaling using the y-secretase inhibitor
(GSI), promoted cardiac mesoderm specification [58]. Finally, ascorbic acid [59], dimethyl
sulfoxide (DMSO) [60], granulocyte colony-stimulating factor (G-CSF) [61], and
cyclosporin-A [62] have all been shown to enhance the generation of CMs in mouse and

human pluripotent stem cells.

7. Cardiomyocytes derivation by partial and direct reprogramming

Even though methods for safe and efficient iPS cells derivation are being rapidly developed,
their tumorigenic potential remains as a major limitation for clinical applications. Overcoming
this problem will require careful optimization of methods for differentiation, isolation, and/or
characterization of the cells to be transplanted. In this regard, a protocol allowing
differentiation of murine embryonic fibroblasts into CMs through an initial partial de-
differentiation proved to be a fast and efficient manner for cardiac cell production (Figure 1),
and was first described by Dr. Efe and coworkers. Briefly, fibroblasts were transduced with
four reprogramming factors (OSKM) and cultured in reprogramming media (without
leukemia inhibitory factor [LIF] and with an inhibitor of the JAK-STAT signaling pathway)
for nine days before they were induced for cardiac differentiation via BMP4 treatment [63].



Thus, using this unique strategy, induction of a transitory or partial undifferentiated state
favored cell specification towards a particular differentiated cell type. However, this method
presents a potential risk for acquiring a pluripotent state with tumorigenic potential.
Therefore, a third option has been tested, involving the direct reprogramming of a somatic cell
into an alternative adult cell without initially inducing total or partial cell dedifferentiation.
Notably, reprogramming of fibroblasts into functional ECs has also been recently reported.
Human fibroblasts were transduced with OSKM reprogramming factors for four days and
then treated with VEGF to induce endothelial differentiation. Interestingly, increased
angiogenesis and blood flow was observed after their transplantation in a hindlimb ischemic
mouse model [64]. Moreover, direct transdifferentiation of mouse mesoderm into beating
CMs was achieved through over-expression of two transcription factors, Gata-4 and Tbx5,
and a cardiac-specific subunit of the BAF chromatin-remodeling complex, Baf60c [65].
Additionally, a recent report has described successful in vitro transdifferentiation of somatic
cells into functional CMs [66]. For this, Dr. Srivastava and colleagues found that over-
expression of only three transcription factors (Gata-4, Mef2c, and Thx5) in cardiac or dermal
fibroblasts was sufficient for reprogramming into CMs (Figure 1). Importantly, this capacity
was recently confirmed in vivo following local delivery of these three transcription factors in
a murine model of MI [67], and the effect was enhanced by addition of thymosin 34 [68].
Fibroblast-derived cells expressed CM markers, showed sarcomeric organization, became
binucleated, presented contractile potential, and were electrically coupled. Moreover, a
smaller infarct size and improved cardiac function was detected in the treated animals three
months post-infarction. Similarly, in vivo reprogramming of endogenous cardiac fibroblasts
into CMs was also recently reported after overexpression of Gata-4, Hand2, Mef2c and Thx5
[69]. Although this new approach holds promise, it might require optimization since a recent
study found that CMs generated using this technique (with Gata-4, Mef2c, and Thx5) failed to
express typical cardiac genes, showed incomplete functional maturation, and displayed poor
survival after transplantation in a model of MI [70]. Finally, microRNA-mediated
transdifferentiation is also plausible. A single transfection of the mirRNAs 1, 133, 20, and 499
was shown to directly convert cardiac fibroblasts into CMs. Moreover, this was demonstrated
both in vitro and in vivo, following delivery of these mirRNAs to ischemic mouse
myocardium. The resulting CMs showed expression of typical mature cardiac markers,
sarcomeric organization, and exhibited spontaneous calcium transients [71]. Taken together,
these findings are extremely encouraging as they offer the possibility of reprogramming heart



endogenous fibroblasts into functional CMs. However, the efficiency of direct reprogramming

remains very low and must be improved for future regenerative use.

8. IPS cells for application in cardiac disease

Despite the unguestionable scientific and therapeutic potential of iPS cells, additional research
and optimization will be required to enable future clinical application of this technology. In
fact, it is essential that we acquire a deeper understanding of technical and biological aspects
related to iPS cells generation and differentiation and standardization of cell
transdifferentiation protocols, as well as the complex genetic and epigenetic mechanisms of
cell reprogramming. Furthermore, it has become clear that combining these therapies with
tissue engineering techniques, allowing the creation of cell sheets and patches, can increase
stem cell survival and boost therapeutic action (reviewed in [72]). Indeed, creation of human
cardiac cell sheets using hiPS cells was recently reported, and hiPS derived-CM sheets
displayed spontaneous and synchronous beating and electrical transmission between cell
layers [73]. Moreover, transplantation of stem cell populations within bioengineered scaffolds
has led to greater improvement of cardiac function in animal M1 models and has even allowed
for the generation of engineered human cardiac tissue. In addition, three-dimensional (3D)
human cardiac tissue patches, which were generated by combining collagen type | and hESC-
and hiPS-derived CMs, were recently reported [74]. Notably, CMs showed alignment and
proliferation within the collagen 3D matrix when subjected to mechanical stress. Also,
formation of a vascular network within the bioengineered human cardiac tissue was
demonstrated when ECs and stromal cells were co-cultured with the CMs. Moreover, when
cardiac constructs were transplanted into immunodeficient rat hearts, the human myocardium
survived and formed grafts that closely resembled the host myocardium. The functional
benefit obtained from use of iPS-derived cardiac tissue has been demonstrated in mouse [75]
and pig [76] models of MI. In fact, Dai and colleagues showed the efficacy of transplanting a
tricell patch containing iPS-derived CMs, ECs, and mouse embryonic fibroblasts in an
infarcted mouse model, which led to improved cardiac function and attenuated the degree of
adverse tissue remodeling and fibrosis [75]. Interestingly, the therapeutic benefit of hiPS cell-
derived CM sheets in a porcine model of MI was also reported [76], resulting in significantly
improved cardiac function and attenuated left ventricular remodeling following ischemic
damage. Importantly, few surviving cells were found when hiPS cell-derived CM grafts were
monitored eight weeks after transplantation, and no teratoma formation was observed. This

report suggests that iPS cell-derived cardiac tissue could be therapeutically effective and safe



for use in regenerative therapy. Therefore, combining different cell populations and using
tissue-engineering platforms might result in improved engraftment and survival of the
transplanted cells, subsequently boosting their therapeutic effects. Further experiments will be
needed to analyze the functional integration of iPS cell-derived CMs into recipient
myocardium, ensuring electrophysiological compatibility of the cardiac cells and adequate
microvessel development for proper perfusion. In this regard, the mechanical integration of
hESC-derived CMs in a pig model of MI indicated that cell integration with host cardiac
tissue was apparent at 28 days after transplantation [77]. Notably, these stable grafts partially
remuscularized injured pig hearts, preserved cardiac function, and significantly reduced
arrhythmia susceptibility. Moreover, the grafts were supplied by host-derived neovessels that
contained erythrocytes, which indicated perfusion by host coronary circulation. Also, the
presence of gap junctions between hESC-derived CMs and host CMs demonstrated their

mechanical integration after transplantation.

9. 1PS cells for cardiac disease modeling and drug discovery

In addition to their regenerative capacity, iPS cells constitute an important tool for modeling
cardiac disease, allowing us to study the molecular mechanisms involved in cardiac
syndromes and to test specific drug targets (reviewed in [78]). In fact, the generation of iPS
cells from patients having genetic cardiac disorders, has already been shown. For instance,
iPS cells have been derived from patients with LEOPARD syndrome, and the in vitro-derived
CMs presented the disease phenotype [79]. Also, hiPS cell-derived CMs from patients with
long-QT syndrome displayed the characteristic electrophysiological signatures of the disease
[80-83]. Similar findings were observed for human iPS cell-derived CMs from patients with
familial dilated cardiomyopathy and Brugada syndrome [84, 85]. Using these cells as a
model, studies have analyzed the potential therapeutic efficacy of drugs or small molecules
for correcting cardiac disease phenotypes. In this regard, it was reported that CMs derived
from long-QT syndrome iPS cells were susceptible to catecholamine-induced
tachyarrhythmia, and that the effects of isoprenaline, which exacerbated the disease
phenotype, could be attenuated by treatment with p-adrenergic receptor blocker [80].
Moreover, type-Il long-QT syndrome has also been modeled using iPS-derived CMs [81],
which were used to evaluate the therapeutic potency of existing and new pharmacological
agents. It was identified that the long-QT behavior of the CMs was aggravated by potassium
channel blockers, whereas nifedipine (a calcium channel blocker) and pinacidil (an agonist of

ATP-sensitive potassium channels) ameliorated the long-QT syndrome phenotype, as shown



by decreased duration of action potentials and elimination of arrhythmias. Finally,
catecholaminergic polymorphic ventricular tachycardia (CPVT) was also studied using hiPS
cells, and the arrhythmogenic disease phenotype could be abrogated following treatment with
dantrolene, a drug effective on malignant hyperthermia [86]. Thus, important advances are
likely to stem from the use of iPS cell-related disease models, which can be utilized to study
mechanisms of cardiac pathogenesis, to identify cardiotoxic effects of drugs, and to
characterize the protective effects or optimal doses of therapeutic agents.

10. Conclusions

The ability to induce a pluripotent state in somatic cells offers attractive new therapeutic
options and provides possible tools for obtaining a deeper understanding of human disease.
Although the use of iPS cells seems ideal for regenerative medicine, there are many aspects of
this technology that need to be improved and assessed before clinical application becomes a
reality (Figure 2). Indeed, optimization of non-integrative methods for cell reprogramming,
cell differentiation/selection protocols, and in vivo functionality will be required prior to
clinical translation of these techniques. In this regard, direct reprogramming or
transdifferentiation strategies, which can allow generation of progenitors and mature cells
from human somatic cells without establishing initial pluripotency, might lead to safer
protocols. These approaches could avoid the danger associated with residual pluripotent stem
cells that are capable of forming teratomas. In any case, greater efforts should be made to
improve current standard approaches and to better understand the molecular processes
involved in cell reprogramming. Furthermore, new bioengineering strategies could increase
the efficacy of iPS cell-derived transplants by improving their engraftment, survival, and
functionality in tissues. Also these techniques offer the possibility of creating tissue patches in
vitro that could be transplanted into injured organs to mediate repair. Finally, this technology
can be used to generate reproducible systems that model patient-specific disease, facilitating
drug screening and target validation.

Taken together, the reprogramming of somatic cells into iPS cells offers exciting new tools
that can be used to gain molecular insight into cardiac diseases and the potential to develop

novel regenerative therapies.
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FIGURE LEGENDS:

Figure 1. Strategies of regenerative therapy for cardiac tissue. Cardiomyocytes (CMs) can
be successfully derived from iPS cells by in vitro treatment with different cytokines and
cardiac growth factors. A protocol for partial somatic cell reprogramming involves over-
expression of the OSKM factors (Oct4, Sox2, KlIf4, and c-Myc) and culture with an inhibitor
of the JAK-STAT signaling pathway (JAKI), without clonal isolation of iPS cells. This
method of cardiac differentiation has been used to quickly and efficiently generate CMs.
Furthermore, by over-expressing cardiac transcription factors (Gata4, Mef2c, and Thx5), CMs
can be directly obtained from somatic cells without entry into the pluripotent state. Using this
technique, resident non-myocytes in the murine heart can be reprogrammed into CM-like cells

in vivo by local delivery of these transcription factors.

Figure 2. Clinical applications of iPS cells. Generation of iPS cells from somatic cells have
broadened the horizon for regenerative therapy. These cells offer the potential to model and
treat human disease. Patient-specific iPS cells can be derived from somatic cells by ectopic
expression of the Oct3/4, Sox2, KIf4 and c-Myc transcription factors. These iPS cells can then
be differentiated in vitro into the desired cell subtype, producing a model of the patient’s
disease that can be used to screen potential drug therapies. Alternatively, iPS cells derived
from a patient with a known mutation could be genetically repaired, differentiated into any
desired tissue, and then transplanted into the patient. Thus, the derivation of iPS cells presents
great potential for stem cell therapy. However, it will be necessary to generate a reproducible
differentiation system before establishing patient-specific disease models, which could be

used for drug screening, target validation, and autologous cell-replacement therapies.
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