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ReGENERATIVE IMEDICINE

Ex Vivo Molecular Rejuvenation Improves the
Therapeutic Activity of Senescent Human Cardiac
Stem Cells in a Mouse Model of Myocardial
Infarction
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Cardiac stem cells (CSC) from explanted decompensated hearts (E-CSC) are, with respect to those
obtained from healthy donors (D-CSC), senescent and functionally impaired. We aimed to identify
alterations in signaling pathways that are associated with CSC senescence. Additionally, we inves-
tigated if pharmacological modulation of altered pathways can reduce CSC senescence in vitro
and enhance their reparative ability in vivo. Measurement of secreted factors showed that E-CSC
release larger amounts of proinflammatory cytokine IL1f compared with D-CSC. Using blocking
antibodies, we verified that IL1f hampers the paracrine protective action of E-CSC on cardiomyo-
cyte viability. IL1p acts intracranially inducing IKKB signaling, a mechanism that via nuclear
factor-kB upregulates the expression of IL1p itself. Moreover, E-CSC show reduced levels of AMP
protein kinase (AMPK) activating phosphorylation. This latter event, together with enhanced IKK}
signaling, increases TORC1 activity, thereby impairing the autophagic flux and inhibiting the phos-
phorylation of Akt and cAMP response element-binding protein. The combined use of rapamycin
and resveratrol enhanced AMPK, thereby restoring downstream signaling and reducing IL1§
secretion. These molecular corrections reduced E-CSC senescence, re-establishing their protective
activity on cardiomyocytes. Moreover ex vivo treatment with rapamycin and resveratrol
improved E-CSC capacity to induce cardiac repair upon injection in the mouse infarcted heart,
leading to reduced cardiomyocyte senescence and apoptosis and increased abundance of endog-
enous c-Kit™ CSC in the peri-infarct area. Molecular rejuvenation of patient-derived CSC by short
pharmacologic conditioning boosts their in vivo reparative abilities. This approach might prove
useful for refinement of CSC-based therapies. STEM CELLS 2014,32:2373-2385

trials, which showed preliminary evidence of
therapeutic efficacy [6, 7]. We have previously

INTRODUCTION

Cellular senescence, a specialized form of per-
manent growth arrest caused by stressful stim-
uli, is a more dynamic process than we
previously thought [1, 2]. Stem cells senesce
too; their ageing is accelerated by cardiovascu-
lar risk factors and contributes to disruption of
tissue homeostasis and repair [3, 4]. This is also
true for stem cells harbored within the human
heart. Cardiac stem cells (CSC) isolated from
failing explanted hearts (E-CSC) display, with
respect to those isolated from healthy donor
hearts (D-CSC), a significant accumulation of
senescent cells in vitro [5]. However, the impact
that cellular senescence exerts on CSC’s in vivo
reparative abilities is still undetermined. This
issue is particularly relevant, given the encour-
aging results of autologous CSC-based clinical

STEM CELLS 2014;32:2373-2385 www.StemCells.com

documented that the availability of endogenous
CSC is increased by stabilization of prosurvival
signaling with Pim-1 genetic engineering [8] or
by controlling redox state with an activator of
the pentose phosphate pathway [9]. However,
to the best of our knowledge, no previous
study has targeted key molecular networks
implicated in stem cell dysfunction.

To gain insights into ageing mechanisms, we
first investigated if the secretome of E-CSC is
enriched in soluble factors able both to
strengthen senescence in an autocrine fashion
and to induce it paracrinally on neighboring car-
diac cells (i.e., senescence-associated secretory
phenotype—SASP) [10]. We specifically focused
on IL1f, given the role of this interleukin in
inflammation. The secretion of IL1f is highly
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regulated both transcriptionally and post-transcriptionally. Nuclear
factor (NF)-xB binds to the IL1f} promoter stimulating the expres-
sion of the 35-kDa pro-IL1f3, which is inactive and remains within
the cell [11]. To be secreted, IL1/ needs to be processed by the
inflammasome, a molecular platform able to activate caspase 1
(previously known as interleukin-1 converting enzyme) [11]. Since
impaired AMP protein kinase (AMPK) activation and autophagy
are involved in the activation of the inflammasome and IL1f
secretion in myeloid cells [12], we compared the activation status
of this pathway in D- and E-CSC. Next, we studied the molecular
networks interconnected with AMPK signaling that have been
involved in cell senescence [13]. Among the most prominent
ones, we focused on the mTOR-signaling pathway. Intriguingly,
this latter is inhibited by AMPK [13] but may be activated by
IKKf in response to IL1f stimulation [14, 15]. mTOR plays a cen-
tral role in cell senescence since its inactivation converts cellular
senescence (a permanent exit from the cell cycle) into quiescence
(a reversible cell cycle withdrawal) [16], while its activation may
determine stem cell exhaustion and aging [17]. mTOR is required
for the activity of two multiprotein complexes (i.e., TORC1 and
TORC2) [18]. TORC1 is rapamycin sensitive, regulates both ribo-
somal biogenesis (phosphorylating the 4E-binding proteins, 4E-
BPs), and protein synthesis (phosphorylating the ribosomal S6
kinase, S6K), and inhibits autophagy [19]. TORC2 is rapamycin
insensitive and activates Akt via phosphorylation at Ser*”>. Impor-
tantly, TORC1 antagonizes TORC2, inhibiting the PI3K-Akt pathway
[18]. Finally, we analyzed cAMP response element-binding protein
(CREB), a transcription factor that can be phosphorylated by
AMPK [20] and is involved in age-related diseases [21, 22] and in
the regulation of several organism activities, ranging from metab-
olism—via Sirt1—[23] to the circadian rhythm-regulating miRNA-
132 [24].

To identify a pharmacological treatment able to reverse
the above-described molecular alterations and, eventually, E-
CSC senescence in vitro, we tested rapamycin and resveratrol.
The first drug was used for its reported ability to inhibit
TORC1, thus converting cellular senescence into quiescence
[25]. Resveratrol was chosen both for its well-established pos-
itive effects on the cardiovascular system [26] and for its abil-
ity to suppress cell senescence, possibly reducing, either
directly or indirectly, TORC1 activation [27-30].

In conclusion, we identified a drug treatment that, com-
bining rapamycin and resveratrol, activates AMPK, reduces
IL1f3 secretion, and is able to attenuate E-CSC senescence in
vitro. Additionally, we demonstrated that E-CSC are character-
ized by a reduced ability to repair myocardial infarction (Ml)
in vivo. Importantly, we newly show that a combined ex vivo
drug-treatment with rapamycin and resveratrol restores the
reparative ability of senescent CSC to control levels.

MATERIALS AND IMETHODS

Detailed Supporting Information methods are available online.

Human CSC Isolation and Culture

Atrial samples were collected both from donor hearts (n = 14)
and from explanted hearts (n=20) of patients undergoing
cardiac transplantation at the University Hospital of Udine
(Supporting Information Table S1). The study was approved by
the Ethics Committee of Udine (reference number 47831) and
written consent was obtained from each patient.

©AlphaMed Press 2014

Atrial fragments were first disaggregated mechanically with
scalpels and then enzymatically dissociated, in a 0.25% Collage-
nase type Il solution (Worthington, Lakewood, NJ, http://www.
worthington-biochem.com) for 15-20 minutes at 37°C. The cell
suspension was first centrifuged at 100g for 1 minute to remove
myocytes and subsequently at 500g for 10 minutes and filtered
through a sieve whose pore size is 40 um (BD Biosciences, Italy,
http://www.bdbiosciences.com/). Isolated cells (1.5 X 10°) were
then plated in 100-mm dishes and cultured as in [31].

Mouse Model of M

Eight-week-old female SCID/beige mice were used for in vivo
experiments. Ml was induced by occlusion of the left anterior
descending coronary artery, followed by injection of CSC (3 X 10°
cells per heart) or vehicle at three different sites along the infarct
border zone, as in [32]. Two weeks later, MI animals were sacri-
ficed, hearts were arrested in diastole with CdCl,, and perfusion-
fixed with 10% (vol/vol) formalin. Dimensional and functional
parameters were measured with a high-frequency, high-resolution
echocardiography system (Vevo 770, VisualSonics, Toronto, Canada,
http://www.visualsonics.com) both before coronary artery ligation
(Supporting Information Fig. S1), and 2 weeks post-MI. Left ven-
tricular pressure was measured with a 1.4F Millar catheter (Millar
Instruments, Houston, TX, http://millar.com) before animals were
euthanized.

Histological Studies

Formalin-fixed, paraffin-embedded 4 um sections were used.
Scar size was evaluated on Azan-Mallory stained sections. See
Supporting Information Table S2 and Expanded Methods.

Western Blot and ELISA Analyses

Total lysates and cell culture supernatants from D-CSC,
untreated- and drug-treated-E-CSC were used for Western
blotting and ELISA, respectively. See Supporting Information
Table S2 and Expanded Methods.

Ischemia/Reperfusion Injury in Isolated
Cardiomyocytes

Cardiomyocytes isolated from four adult male Wistar rat hearts
were subjected to simulated ischemia (SI) for 40 minutes fol-
lowed by 17 hours of ReOxygenation (RO) in myocyte culture
medium conditioned or not by CSC. See Expanded Methods.

Statistical Analyses

Characteristics of the study population are described using
means = SEM. Data were analyzed for normal distribution by
Kolmogorov-Smirnov test. T-test or Mann-Whitney U test, as
appropriate, was used to compare continuous variables
between two groups. Drug-treatment assays were analyzed by
repeated measurements one-way Anova followed by Bonferroni
post-test or by Kruskal-Wallis followed by Dunn’s post-test, as
appropriate. In order to distinguish the effects of age and
pathology on CSC senescence parameters (dependent varia-
bles), a univariate general linear model was used in which
pathology was considered as fixed factor and age as covariate.
Probability values (p) less than .05 were considered significant.
Results are shown as means = SEM. Analyses were conducted
with Prism, version 4.0c (Graphpad Software, La Jolla, CA,
http://www.graphpad.com) and SPSS20 (IBM, Armonk, NY,
http://www.ibm.com/) for Macintosh software.
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REsuLTs

CSC Isolated from Failing Hearts Are Senescent

CSC, dissociated from atrial fragments of both normal and
pathologic human hearts, can be expanded in vitro as prolifer-
ating cultures of undifferentiated c-Kit-positive cells (Fig. 1A),
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cloned, and differentiated toward myocyte (Fig. 1B), smooth
muscle (Fig. 1C), and endothelial (Fig. 1D) lineages [5, 31].

Undifferentiated D- and E-CSC share a similar surface
immunophenotype, with the only exception of CD49a which
was more expressed by E-CSC (Fig. 1E, Supporting Information
Fig. S2) [5]. As expected, cultures of undifferentiated E-CSC
are significantly enriched in cells displaying typical senescence
features, such as the expression of the cyclin-dependent
kinase inhibitor p16™%*® (Fig. 1F—1H) or the persistence of an
activated DNA damage response—DDR (Fig. 11-1K) [1]. Fur-
thermore, E-CSC are less proliferating (Fig. 1L—1N, Supporting
Information Fig. S3) and more apoptotic (Fig. 10-1Q) as com-
pared to D-CSC. Although both age and pathology may play a
role in the senescence process [5], univariate linear model
analysis showed that the pathological status is, in this case
study, the only independent predictor for p16™**® (p < .0001),
DDR (p =.004), Ki67 (p< .0001), and TUNEL (p =.02) levels
in CSC.

E-CSC Release an IL1b-Rich Secretome that Fails to
Protect Cardiomyocytes from Ischemia Reperfusion
Injury

In order to determine whether a SASP characterizes E-CSC, we
measured, in their culture supernatants, 14 senescence-
associated cytokines and growth factors. Both D- and E-CSC
secrete similar levels of basic fibroblast growth factor (bFGF),
hepatocyte growth factor (HGF), vascular endothelial growth
factor (VEGF), IL6, and IL8. However, IL1} was more abundant
in E-CSC culture supernatants (Fig. 2A). Next, we evaluated
the biological effect of the CSC secretome on the apoptosis
and senescence of adult rat cardiomyocytes exposed in vitro
to SI/RO, according to the protocol illustrated in Figure 2B.
Postconditioning cardiomyocytes with the D-CSC culture
supernatant significantly reduced both these processes, as
assessed by measurements of caspase 3/7 activity (Fig. 2C)
and frequency of pl6-positive cells (Fig. 2D, 2E). In contrast,
the conditioned medium of E-CSC did not exert any protective
effect. The addition of an anti-IL1f antibody did not modify
the antisenescence and antiapoptotic action of D-CSC medium
(Supporting Information Fig. S4), but restored these properties

Figure 1. CSC Characterization. Undifferentiated CSC express cKit
(A, yellow) and can differentiate into cardiac myosin positive (B,
white), smooth muscle positive (C, green), and CD31 positive (D,
purple) cells. Representative flow-cytometry histograms of cul-
tured D- and E-CSC (E) analyzed after three passages in vitro. Iso-
type control 1gG-staining profiles (red histogram) are shown
superimposed to specific antibody staining profiles (green histo-
gram). Confocal images of cultured D-CSC (F, I, L, O) and E-CSC
(G, J, M, P) illustrating: the nuclear expression of the senescence
marker p16™**A (arrows, red) both in D-CSC (F) and E-CSC (G);
the presence of cells showing a persistent DDR (i.e., expressing
the yH2AX histone variant—arrows, red, in the absence of Ki67—
green) both in D-CSC (I) and E-CSC (J); the presence of D-CSC (L)
and E-CSC (M) cycling cells (Ki67, arrows, green); the presence of
apoptotic D-CSC (O) and E-CSC (P) (TUNEL, arrows, green). Nuclei
are shown by the blue fluorescence of 4,6-diamidino-2-phenylin-
dole. Split channel images of the cells comprised in the squares
are shown at a higher magnification in the right portion of each
figure. Histograms (H, K, N, Q) represent the fraction of cells (%)
positive to the above-described immuno-stainings. *, p< .05 ver-
sus D-CSC. Abbreviations: D-CSC, cardiac stem cells isolated from
donor hearts; E-CSC, cardiac stem cells isolated from explanted,
failing hearts.
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Figure 2. E-CSC release the detrimental cytokine IL1f. Histo-
grams representing the quantity of proangiogenic growth factors
(VEGF, HGF, and bFGF) and inflammatory (IL6, IL8, and IL1f) cyto-
kines released by D-CSC and E-CSC in the culture supernatant (A).
Quantities of secreted factors were normalized for the volume of
the collected supernatant, CSC number, and hours of incubation.
(B—G) Effects of CSC culture supernatant on isolated adult rat car-
diomyocytes exposed to a SI/RO protocol (B). Caspase activity
was dosed by a luminescent assay and normalized with the activ-
ity of myocytes exposed to vehicle (C), while p16P°° (arrows,
green, D) cardiomyocytes were identified by immunofluorescence.
Myocyte cytoplasm and nuclei were labeled by alpha-sarcomeric
actin antibody (red) and 4',6-diamidino-2-phenylindole (blue),
respectively. Histograms (C, E, F, G) summarize quantitative data
of the effect exerted by the culture supernatant of: D- versus E-
CSC (C, E) or E-CSC added or not with anti-IL1f antibody (F, G)
on myocyte apoptosis and senescence. *, **, p< .05 versus |,
and Il bar, respectively. Abbreviations: bFGF, basic fibroblast
growth factor; HGF, hepatocyte growth factor; VEGF, vascular
endothelial growth factor; D-CSC, cardiac stem cells isolated from
donor hearts; E-CSC, cardiac stem cells isolated from explanted,
failing hearts.
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when added to the E-CSC medium prior to incubation with
cardiomyocytes (Fig. 2F, 2G). Altogether these results indicate
that the secretion of IL1/ by E-CSC abrogates the protective
effect of CSC secretome on cardiomyocyte apoptosis and
senescence.

Molecular Pathways Associated with E-CSC Senescence
and Secretory Phenotype: (NF)-jB, AMPK, mTOR, and
Autophagy

Next, we evaluated the transcriptional and post-transcriptional
regulation of IL1f release. The engagement of IL1f with its
receptor (ILIR) may induce IL1f transcription, by activating
the canonical NF-xB signaling pathway, which involves mostly
IKKS- and NEMO-dependent degradation of IxBs [15, 33] (Fig.
3A). Consistently, we observed that the levels of IKKS phos-
phorylated on Ser'’” were significantly higher in patient-
derived E-CSC (Fig. 3B), and the addition of an anti-IL1f anti-
body to E-CSC culture medium reduced IKKS phosphorylation
(Fig. 3C). Additionally, E-CSC expressed significantly higher lev-
els of both pro-IL1 and microRNA-146a, another validated
NF-xB transcriptional target that may be induced by the same
IL1f [34, 35] (Fig. 3D).

The post-translational level of regulation involves the acti-
vation of the inflammasome. In line, E-CSC were enriched in
cleaved Caspase 1 (Fig. 3E), while the addition of an inhibitor
of Caspase 1 activity to E-CSC reduced the release of IL1f
(Fig. 3F). E-CSC showed also a significant reduction in the lev-
els of activated AMPK (Fig. 4A). This was coupled with an
enhanced activity of TORC1, as suggested by three lines of
evidence: first, S6K, one TORC1 downstream target, tended to
be more phosphorylated in E-CSC (Fig. 4B); second, Akt, which
is negatively regulated by TORC1 [18], showed decreased
Ser*”® phosphorylation in E-CSC (Fig. 4C); third, autophagy,
which is repressed by TORC1 [19], is consistently altered in E-
CSC. In support of the last assumption, although enriched in
Atg3, Atg7, and LC3BII, E-CSC showed significantly increased
levels of p62, a ubiquitin-binding scaffold protein also called
sequestosome 1 (SQSTM1), whose accumulation is suggestive
of a block in the autophagic degradation (Fig. 4D). Altogether
these results indicate that the increased release of IL1f
derives from the concomitant increase in NF-xB-driven pro-
IL1f3 gene transcription and inflammasome activation. This lat-
ter event is likely to be related to reduced AMPK activation,
increased TORC1 activity, associated with an arrest in the
autophagic flux.

Besides their effects on autophagy and inflammasome
activation, both AMPK and Akt can phosphorylate CREB on
Ser'3, thereby activating downstream effectors [36]. Consis-
tently, phospho-CREB**"*3®* was higher in D-CSC as compared
to E-CSC (Fig. 4E). While Sirtl, a downstream target of CREB
signaling [23], did not differ between the two cell types,
microRNA-132 (Fig. 4F, 4G), a transcriptional target of CREB,
was significantly more abundant in D-CSC, supporting a sec-
ondary involvement of CREB signaling in E-CSC senescence.

Rapamycin and Resveratrol Cooperatively Reduce
E-CSC Senescence

Subsequently, we tried both to revert E-CSC senescence and
to restore the in vitro protective effects of CSC by a short ex
vivo pharmacological treatment. To this aim, first we per-
formed a pilot titration study, testing the acute effect of 1
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nM-, 10 nM-, 100 nM-, and 1 pM-rapamycin and 100 nM-,
0.5 uM-, 1 pM-, and 100 pM-resveratrol on CSC death, senes-
cence, and proliferation (Supporting Information Fig. S5).
Based on these results, we focused on dosages of rapamycin
(10 nM) and resveratrol (0.5 puM) that reduce the fraction of
senescent E-CSC and are below the threshold of cytotoxicity
(Supporting Information Fig. S5). Both drugs reduce the fre-
quency of pl6-positive E-CSC with no supplemental effect
with drug combination (Supporting Information Fig. S6Ai),
while the latter was required to reduce DNA damage as
assessed by measurement of yH2AX in Ki67-negative cells
(Supporting Information Fig. S6Aii). Moreover, rapamycin
induced a slight increase in the fraction of apoptotic E-CSC
while resveratrol produced the opposite effect; hence, the
two drugs nullified each other with regard to apoptosis, when
tested in combination (Supporting Information Fig. S6Aiii). Cell

www.StemCells.com

migration was seemingly improved by resveratrol only (Sup-
porting Information Fig. S6Av), with no additive effect by
combined treatment. This latter significantly increased the
fraction of cycling cells, although a significant increase in
growth speed was induced only by resveratrol (Supporting
Information Fig. S6Aiv, S6B). Intriguingly, drug treatment had
a minimal effect on D-CSC, mainly increasing cell proliferation
(data not shown).

Concerning molecular mechanisms, the combined drug
treatment resulted in a significant increase in AMPK phos-
phorylation (Fig. 5A, 5B), a result that was not obtained
treating CSC with the single drugs. When looking at other
molecular nodes of the network, rapamycin was responsible
for most of the observed effects. Specifically, it attenuated
TORC1 signaling activation, as supported by the significant
decrease in the phosphorylation of S6K on Thr®® (Fig. 5A,

©AlphaMed Press 2014



2378 CSC Rejuvenation Improves Cardiac Repair
D-CSC E-CSC T _D-CSC E-CSC .
1 23 123 N\?\{\cy pAMPKaTh'ﬂz/AMPKa 123 123 @&gﬂ‘@ p(EHEBse'133/CREB
60kDa_, “* « - " o o 40KDa_, % o~ 1
o \\y\? 20, <© Q0
60kDa._, - - P &o » 40kDa.» N e &o. a
- <« 0\\0 0. d‘\ 0.
36kDa_, "= W - - = b 36KD A" = - —— - i
A D-CSC E-CSC D-CSC E-CSC
D-CSC E-CSC :
T 23 123 L pSEK™seK | MicroRNA-132
A 254
72kDa» L "'9‘66‘\ 4] “g,‘
72kDa-—»> 215 < "
—— . — 4—66‘(\ gm_i_i %o
S — — — — c’\\“ “ * X
36kDa» - ool *"p.csc E-csc
D-CSC E-CSC F
D-CSC E-CSC D-CSC E-CSC .
T23123 O PAKLS"73/Akt T 237123 s SiMtt
72kDa—> W 05 140kDa-» A X
” -— ¢ 04 B - . §°m
72kDa ;
“un oo o0 -n--«‘;‘#\ Ezz gn
o o * 36kDa = e e sy tas
36KDa» = W - —— ool &> o
C D-CSC E-CSC G D-CSC E-CSC
" ATG7
D-CSC E-CSC s T
123 123 g 52
75kDas> " - 3,
o
D-CSC E-CSC
.. p6RSasTM1
D-CSC E-CSC 2. :
1231238 §'
B5kDa, "™ =7 T = = e =
“"D-CSC E-CSC
ATG3
4
D-CSC E-CSC &o
1 2 3123 52
3 o
Tt 3
"D-csC_E-csC
LC3-lI
4
D-CSC E-CSC ® .
T 23123 o\ 2
17KD3*—--—— - \/0 gz
10kDa—> — 2
w
04
D-CSC E-CSC
D-CSC E-CSC
238712 3
«W‘\‘\
36KDa.» W P RN
D
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response element-binding protein; D-CSC, cardiac stem cells isolated from donor hearts; E-CSC, cardiac stem cells isolated from

explanted, failing hearts.

5C) and it significantly increased the phosphorylation of Akt
on Ser*”® (Fig. 5A, 5D). In addition, although none of these
two drugs modified the expression of Beclinl, Atg3, Atg7, or
LC3BIl (Supporting Information Fig. S7), rapamycin signifi-
cantly reduced p62/SQSTM1 levels (Fig. 5A, 5E), suggesting
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an improvement in the autophagic flux. Additionally, drug
treatment, especially resveratrol, increased CREB phosphoryl-
ation on Ser®? (Fig. 5A, 5F) and its downstream targets Sirtl
(Fig. 5A, 5G) and microRNA-132 (Fig. 5A, 5H). Last, although
drug treatment did not modify either IKKS phosphorylation
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Figure 5. Effects of rapamycin and resveratrol treatment on E-CSC. Western blot of cell extracts obtained from two E-CSC (E-CSC #1, and

E-CSC#2) showing the effect of drug treatment on AMPK,
CREB, phospho-CREB**™33, Sirt1, IKKf, phospho-IKKf®"

?hospho-AMKﬂ"Uz, S6K, phospho-S6K™™>8°, Akt, phospho-Akt®®™73, p62/SQSTM1,
17 , and cleaved Caspase 1 levels (A). Densitometric analysis of WB and relative

expression of microRNA-132 are shown in histograms (B-J). *, **, *** p< .05 versus vehicle, rapamycin, and resveratrol, respectively.
Abbreviations: CREB, cAMP response element-binding protein; E-CSC, cardiac stem cells isolated from explanted, failing hearts.

(Fig. 5A, 51) or IL1 and microRNA-146a transcript levels
(data not shown), it significantly reduced the levels of acti-
vated Caspase 1 (Fig. 5A, 5J). Importantly, preconditioning of
E-CSC with resveratrol and rapamycin modified the secretory
profile of these cells, remarkably decreasing the release of
IL1f (Supporting Information Fig. S8A). As a consequence,
drug treatment partly restored the ability of E-CSC secre-
tome to protect cardiomyocytes exposed to SI/RO injury
from senescence and apoptosis (Supporting Information Fig.
S8B). In contrast, drug treatment had no effect on the bio-
logical activity of D-CSC secretome (Supporting Information
Fig. S9).

www.StemCells.com

Altogether these results indicate that a 3-day long pharma-
cologic treatment of E-CSC with a combination of rapamycin
and resveratrol reduces the fraction of cells affected by cell
senescence and increases their proliferative rate. These
improvements are associated with increased AMPK phosphoryl-
ation. Most importantly, drug treatment reduced IL1f secretion
and restored the protective effects of E-CSC secretome.

In Vitro Pharmacologic Pretreatment of Senescent CSC
Improves Their In Vivo Reparative Potential

Last, we verified if CSC obtained from end-stage failing hearts
favor myocardial repair as efficiently as those obtained from

©AlphaMed Press 2014
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normal hearts. Additionally, we investigated if rescuing the
senescent traits of E-CSC ex vivo would translate into
improved outcomes of cell therapy. To this aim, infarcted,
immunodeficient mice (n = 70) were injected with either vehi-
cle (n=17 mice), CSC obtained from eight healthy human
hearts (n =18 mice), or CSC obtained from seven explanted
human hearts (n = 17 mice). Additionally, five different E-CSC
lines were exposed for 3 days to resveratrol and rapamycin
and 2 days later implanted in the infarct border zone, in the
same animal model (n = 18) described above.

Cell therapy with any of the three cell types improved
cardiac output; however, D-CSC outperformed E-CSC with
respect to both cardiac dimensional parameters, including
left ventricle anterior wall thickness and left ventricle end
systolic volume, and functional indexes, including left ventri-
cle stroke volume, left ventricle ejection fraction, left ventri-
cle fractional shortening, and dP/dt (Fig. 6A). Importantly,
animals implanted with ex vivo conditioned E-CSC (TR-E-CSC)
showed an improvement in cardiac dimensional and func-
tional parameters compared with animals given noncondi-
tioned media, thus matching the results obtained in animals
implanted with D-CSC (Fig. 6A).

Moreover, we observed a reduction in scar size only if D-
CSC or drug-treated E-CSC were used for cell therapy (Fig.
6B). These results were coupled with an angiogenic boost,
where D-CSC increased the tissue density of capillaries and
small arterioles, while TR-E-CSC incremented the density of
larger arterioles (Fig. 6C). Treatment with D-CSC protected car-
diomyocytes residing in the peri-infarct region (border-zone)
from cell apoptosis (Fig. 7A, 7D) and senescence (Fig. 7B, 71).
E-CSC treatment not only lacked such a protective effect, but
was also associated with an increase in myocyte apoptosis
and senescence in the remote myocardium (Fig. 7D, 7I).
Importantly, rapamycin and resveratrol partially restored the
positive impact of this cell type. Similar effects were also
observed on the frequency of cycling myocytes residing in the
border-zone (Fig. 7C, 7E).

Cell therapy may favor myocardial repair by recruiting
endogenous CSC to the site of myocardial damage [37]. Con-
sistently, we observed a significant increase in the frequency
of cardiac primitive/progenitor cells in D-CSC and TR-E-CSC
injected animals, while E-CSC treatment failed in recruiting
primitive cells (Fig. 7F=7H, 7J).

Altogether these data indicate that, although E-CSC show
a blunted in vivo reparative ability, pharmacologic precondi-
tioning with rapamycin and resveratrol restores the capacity
of these cells to facilitate myocardial healing and to improve
cardiac performance.

Previously, we have shown that a large fraction of CSC iso-
lated from failing hearts is affected by cell senescence proc-
esses [5]. In this study, we newly identify key molecular
mechanisms of this accrued senescence. This could be traced
back to an altered secretome, which is remarkably enriched
with IL1f, a potent proinflammatory cytokine that plays a
primary role in the pathophysiology of cardiovascular disease
and heart failure [38]. Consistently, we provide evidence
that IL1S weakens the protective effect of E-CSC on the apo-
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ptosis and senescence of adult cardiomyocytes exposed to
SI/RO in vitro. In fact, the secretome released by senescent
cells (SASP) plays a crucial role in aging and age-related
pathologies, since it may reinforce senescence autocrinally
or induce senescence paracrinally [39]. Importantly, recent
data have demonstrated that the entire SASP process is
orchestrated by IL1 secretion that follows inflammasome
activation [10]. This latter is a crucial event that may be trig-
gered by danger signals (e.g., ATP, high-mobility group pro-
tein B1, free fatty acids, islet amyloid polypeptide, and
mono-sodium uric acid crystals) or by reactive oxygen spe-
cies (ROS) [40]. Importantly, the accumulation of these latter
has been associated, in myeloid cells, with an impairment of
the autophagic flux that follows a decrease in AMPK activity
[12]. Therefore, we decided to compare the status of this
pathway in D- and E-CSC.

Noteworthy, we found that AMPK is less phosphorylated
in E-CSC than in control D-CSC, in analogy to what observed
both in cardiomyocytes isolated from spontaneously hyper-
tensive rats or in cardiac tissue of doxorubicin-treated rats
[41, 42]. Given the central role played by AMPK in regulat-
ing cell metabolism, this result is corroborated by our previ-
ous gene expression findings [5], which showed a different
expression of gene sets associated with lipid-, carbohy-
drate-, and amino acid-metabolism between D- and E-CSC.
We further demonstrate that the activation status of sev-
eral molecular pathways interconnected with AMPK signal-
ing is significantly perturbed in E-CSC. Among the most
prominent ones, we show that E-CSC have an enhanced
TORC1 activity, as supported by a trend toward increased
phospho-S6KThr389 levels, a block in the autophagic flux
(i.e., an accumulation of autophagic markers in the absence
of reduced p62/SQSTM1 levels) and a reduction in Akt acti-
vation [18]. Although several lines of evidence indicate that
mTOR plays a prominent role in cellular senescence and
organismal aging [43], the exact mechanism leading to the
activation of TORC1 is less clear. Our results indicate that,
in senescent E-CSC, AMPK may cooperate with autocrine/
paracrine inflammatory signals to activate mTOR in a PI3K/
Akt-independent fashion. These data are consistent with
the proven ability of IL1$ to stimulate TORC1 activity via
IKKp [15].

In addition, the reduced activation of Akt, observed in E-
CSC, may be responsible, at least in part, for the decreased
activating phosphorylation of CREB on Ser'*® that attenuates
this signaling pathway in E-CSC [36]. Our observations are
consistent with the impaired CREB signaling characterizing
senescent fibroblasts [44]. In senescent cells, a defective acti-
vation of CREB pathway is reportedly coupled with the altered
circadian expression of clock genes, possibly via a mechanism
that involves microRNA-132 [24, 44, 45].

Moving from these observations, we decided to use: (a)
rapamycin, a TORC1 inhibitor, that may also activate AMPK
[46], and (b) resveratrol for its ability to activate AMPK and
possibly CREB, elevating intracellular cAMP levels [47]. We
demonstrate here for the first time that rapamycin and
resveratrol cooperate to activate AMPK. Rapamycin acted
mostly inhibiting  S6K™3%°  phosphorylation, increasing
Akt**™73 phosphorylation, and reversing the autophagic arrest,
thus suggesting that TORC1 was required for these events
[18]. Resveratrol given at a very low dose (0.5 puM) acted
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Figure 6. Pretreatment of E-CSC with rapamycin and resveratrol restores their ability to repair infarcted murine hearts. Bar graphs
showing anatomic and hemodynamic parameters (A) of infarcted mouse hearts injected either with Vehicle (n = 17), D-CSC (n = 18), E-
CSC (n=17), or drug treated (TR) E-CSC (n = 18) 14 days post-MI. Trichrome staining of transverse sections of infarcted mouse hearts
injected with Vehicle, D-CSC, E-CSC, or TR-E-CSC (B). Bar graphs show the volume fraction of myocardium occupied by the scar. Epifluo-
rescence images of Isolectin B4 (green), a-smooth muscle actin (red), and nuclear (blue) staining of infarcted mouse hearts injected
with either Vehicle, D-CSC, or E-CSC (C, upper panels). Bar graphs in the lower panels show the measured density of capillaries, small
(<20 pm in diameter) and large (>20 pum in diameter) arterioles. Values are means = SEM. *, ** *** p< 05 versus Vehicle, D-CSC,
and E-CSC, respectively. Abbreviations: CO, cardiac output; D-CSC, cardiac stem cells isolated from donor hearts; d, diastole; E-CSC, car-
diac stem cells isolated from explanted, failing hearts; LVAW, left ventricle anterior wall thickness; LVPW, left ventricle posterior wall
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cle fractional shortening; s, systole.
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explanted, failing hearts.
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mainly potentiating CREB phosphorylation which, in turn,
incremented microRNA-132 and Sirtl expression. However,
drug treatment did not modify IKKf} phosphorylation or NF-xB
signaling. This result is consistent with the observed activation
of Akt upon exposure to rapamycin and resveratrol, since a
complex crosstalk between these two pathways is well estab-
lished [48].

Importantly, we demonstrated that rapamycin and resver-
atrol reduce by approximately 80% IL1f secretion, thus restor-
ing the ability of E-CSC secretome to prevent cardiomyocyte
death and senescence. Since NF-kB signaling was not signifi-
cantly modified by drug treatment, our data suggest that
rapamycin and resveratrol act reducing the activation of Cas-
pase 1. In line with our findings, recent pilot clinical trials
have started to experiment the use of IL1 blockade (with
Anakira, a recombinant human IL1Ra) both in acute MI [49,
50] and chronic heart failure [51]. In this latter group, Anakira
reduced the levels of plasmatic IL1 by nearly 90%, supporting
the notion that IL1 follows a positive feedback loop in heart
failure [38].

Last, we newly demonstrated that microRNA-132, a critical
mediator of the beneficial effects of cell therapy that was
recently described by our groups [32], although constitutively
expressed by CSC, is reduced in senescent cells. Importantly,
drug treatment reversed this alteration.

Although cellular senescence is strongly associated with
age-related pathologies [3, 4], this cellular process plays an
uncertain role in tissue repair in vivo, since it could be transi-
ently required for proper healing of injuries by releasing para-
crine factors [52]. This hypothesis has never been tested in
acute MI. This work newly documents that senescent CSC
repair cardiac injury in vivo less effectively than nonsenescent
ones. The implantation of senescent CSC in the border zone
of infarcted murine hearts does not enhance either angiogen-
esis or cardiomyocyte proliferation, while it increases myocyte
senescence and apoptosis, suggesting that E-CSC may exert a
negative paracrine effect. These results are in line with recent
data obtained by Naftali-Shani et al., who showed the proin-
flammatory properties of human cardiac mesenchymal stem
cells obtained from failing hearts [53]. Strikingly, the same,
IL1-based, mechanism for stem cell dysfunction was shown to
impair the ability of bone marrow cells, obtained from donor
infarcted mice, to repair Ml in syngeneic animals [54].

Finally, we demonstrated that the ex vivo pretreatment
of E-CSC with rapamycin and resveratrol was able to restore
their reparative potential to levels observed with D-CSC.
This effect consisted of an enhanced arteriolar density,
decreased cardiomyocyte senescence and apoptosis, and
increased recruitment of host CSC, which were anatomically
mirrored by reduced infarct size and functionally corre-
sponded by improvement of contractility indexes. However,
our animal study has been possibly limited by the lack of
post-MI echocardiographic baseline data and the short (2
weeks) follow-up.

The wide range of effects exerted by ex vivo precondi-
tioning suggests that rejuvenated E-CSC act through direct
and indirect means probably via paracrine influence on vari-
ous cellular components of the infarcted heart [55]. These
results indicate for the first time that the moderate effect of
cell therapy using senescent CSC can be strikingly enhanced
by ex vivo preconditioning with antiaging drugs. The thera-
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peutic effect of drug-rejuvenated CSC is twofold relevant: it
invigorates the use of autologous cell treatment (as results
were superimposable with that of D-CSC) and represents a
less risky approach with respect of genetic modification
strategies.

Recently, a work by Cheng et al. has suggested that
cardiosphere-derived cells (CDC) obtained from advanced
heart failure patients exhibit higher reparative potential
than CDC obtained from donated hearts [56]. The observed
discrepancy between our results and this work may be
related to a series of technical differences. Specifically,
Cheng obtained CDC from the septum, while we obtained
CSC from atrial tissue, the richest source of CSC [57]. Addi-
tionally, as normal control, we grew D-CSC from discarded
atrial fragments of donated hearts collected at time of
transplantation, while Cheng expanded Normal-CDC from
endomyocardial biopsies of donated hearts after their
implantation in recipient, failing patients under immunosup-
pressive regimens.

CONCLUSIONS

Our data indicate that senescent CSC obtained from end-
stage failing hearts show an impaired reparative ability in
vivo. AMPK, Akt/mTOR/S6K, and CREB pathways play a cen-
tral role in this process. Importantly, the pathologic pheno-
type is not irreversible. The translational relevance of our
work is supported by the fact that recently autologous CSC-
based clinical trials showed preliminary evidence of thera-
peutic efficacy [6, 7]. Based on this work, we provide evi-
dence that E-CSC-based cell therapy may be suboptimal.
Moreover, we demonstrate that a very short pharmacologic
conditioning could rejuvenate, without the requirement for
the genetic manipulation of cells [58], patient-derived cells,
boosting in vivo cardiac regeneration. This finding opens
new avenues for optimal regenerative treatments with auto-
logous CSC.
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