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Una storia personale… uomo, 75 anni

stenosi del 90% 
di una arteria 
coronaria



Una storia personale… uomo, 75 anni



Cosa sarebbe successo se non 
rivascolarizzato in tempo?

Perdita di 
tessuto 
contrattile


Scompenso 
cardiaco

Infarto del 
miocardio



Il cuore dei mammiferi perde la 
capacità di rigenerarsi alla nascita



Il problema principale delle cardiopatie

2-4 miliardi di cardiomiociti muoiono in seguito 
ad un infarto del miocardio

Infarct

Servono nuovi farmaci per ridurne la morte e/o 
promuoverne la rigenerazione



I cardiomiociti smettono di proliferare 
alla nascita: perchè? 

Zacchigna et al., Cardiovascular Research 2014 

forze meccaniche? 
shock iperossico? 
assenza di esposizione alla 
circolazione materna?

Programma genetico intrinseco?

Controllo estrinseco?

Zebrafish/Mammiferi durante lo sviluppo 
- proliferazione dei cardiomiociti 
- rigenerazione cardiaca 

- ambiente ipossico 
- metabolismo glicolitico 
- bassa pressione sanguigna 

Mammiferi adulti 
- uscita dei cardiomiociti dal ciclo cellulare 
- assenza di rigenerazione cardiaca 

- ambiente ricco di ossigeno 
- metabolismo ossidativo 
- alta pressione sanguigna 
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Le cellule T regolatorie (T-regs) sono espanse nel 
sangue materno in gravidanza per consentire la 

tolleranza nei confronti degli antigeni fetali



A Special Population
of Regulatory T Cells
Potentiates Muscle Repair
Dalia Burzyn,1 Wilson Kuswanto,1 Dmitriy Kolodin,1 Jennifer L. Shadrach,2,3 Massimiliano Cerletti,2 Young Jang,2

Esen Sefik,1 Tze Guan Tan,1 Amy J. Wagers,2,3 Christophe Benoist,1 and Diane Mathis1,*
1Microbiology and Immunobiology, Harvard Medical School, Boston, MA 02115, USA
2Stem Cell and Regenerative Biology, Harvard University, Cambridge, MA 02138, USA
3Howard Hughes Medical Institute, Chevy Chase, MD 20815, USA
*Correspondence: cbdm@hms.harvard.edu
http://dx.doi.org/10.1016/j.cell.2013.10.054

SUMMARY

Long recognized to be potent suppressors of
immune responses, Foxp3+CD4+ regulatory T (Treg)
cells are being rediscovered as regulators of nonim-
munological processes. We describe a phenotypi-
cally and functionally distinct population of Treg cells
that rapidly accumulated in the acutely injured
skeletal muscle of mice, just as invading myeloid-
lineage cells switched from a proinflammatory to a
proregenerative state. A Treg population of similar
phenotype accumulated in muscles of genetically
dystrophic mice. Punctual depletion of Treg cells
during the repair process prolonged the proinflam-
matory infiltrate and impaired muscle repair, while
treatments that increased or decreased Treg activ-
ities diminished or enhanced (respectively) muscle
damage in a dystrophy model. Muscle Treg cells ex-
pressed the growth factor Amphiregulin, which acted
directly onmuscle satellite cells in vitro and improved
muscle repair in vivo. Thus, Treg cells and their prod-
ucts may provide new therapeutic opportunities for
wound repair and muscular dystrophies.

INTRODUCTION

Regulatory T (Treg) cells, particularly those of the Foxp3+CD4+

subset, are critical regulators of immune responses (Josefowicz
et al., 2012). They were originally described as controlling the
activities of other T cells but were later recognized to regulate
B cells and several innate immune system players. There have
also been recent reports of Treg cell control over nonimmunolog-
ical processes. Perhaps the best-characterized example is a
unique population of Treg cells residing in the visceral adipose
tissue (VAT) and regulating metabolic indices (Feuerer et al.,
2009; Cipolletta et al., 2011). The prevalence, transcriptome,
and T cell receptor (TCR) repertoire of this population are all
distinct from those of their counterparts in lymphoid organs.
Surveying a variety of tissues to see whether other nonimmuno-

logical processes might be controlled by analogous Treg popu-
lations, our attention was drawn to a substantial accumulation of
Foxp3+CD4+ T cells in skeletal muscle undergoing repair after
acute injury.
Skeletal muscle regeneration follows the same orchestrated

plan regardless of the cause of muscle damage. It is driven
largely by satellite cells, a pool of quiescent precursors closely
associated with muscle fibers (Tabebordbar et al., 2013). In
response to injury, these cells become activated, proliferate,
differentiate, migrate, and fuse to form new myofibers. This
series of events is controlled by the sequential activation and
repression of specific transcription factors (Rudnicki et al.,
2008). With muscular dystrophies, in which chronic myofiber
loss occurs due to genetic defects, the satellite cell pool is called
on repeatedly, so it can exhaust or lose function over time,
dampening the repair process (Tabebordbar et al., 2013).
Regeneration of skeletal muscle is influenced by inflammatory

events that accompany repair (Tidball and Villalta, 2010).
Following an early, transient recruitment of neutrophils, myeloid
mononuclear cells, mainly derived from a pool of circulating
monocytes, infiltrate the injured tissue. Within days, the myeloid
infiltrate transitions from a pro- to an anti-inflammatory pheno-
type, a shift that is critical for proper muscle repair. An initial
population of proinflammatory, or M1-type, macrophages is
required for clearance of apoptotic or necrotic cells and deriva-
tive debris; a subsequent population of anti-inflammatory, or
M2-type, macrophages has various proregenerative functions,
such asmatrix remodeling and promotion of angiogenesis. Abla-
tion or impaired recruitment of macrophages severely compro-
mises muscle repair.
Though far less markedly, lymphocytes also accumulate in

skeletal muscle after acute injury, as well as in the dystrophin-
deficientmuscles ofmice harboring themdxmutation or humans
with Duchenne muscular dystrophy (DMD) (Tidball and Villalta,
2010). Their function has not been well studied, although both
CD4+ and CD8+ T cells seem to promote the mdx pathology.
Even less is known about the composition and function of infil-
trating T cell populations in models of acute muscle injury. In
particular, the contribution of Treg cells is yet to be addressed.
Here, we uncover a unique population of CD4+Foxp3+ Treg

cells that accumulates in skeletal muscle shortly after acute
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Lean, but not obese, fat is enriched for a unique
population of regulatory T cells that affect metabolic
parameters
Markus Feuerer1,5, Laura Herrero2,5, Daniela Cipolletta1,4,5, Afia Naaz2, Jamie Wong1,5, Ali Nayer2,
Jongsoon Lee2, Allison B Goldfine3, Christophe Benoist1,5, Steven Shoelson2 & Diane Mathis1,5

Obesity is accompanied by chronic, low-grade inflammation of adipose tissue, which promotes insulin resistance and type-2
diabetes. These findings raise the question of how fat inflammation can escape the powerful armamentarium of cells and
molecules normally responsible for guarding against a runaway immune response. CD4+ Foxp3+ T regulatory (Treg) cells with a
unique phenotype were highly enriched in the abdominal fat of normal mice, but their numbers were strikingly and specifically
reduced at this site in insulin-resistant models of obesity. Loss-of-function and gain-of-function experiments revealed that these
Treg cells influenced the inflammatory state of adipose tissue and, thus, insulin resistance. Cytokines differentially synthesized
by fat-resident regulatory and conventional T cells directly affected the synthesis of inflammatory mediators and glucose uptake
by cultured adipocytes. These observations suggest that harnessing the anti-inflammatory properties of Treg cells to inhibit
elements of the metabolic syndrome may have therapeutic potential.

Type 2 diabetes and other elements of the metabolic syndrome have
increased at an alarming rate over the past several decades. There has
been a parallel rise in the incidence of obesity, now recognized to be a
major contributor to the insulin resistance underlying this spectrum of
metabolic abnormalities1. Just how obesity promotes insulin resistance
is still unclear, but results from clinical, epidemiological and molecular
studies have converged to highlight the role of inflammation1.

Prolonged nutrient overload results in a state of chronic, low-grade
inflammation in adipose tissue2 and systemically3, particularly in
visceral fat depots4. Visceral fat produces a number of inflammatory
cytokines and chemokines (such as leptin, tumor necrosis factor-a
(TNF-a), macrophage chemoattractant protein-1 and interleukin-6
(IL-6), among others), whose production can be pathologically
dysregulated in the obese state, contributing in an important manner
to insulin resistance5.

At the cellular level, macrophages have a key role. With increasing
obesity, they accumulate in visceral fat tissue, sometimes contributing
as much as half of the cellularity6,7. The increase in number is
accompanied by an evolution in phenotype from the anti-inflamma-
tory (or ‘alternatively activated’) M2 form to the proinflammatory (or
‘classically activated’) M1 form8,9, which correlates with an increase in
insulin resistance (for example, see ref. 10). In the obese state,
macrophages and adipocytes make several of the same inflammatory
regulators and mediators, including TNF-a, IL-6, matrix metallopro-

teinases (MMPs), peroxisome proliferator activated receptor-g and
fatty acid–binding protein-4 (reviewed in refs. 1,11). These findings,
along with others, suggest that adipocytes and adipose-tissue macro-
phages may contribute to insulin resistance in concert, both inhibiting
and enhancing each other’s activities11.

Like any inflammatory state, the chronic, low-grade inflammation
associated with obesity should be subject to the control mechanisms
that normally curb overactive immune responses. These mechanisms
encompass a number of cell types, which can operate through cell-cell
contact via a variety of receptors, or through a diversity of soluble
mediators. Cells with a potentially regulatory phenotype have pre-
viously been associated with obesity (for example, natural killer
T cells)12, and there have been previous reports of anti-inflammatory
cytokines being detected in adipose tissue (for example, IL-10 and
transforming growth factor-b (TGF-b))8,9. Yet, research on this topic
has been quite limited, and the influence—or loss of influence—of
major control mechanisms remains unaddressed. For example, the
role of arguably the most potent regulatory cell population,
CD4+Foxp3+ Treg cells, has yet to be explored.

Treg cells, a small subset of T lymphocytes, normally constituting
only 5–20% of the CD4+ compartment, are thought to be one of the
body’s most crucial defenses against inappropriate immune responses,
operating in contexts of autoimmunity, allergy, inflammation, infec-
tion and tumorigenesis13,14. Typically, they control the behavior of
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other T cell populations, but they can also influence the activities
of cells of the innate immune system15–17. Treg cells are characterized
by expression of the forkhead–winged-helix transcription factor,
Foxp3. Deficiencies in this factor cause the lymphoproliferation
and multiorgan autoimmunity found in scurfy mutant mice and
humans with immunodysregulation polyendocrinopathy enteropathy
X-linked syndrome.

Here we examined the Treg cells residing in mouse adipose tissue
with regards to both their proportion and phenotype in visceral versus
subcutaneous fat depots in lean versus obese mice. We evaluated their
functional importance in loss-of-function, gain-of-function and in vitro
experiments. Lastly, we sought an analogous population in human
adipose tissue samples. Our observations identify a unique fat-resident
T lymphocyte population whose products may have applications in
treating the metabolic syndrome.

RESULTS
Adipose tissue Treg cells
Adipose tissue is composed of multiple cell types. Most prominent are
adipocytes, but vascular endothelial cells, macrophages6,7 and lympho-
cytes12,18 are also found in the stromovascular fraction. According to
multiparameter flow cytometry, about 10% of the cells in the stromo-
vascular fraction of abdominal fat from B30-week-old C57BL/6 (B6)
mice fell within the lymphocyte gate (Fig. 1a). Close to half of the
cells in this gate were of the CD3+ T lineage, split 3:1 between the

CD4+ and CD8+ compartments, respectively (Fig. 1a). To our surprise,
more than half of the CD4+ T cells expressed Foxp3 (Fig. 1a), a much
higher fraction than that normally found in lymphoid (for example,
in the spleen or lymph nodes) or nonlymphoid (for example, lung
or liver) tissues (Fig. 1b), including in subcutaneous fat (Fig. 1c).
Visceral and subcutaneous adipose tissue had similar low fractions of
Treg cells at birth, with a progressive accumulation over time in the
visceral, though not the subcutaneous, depot (Fig. 1c). This dichot-
omy in Treg cell accumulation between these two fat depots is poten-
tially crucial, given the association of visceral, but not subcutaneous,
fat with insulin resistance4,19.

Immunohistological examination revealed Foxp3+ cells in the
spaces between adipocytes, mainly, but not only, in regions where
several of them intersected (Fig. 1d). Fat tissue, especially from obese
individuals, can host substantial numbers of macrophages, which
accumulate in so-called ‘crown-like’ structures that are replete with
dead adipocyte residues6,7,20. We observed Treg cells in such structures,
in close proximity to macrophages and other leukocyte aggregates
(Fig. 1d). We estimate that 15,000–20,000 Foxp3+ cells reside in 1 g of
epididymal adipose tissue in an B30-week-old B6 mouse.

Expression profiling of fat Treg cells reveals a unique phenotype
We next addressed whether the CD25+Foxp3+ cells in abdominal
adipose tissue were of the typical Treg phenotype (Fig. 2). They
functioned as effectively as analogous cells isolated from the spleen
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Figure 1 Abdominal (epididymal) and subcutaneous fat pads as well as spleen, lymph node, lung and liver were isolated from retired-breeder B6 male mice,
and the stromovascular fraction was stained for Foxp3, CD3, CD4, CD8 and CD25. (a) Top, T cell distribution in stromovascular fraction from abdominal
fat tissue. Numbers on top indicate the mean ± s.d. from six experiments for cells in the lymphocyte gate (left), fraction of CD3+ T cells among lymphocyte-
gated cells (center) and distribution of CD4+ and CD8+ T cells (right). Bottom, percentage of Foxp3+CD25+ T cells in abdominal fat tissue gated on CD4+

(left) or CD8+ (center) T cells. Organs of five mice were pooled. Representative dot plots are shown. FSC, forward scatter; SSC, side scatter. Numbers on
the graphs indicate the percentage of cells in that gate for that particular experiment. (b) Frequency of Foxp3+ T cells among CD4+ cells in different organs.
Means ± s.d. from at least three independent experiments are shown, and organs from four or five mice per experiment were pooled. Spl, spleen; LN, lymph node.
(c) Kinetics of Treg cell appearance in abdominal and subcutaneous (s.c.) fat tissue as well as in spleen. Error bars represent mean ± s.d. (d) Immunohistology of
abdominal adipose tissue. Arrowhead indicates Foxp3 staining. Foxp3 expression is restricted to the nucleus. Asterisks refer to dead adipocyte residue surrounded
by a crown-like structure formed by immune cells. Control staining is with isotype antibody. Original magnification: top left, 400!; all others, 1000!.
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Tregs quale sorgente di fattori solubili responsabili della 
proliferazione dei cardiomiociti?



ARTICLE

Paracrine effect of regulatory T cells promotes
cardiomyocyte proliferation during pregnancy and
after myocardial infarction
Serena Zacchigna1,2, Valentina Martinelli3, Silvia Moimas 2,3, Andrea Colliva1, Marco Anzini2, Andrea Nordio2,
Alessia Costa1, Michael Rehman1, Simone Vodret1, Cristina Pierro1, Giulia Colussi 3, Lorena Zentilin3,
Maria Ines Gutierrez3, Ellen Dirkx3, Carlin Long3, Gianfranco Sinagra2, David Klatzmann4,5 & Mauro Giacca 2,3

Cardiomyocyte proliferation stops at birth when the heart is no longer exposed to maternal

blood and, likewise, to regulatory T cells (Tregs) that are expanded to promote maternal

tolerance towards the fetus. Here, we report a role of Tregs in promoting cardiomyocyte

proliferation. Treg-conditioned medium promotes cardiomyocyte proliferation, similar to the

serum from pregnant animals. Proliferative cardiomyocytes are detected in the heart of

pregnant mothers, and Treg depletion during pregnancy decreases both maternal and fetal

cardiomyocyte proliferation. Treg depletion after myocardial infarction results in depressed

cardiac function, massive in!ammation, and scarce collagen deposition. In contrast, Treg

injection reduces infarct size, preserves contractility, and increases the number of pro-

liferating cardiomyocytes. The overexpression of six factors secreted by Tregs (Cst7, Tnfsf11,

Il33, Fgl2, Matn2, and Igf2) reproduces the therapeutic effect. In conclusion, Tregs promote

fetal and maternal cardiomyocyte proliferation in a paracrine manner and improve the out-

come of myocardial infarction.
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indicated a signi!cant reduction of infarct size at day 15 (22% and
35% reduction in the AAV9-Pool6 and AAV9-Pool12 groups,
respectively; P < 0.05 in both cases, as determined by one-way
analysis of variance and Bonferroni post hoc test). This reduction
remained stable at day 60 (22% and 34% reduction in the AAV9-
Pool6 and AAV9-Pool12 groups, respectively; P < 0.05 in both
cases, as determined by one-way analysis of variance and
Bonferroni post hoc test), as shown by a few representative
hearts in Fig. 6c. These pathological observations correlated with
signi!cantly improved cardiac function in the animals treated
with the two AAV pools. Left ventricle ejection fraction and
fractional shortening were improved through the whole echo-
cardiographic follow-up period, with the most bene!cial effect
evident at the latest time point (Fig. 6d, e). Analogous results were
obtained analyzing other parameters of cardiac function, includ-
ing left ventricle anterior wall systolic thickness (LVAWs) and left
ventricle systolic internal diameter (LVID), the main indicator of
cardiac dilation and dysfunction (Supplementary Fig. 10a, b).

Analysis of CM proliferation revealed a signi!cant increase in
the number of CMs undergoing DNA synthesis (number of EdU
+/!-actinin+ cells: 0.2 ± 0.1% in control, 0.6 ± 0.3% in AAV9-
Pool6, and 0.8 ± 0.3% in AAV9-Pool12 animals), as shown in

Fig. 6f. In AAV9-Pool12 we also detected the presence of PCM1+

nuclei scoring positive for H3PS10, indicating cell cycle
progression to late G2/mitosis (Supplementary Fig. 10c).

Thus, soluble factors secreted by Tregs reduce infarct size,
preserve cardiac function and promote CM proliferation after
myocardial infarction.

Discussion
Collectively, the results shown here indicate that CD4+Foxp3+

Tregs act in a paracrine manner to promote CM proliferation
during development, in both the maternal and the embryonic
heart, and after myocardial infarction. They also show that a pool
of key factors is responsible for this mitogenic activity in cultured
cells and in vivo.

It is well established that an expansion of the Treg compart-
ment occurs during pregnancy. In mice, a monthly increase in
Tregs within the uterus during the estrus cycle prepares the uterus
for a potential embryo implantation. If the implantation occurs,
the expansion continues, !rst involving only thymus-derived
Tregs and then also involving peripherally induced Tregs,
reaching the highest level when trophoblast invasion to decidua is
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Fig. 6 Tregs secrete a pool of proteins promoting CM proliferation. a Supernatants from CHO cells transfected with plasmids encoding for the factors listed
on the X-axis of the graph were added to rat neonatal CMs and proliferation scored as EdU incorporation. All the tested proteins were included in Pool12,
whereas only those exerting a pro-proliferative effect individually were included in Pool6. Black bars correspond to proteins included in Pool6, whereas gray
bars correspond to proteins included in Pool12 but not in Pool6. The supernatant of cells transfected with an empty plasmid (SN pGi) was used as a
negative control. At least 500 cells were analyzed per supernatant in each replicate using the MetaXpress software. b Representative pictures showing
EdU incorporation by rat neonatal CMs exposed to the supernatant of CHO cells transfected with the negative control pGi, Pool6, and Pool12. Lower panels
show higher magni!cation of the are de!ned by the white dotted line in the upper panels. Nuclei are stained blue with DAPI and CMs green by anti-!-
actinin antibodies. Red nuclei indicate EdU incorporation. Scale bar, 25 "m. c Representative images of whole transverse sections after Azan Trichromic
staining of hearts injected with an empty AAV vector (Control) or AAV vectors expressing the proteins included in Pool6 and Pool12 at 15 and 60 days
after myocardial infarction. Fibrotic areas are stained in gray/blue. Scale bar, 1 mm. d US imaging analysis of the left ventricular ejection fraction in animals
injected with a control vector (C) and vectors expressing the proteins included in Pool6 and Pool12 at 1, 4, and 8 weeks (W) after permanent coronary
artery ligation. e US imaging analysis of the left ventricular fractional shortening in animals injected with a control vector (C) and vectors expressing the
proteins included in Pool6 and Pool12 at 1, 4, and 8 weeks (W) after permanent coronary artery ligation. f Sections of the heart of mice injected with a
control vector, AAV-Pool6, and AAV-Pool12, showing EdU incorporation (stained red) in the nuclei of CMs (stained green). Nuclei are stained blue with
DAPI. Scale bar, 50 "m. All values are mean ± s.e.m., each dot indicates a biological replicate. One-way analysis of variance and Bonferroni/Dunn’s post
hoc tests were used to compare multiple groups in a. Two-way ANOVA for repeated measurements was used in (d). *P < 0.05, **P < 0.01, relative to
control
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I cardiomiociti smettono di proliferare 
alla nascita: perchè? 

Zacchigna et al., Cardiovascular Research 2014 

forze meccaniche? 
shock iperossico? 
assenza di esposizione alla 
circolazione materna?

Programma genetico intrinseco?

Controllo estrinseco?

Zebrafish/Mammiferi durante lo sviluppo 
- proliferazione dei cardiomiociti 
- rigenerazione cardiaca 

- ambiente ipossico 
- metabolismo glicolitico 
- bassa pressione sanguigna 

Mammiferi adulti 
- uscita dei cardiomiociti dal ciclo cellulare 
- assenza di rigenerazione cardiaca 

- ambiente ricco di ossigeno 
- metabolismo ossidativo 
- alta pressione sanguigna 



Human Ventricular Unloading Induces
Cardiomyocyte Proliferation
Diana C. Canseco, PHD,* Wataru Kimura, PHD,* Sonia Garg, MD,* Shibani Mukherjee, PHD,y
Souparno Bhattacharya, MS,z Salim Abdisalaam, PHD,z Sandeep Das, MD,* Aroumougame Asaithamby, PHD,z
Pradeep P.A. Mammen, MD,* Hesham A. Sadek, MD, PHD*

ABSTRACT

BACKGROUND The adult mammalian heart is incapable of meaningful regeneration after substantial cardiomyocyte

loss, primarily due to the inability of adult cardiomyocytes to divide. Our group recently showed that mitochondria-

mediated oxidative DNA damage is an important regulator of postnatal cardiomyocyte cell cycle arrest. However, it is not

known whether mechanical load also plays a role in this process. We reasoned that the postnatal physiological increase in

mechanical load contributes to the increase in mitochondrial content, with subsequent activation of DNA damage

response (DDR) and permanent cell cycle arrest of cardiomyocytes.

OBJECTIVES The purpose of this study was to test the effect of mechanical unloading on mitochondrial mass, DDR, and

cardiomyocyte proliferation.

METHODS We examined the effect of human ventricular unloading after implantation of left ventricular assist devices

(LVADs) on mitochondrial content, DDR, and cardiomyocyte proliferation in 10 matched left ventricular samples collected

at the time of LVAD implantation (pre-LVAD) and at the time of explantation (post-LVAD).

RESULTS We found that post-LVAD hearts showed up to a 60% decrease in mitochondrial content and up to a 45%

decrease in cardiomyocyte size compared with pre-LVAD hearts. Moreover, we quanti!ed cardiomyocyte nuclear foci of

phosphorylated ataxia telangiectasia mutated protein, an upstream regulator of the DDR pathway, and we found a

signi!cant decrease in the number of nuclear phosphorylated ataxia telangiectasia mutated foci in the post-LVAD hearts.

Finally, we examined cardiomyocyte mitosis and cytokinesis and found a statistically signi!cant increase in both phos-
phorylated histone H3–positive, and Aurora B–positive cardiomyocytes in the post-LVAD hearts. Importantly, these

results were driven by statistical signi!cance in hearts exposed to longer durations of mechanical unloading.

CONCLUSIONS Prolonged mechanical unloading induces adult human cardiomyocyte proliferation, possibly through

prevention of mitochondria-mediated activation of DDR. (J Am Coll Cardiol 2015;65:892–900) © 2015 by the American

College of Cardiology Foundation.

A lthough modest, but measurable, cardiomyo-
cyte turnover occurs in the adult heart (1,2),
it is insuf!cient for the restoration of contrac-

tile function after substantial cardiomyocyte loss. In
patients with heart failure, persistent pressure or vol-
ume overload results in progression of the underlying
cardiomyopathy (3,4). Although this cardiac remodel-
ing can be slowed or sometimes reversed by intense

pharmacological therapy, this process is often progres-
sive (5). In advanced heart failure patients, left ventric-
ular assist devices (LVADs) result in improved cardiac
output, systemic perfusion, and end-organ function
(6,7), which have led to an exponential increase in their
implantation over the past decade (8,9). Intriguingly,
myocardial recovery allowing for LVAD explantation
has been reported in small subsets of patients (10–12)
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and is thought to result from functional recovery of
viablemyocardiumdue to a combination of ventricular
unloading and pharmacological therapy (13).

Our group recently showed that activation of the
DNA damage response (DDR) is an important mecha-
nism of cell cycle arrest in postnatal mammalian
cardiomyocytes (14). We showed that the buildup of
mitochondrial mass postnatally results in increased
reactive oxygen species (ROS) production, oxidative
DNA damage, and activation of DDR. Although the
relative hyperoxemia of the postnatal heart plays an
important role in up-regulation of oxidative meta-
bolism, increased mechanical load is also known to
activate cardiac mitochondrial biogenesis (15). We
therefore reasoned that mechanical unloading might
reverse the metabolic cascade that results in cell cycle
arrest of cardiomyocytes. In this respect, human LVAD
hearts provide the unique opportunity to perform
histological analysis in the same patient in 2 drastically
variable physiological states. We conducted this study
to test the effect of mechanical unloading on mito-
chondrial mass, DDR, and cardiomyocyte proliferation
in patients who received LVADs.

METHODS

PATIENT SAMPLES. Humanheart tissue sampleswere
obtained from patients with advanced heart failure
after informed consent under 2 overlapping institu-
tional review board protocols approved by the UT
Southwestern Medical Center Clinical Institutional
Review Board Committee (Institutional Review Board
#STU 092010-193 and #STU 092010-093). The patients
had been referred to the UT Southwestern Medical
Center Heart Failure, Ventricular Assist Device & Heart
Transplant Program for consideration of either im-
plantation of an LVAD and/or a heart transplantation.

Paired heart tissue samples were obtained from
each patient: !rst at the time of LVAD implantation
and again at the time of heart transplantation.
Pre-LVAD samples were acquired from the left ven-
tricular apex, whereas the post-LVAD samples were
obtained from the lateral wall of the left ventricle.
Once the left ventricular tissue was removed from the
patient, the tissue was either !xed for 48 h in 10%
formalin or snap-frozen in liquid nitrogen. The !xed
tissue samples were submitted to the UT South-
western Medical Center Cardiovascular Histological
Laboratory for paraf!n embedding and processing for
various immunohistological studies.

MITOCHONDRIAL DNA QUANTIFICATION BY REAL-TIME

POLYMERASE CHAIN REACTION. For mitochondrial

DNA (mtDNA) quanti!cation, DNA was ex-
tracted and puri!ed from tissue samples
with proteinase K digestion and subsequent
phenol/chloroform extraction. mtDNA was
quanti!ed with real-time polymerase chain
reaction with the following primers: mtDNA F:
CTAAATAGCCCACACGTTCCC; R: AGAGCTCC
CGTGAGTGGTTA (targeting a relatively stable
site in mitochondrial DNA minimal arc [16]),
and nuclear DNA F: GCTGGGTAGCTCTAAA
CAATGTATTCA; R: CCATGTACTAACAAATGTC
TAAAATGGT (targeting single-copy nuclear
DNA within the beta-2M gene [16]), using SYBR
Green PCR Master Mix and the 7000 Sequence
Detection System (Applied Biosystems, Foster City,
California). The relative mtDNA copy number was
calculated from the ratio of mtDNA copies to nuclear
DNA copies per gram of tissue. The relative fold change
was then calculated using the DDCT method.

PROTEIN EXTRACTION FROM HEART TISSUE AND

WESTERN BLOTTING. Whole-cell extracts from hu-
man heart samples were prepared as described pre-
viously (14). Brie"y, samples were homogenized in
radioimmunoprecipitation assay buffer using a hand-
held homogenizer (Thermo Fisher Scienti!c, Wal-
tham, Massachusetts) on ice for 30 min. Cell extracts
were centrifuged at 14,000 rpm for 30 min at 4!C to
remove insoluble material. Radioimmunoprecipita-
tion assay buffer contained phenylmethylsulfonyl
"uoride, aprotinin (1 mg/ml), leupeptin (1 mg/ml),
pepstatin A (1 mg/ml), sodium "uoride (150 mM),
and sodium metavandate (1 mM). Aliquots con-
taining 200 mg protein were resolved by 8% sodium
dodecylsulfate–polyacrylamide gel electrophoresis
and then transferred onto nitrocellulose membrane at
30 V at 4!C overnight. Membranes were blocked with
5% milk in Tris-buffered saline–0.1% Tween 20) at
room temperature for 20 min and incubated with
different antibodies in 5% milk in Tris-buffered
saline–0.1% Tween 20 at 4!C overnight. Membranes
were subsequently washed 3 times for 5 min each
with Tris-buffered saline–0.1% Tween 20, and then
incubated with horseradish peroxidase–conjugated
secondary antibodies (anti-mouse/rabbit/goat) in 5%
milk for 2 h at room temperature. The primary anti-
bodies used for Western blotting were as follows:
phosphorylated ataxia telangiectasia mutated (pATM)
protein; 10H11.E12) (sc-47732, mouse, 1:500, Santa
Cruz Biotechnology, Dallas, Texas) and cardiac
troponin T (13-11, mouse, 1:10,000, Thermo Fisher
Scienti!c, Richardson, Texas). Quanti!cation analysis
of the Western blot signal was done using ImageJ
(National Institutes of Health, Bethesda, Maryland).

SEE PAGE 901

AB BR E V I A T I O N S

AND ACRONYM S

DDR = DNA damage response

LVAD = left ventricular

assist device

mtDNA = mitochondrial DNA

pATM = phosphorylated ataxia

telangiectasia mutated protein

PBS = phosphate-buffered
saline

pH3 = phosphorylated
histone H3

ROS = reactive oxygen species
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of performing such studies. The current study builds
on our recent work (14), which suggested that car-
diomyocyte cell cycle exit is a regulated process and
likely to play a protective role against replication in

the setting of oxidative DNA damage. We previously
demonstrated that, by enhancing mitochondrial ROS
production and oxidative DNA damage, the postnatal
hyperoxic environment is an important mediator of

FIGURE 3 LVAD-Mediated Pressure Unloading Induces Cardiomyocyte Proliferation in Adult Human Heart
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of performing such studies. The current study builds
on our recent work (14), which suggested that car-
diomyocyte cell cycle exit is a regulated process and
likely to play a protective role against replication in

the setting of oxidative DNA damage. We previously
demonstrated that, by enhancing mitochondrial ROS
production and oxidative DNA damage, the postnatal
hyperoxic environment is an important mediator of

FIGURE 3 LVAD-Mediated Pressure Unloading Induces Cardiomyocyte Proliferation in Adult Human Heart
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Lo scarico meccanico del cuore dopo impianto di 
LVAD stimola la proliferazione dei cardiomiociti 

umani



I cardiomiociti smettono di proliferare 
alla nascita: è davvero un dogma? 

Zacchigna et al., Cardiovascular Research 2014 

forze meccaniche? 
shock iperossico? 
assenza di esposizione alla 
circolazione materna?

Programma genetico intrinseco?

Controllo estrinseco?

Zebrafish/Mammiferi durante lo sviluppo 
- proliferazione dei cardiomiociti 
- rigenerazione cardiaca 

- ambiente ipossico 
- metabolismo glicolitico 
- bassa pressione sanguigna 

Mammiferi adulti 
- uscita dei cardiomiociti dal ciclo cellulare 
- assenza di rigenerazione cardiaca 

- ambiente ricco di ossigeno 
- metabolismo ossidativo 
- alta pressione sanguigna 







Caso clinico

Haubner et al., Circulation Research 2016 

•Bambino nato a termine (39 settimane), parto eutocico, 
ossigenazione arteria ombelicale ok 

•Alla nascita compare cianosi severa, ridotta saturazione 
di ossigeno 

•ECG: segni di ischemia acuta 
•Echocardiografia: severa disfunzione ventricolo sinistro 
•Aumento dei livelli di BNP, Troponina T and CK nel sangue 

•Angiografia coronarica



•Trombolisi a 28 ore dall’inizio dei sintomi

218  Circulation Research  January 22, 2016

To determine the cause of myocardial damage, we per-
formed Doppler echocardiography. We observed a block 
in blood flow in the left anterior descending artery (LAD; 
Figure 2A), indicative of occlusion of this key coronary 
blood vessel. To directly demonstrate LAD obstruction, 
we performed cardiac angiography. We indeed observed 
a complete thrombotic occlusion of the proximal LAD 
without any detectable collateral blood flow (Figure 2B). 
No obvious cause for thrombus formation could be identi-
fied, for example, there was no enhanced coagulation and 
illicit drug abuse of the mother was excluded. The child 
developed acute left ventricular heart failure necessitating 
inotropic therapy and the implantation of an extracorpo-
real membrane oxygenation device (Online Figure IA). 
Intravenous thrombolysis was initiated !28 hours after 
the first symptoms. Importantly, Doppler echocardiogra-
phy as well as repeated angiography showed reopening 
of the occluded LAD lesion (Figure 2A and 2B). Despite 
re-establishment of coronary blood flow, the child contin-
ued to present with myocardial damage as evidenced by 

anteroseptal edema and regional hypokinesis at the area 
of infarction (Figure 3A and 3B; Online Movies I and II). 
Moreover, after thrombolysis, we detected pathological 
ECG Q waves (Figure 3C), further supporting myocardial 
damage. Thus, the newborn had LAD occlusion for >20 
hours, resulting in massive MI.

The following subacute phase was characterized by con-
tinuous cardiac improvement without any complications. All 
serum markers for cardiac damage, that is, troponin T and 
creatine kinase, rapidly returned to normal levels (Figure 4A). 
Moreover, N-terminal pro B-type natriuretic peptide serum 
level returned to background levels (Figure 4B). In line with 
normalized N-terminal pro B-type natriuretic peptide levels, 
cardiac function, that is, fractional shortening and ejection 
fractions, markedly improved to levels observed in age-
matched, healthy normal children (Figure 4C and 4D). The 
child was discharged one and a half months after birth with 
apparently normal heart parameters. The patient was followed 
up on a regular basis for "1 year; and the boy’s development 
was indistinguishable to age-matched healthy babies (Online 
Figure IIA). Neither morphological nor neurological deficits 
were found up to his first birthday. Most importantly at 1 year 
of age, echocardiography and N-terminal pro B-type natri-
uretic peptide evaluations showed normal cardiac morpholo-
gies and heart function (Figure 4B and 4C; Online Figure IIA 
and IIB). Thus, based on all available evidence this child had 
no apparent signs of any structural heart abnormalities and 
completely recovered cardiac function.

Figure 2. Thrombotic occlusion of the proximal left anterior 
descending artery (LAD). A, Doppler echocardiography 
of the patient’s LAD before and after thrombolysis. Data 
are from the day of birth (before thrombolysis) and 3 days 
later (after thrombolysis). B, Invasive coronary angiography 
con!rmed a proximal thrombotic LAD occlusion leading to 
anteroseptal myocardial infarction. Left, Angiographic pictures 
of the target lesion (arrows) from 2 different imaging planes 
(top=anteroposterior view and bottom=lateral view). After 
initiation of thrombolysis, angiography proved reopening of the 
coronary vessel (right). Data are from the day of birth (before 
thrombolysis) and 3 days later (after thrombolysis).

Figure 3. Severe ischemic myocardial damage. A, B-mode 
image of the patient’s left ventricle (right) after successful 
reperfusion therapy showed massive myocardial edema spanning 
from the septum to the anterior wall (yellow framed area and 
asterisks). Moreover, marked pericardial effusion was observed 
(#). A representative image from an age-matched healthy child 
is shown. Data are from day 3 after birth. B, Online Movies 
demonstrating signi!cantly impaired left ventricular function in 
the patient at day 3 after birth compared with a healthy control 
child. C, Electrocardiographic evaluation of the patient’s heart 
after reperfusion therapy showed pathological Q waves (arrows) 
indicative of persistent myocardial damage. Data are from the 
third day after birth. x axis=50 mm/s. LA indicates left atrium; and 
LV, left ventricle.
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Completa riapertura dell’arteria dopo 3 giorni

Segni persistenti di danno miocardico evidenti in 
echocardiogragia, ECG e analisi ematiche

Diagnosi: occlusione completa della DS per oltre 20 ore, IMA massivo

218  Circulation Research  January 22, 2016

To determine the cause of myocardial damage, we per-
formed Doppler echocardiography. We observed a block 
in blood flow in the left anterior descending artery (LAD; 
Figure 2A), indicative of occlusion of this key coronary 
blood vessel. To directly demonstrate LAD obstruction, 
we performed cardiac angiography. We indeed observed 
a complete thrombotic occlusion of the proximal LAD 
without any detectable collateral blood flow (Figure 2B). 
No obvious cause for thrombus formation could be identi-
fied, for example, there was no enhanced coagulation and 
illicit drug abuse of the mother was excluded. The child 
developed acute left ventricular heart failure necessitating 
inotropic therapy and the implantation of an extracorpo-
real membrane oxygenation device (Online Figure IA). 
Intravenous thrombolysis was initiated !28 hours after 
the first symptoms. Importantly, Doppler echocardiogra-
phy as well as repeated angiography showed reopening 
of the occluded LAD lesion (Figure 2A and 2B). Despite 
re-establishment of coronary blood flow, the child contin-
ued to present with myocardial damage as evidenced by 

anteroseptal edema and regional hypokinesis at the area 
of infarction (Figure 3A and 3B; Online Movies I and II). 
Moreover, after thrombolysis, we detected pathological 
ECG Q waves (Figure 3C), further supporting myocardial 
damage. Thus, the newborn had LAD occlusion for >20 
hours, resulting in massive MI.

The following subacute phase was characterized by con-
tinuous cardiac improvement without any complications. All 
serum markers for cardiac damage, that is, troponin T and 
creatine kinase, rapidly returned to normal levels (Figure 4A). 
Moreover, N-terminal pro B-type natriuretic peptide serum 
level returned to background levels (Figure 4B). In line with 
normalized N-terminal pro B-type natriuretic peptide levels, 
cardiac function, that is, fractional shortening and ejection 
fractions, markedly improved to levels observed in age-
matched, healthy normal children (Figure 4C and 4D). The 
child was discharged one and a half months after birth with 
apparently normal heart parameters. The patient was followed 
up on a regular basis for "1 year; and the boy’s development 
was indistinguishable to age-matched healthy babies (Online 
Figure IIA). Neither morphological nor neurological deficits 
were found up to his first birthday. Most importantly at 1 year 
of age, echocardiography and N-terminal pro B-type natri-
uretic peptide evaluations showed normal cardiac morpholo-
gies and heart function (Figure 4B and 4C; Online Figure IIA 
and IIB). Thus, based on all available evidence this child had 
no apparent signs of any structural heart abnormalities and 
completely recovered cardiac function.

Figure 2. Thrombotic occlusion of the proximal left anterior 
descending artery (LAD). A, Doppler echocardiography 
of the patient’s LAD before and after thrombolysis. Data 
are from the day of birth (before thrombolysis) and 3 days 
later (after thrombolysis). B, Invasive coronary angiography 
con!rmed a proximal thrombotic LAD occlusion leading to 
anteroseptal myocardial infarction. Left, Angiographic pictures 
of the target lesion (arrows) from 2 different imaging planes 
(top=anteroposterior view and bottom=lateral view). After 
initiation of thrombolysis, angiography proved reopening of the 
coronary vessel (right). Data are from the day of birth (before 
thrombolysis) and 3 days later (after thrombolysis).

Figure 3. Severe ischemic myocardial damage. A, B-mode 
image of the patient’s left ventricle (right) after successful 
reperfusion therapy showed massive myocardial edema spanning 
from the septum to the anterior wall (yellow framed area and 
asterisks). Moreover, marked pericardial effusion was observed 
(#). A representative image from an age-matched healthy child 
is shown. Data are from day 3 after birth. B, Online Movies 
demonstrating signi!cantly impaired left ventricular function in 
the patient at day 3 after birth compared with a healthy control 
child. C, Electrocardiographic evaluation of the patient’s heart 
after reperfusion therapy showed pathological Q waves (arrows) 
indicative of persistent myocardial damage. Data are from the 
third day after birth. x axis=50 mm/s. LA indicates left atrium; and 
LV, left ventricle.
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Occlusione completa della arteria 
coronaria discendente anteriore



Evoluzione del piccolo paziente?

1. Recupero completo della funzione cardiaca a 45 
giorni 

2. Segni di disfunzione cardiaca persistente a visite 
periodiche di controllo 

3. Scompenso cardiaco a 1 anno 
4. Morte a 2 mesi



Retrospective Birth Dating of C ells
137

cal neurogenesis under physiological conditions, from
a technical point of view, comes from electron micro-
scopic detection of [3H]thymidine neurons in the occipi-
tal cortex of the rat (Kaplan, 1981).

We therefore set out to retrospectively determine the
age of neurons in the adult human occipital cortex, to
establish whether there is any appreciable addition of
neurons in this brain region postnatally. 14C levels in
unsorted total occipital cortex showed an average age
substantially younger than the individual, pointing to
cell turnover (Figures 3 and 6). To specifically analyze
the age of neurons and nonneuronal cells, we isolated
NeuN-positive and -negative cells by flow cytometry.
14C levels in NeuN-positive neurons from individuals
born after the bomb pulse demonstrated levels corre-
sponding to the average age of the cells being as old
as the individual (Figures 6A and 6B). We can currently
establish the age of a cell population with a precision
of ±2 years, and the time of birth of the individual was
within this error margin in all measurements of NeuN-
positive neurons from occipital cortex. The NeuN-nega-
tive cells, which are mainly glial cells, were substantially
younger (Figures 6A and 6B). We additionally analyzed
cells from individuals born before the bomb pulse,
which provides a very sensitive measure of postnatal
cell turnover. The 14C levels in genomic DNA from
NeuN-positive neurons corresponded to those in the
atmosphere prior to the nuclear bomb tests (Figures 6C
and 6D), which suggests that adult neurogenesis does
not occur in this region.

Discussion

C ell turnover may be necessary under physiological or
pathological conditions to maintain certain organs, yet
our knowledge regarding this process in most human
tissues is scarce due to a lack of means to study this
process. We describe here a general strategy to study
cell renewal in man. The dramatic increase in atmo-
spheric 14C levels and the subsequent exponential de-
cline have resulted in different amounts of 14C being
integrated into the DNA of cells depending on the time
point the DNA was synthesized. We all therefore have
a date-mark in our DNA, and we show here that this
can be used to establish the age of cells.

DNA as a Time Capsule
Most molecules in a cell are in constant flux, and DNA
is likely to be the most stable molecule after a cell has
undergone its last mitosis. It is important to consider

Figure 3. C ell Age in Different Adult Human Organs the stability of DNA for the validity of the current tech-
Analysis of 14C levels in genomic DNA from cerebellar gray matter, nique since turnover of nucleotides in the absence of
occipital-cortex gray matter, and small intestine (jejunum) from cell division would give a false impression of a cell pop-three representative individuals (A–C) born at different times (indi-

ulation being younger than its actual age. DNA damage,cated by vertical lines) reveals the differing turnover rates of cells
followed by nucleotide exchange, mainly occurs duringin different tissues.
DNA replication (Nouspikel and Hanawalt, 2002). Since
DNA repair during cell division will not influence the
current analysis, it is most important to consider theand Rakic, 2001). It has been suggested that some pos-

itive results were due to technical shortcomings, in- potential turnover of DNA in very rarely dividing or post-
mitotic cells. DNA repair in postmitotic cells is limited tocluding unspecific labeling with BrdU or mistaken colo-

calization due to low-resolution microscopy (Kornack transcribed genes, and untranscribed DNA in terminally
differentiated cells, including human neurons, does notand Rakic, 2001; Nowakowski and Hayes, 2000; Rakic,

2002b). Perhaps the strongest indication of adult corti- appear to be repaired even after massive experimental

Esperimenti basati sul C14 indicano che il cuore umano 
rinnova il 50% dei suoi cardiomiociti in una vita media

A 25-year-old heart replaces about 1% of all 
cardiomyocytes over a year; a 75-year-old about half that. 

Fewer than 50% of cardiomyocytes are exchanged during a 
normal life span.
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Terapia standard per lo 
scompenso cardiaco

LCZ696? SGLT2 inhibitors?



Mercato globale degli anticorpi monoclonali 
per settore di applicazione (2016)

Farmaci biologici



Farmaci biologici per le malattie cardiache
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ARTICLE

Bone morphogenetic protein 1.3 inhibition
decreases scar formation and supports
cardiomyocyte survival after myocardial infarction
Slobodan Vukicevic1,10, Andrea Colliva2,3,10, Vera Kufner 1, Valentina Martinelli4, Silvia Moimas 4,
Simone Vodret2, Viktorija Rumenovic 1, Milan Milosevic 5, Boris Brkljacic 6, Diana Delic-Brkljacic7,
Ricardo Correa 2, Mauro Giacca3,4,8, Manuel Maglione9, Tatjana Bordukalo-Niksic 1, Ivo Dumic-Cule 1,11 &
Serena Zacchigna 2,3,11!

Despite the high prevalence of ischemic heart diseases worldwide, no antibody-based

treatment currently exists. Starting from the evidence that a speci!c isoform of the Bone

Morphogenetic Protein 1 (BMP1.3) is particularly elevated in both patients and animal models

of myocardial infarction, here we assess whether its inhibition by a speci!c monoclonal

antibody reduces cardiac !brosis. We !nd that this treatment reduces collagen deposition

and cross-linking, paralleled by enhanced cardiomyocyte survival, both in vivo and in primary

cultures of cardiac cells. Mechanistically, we show that the anti-BMP1.3 monoclonal antibody

inhibits Transforming Growth Factor ! pathway, thus reducing myo!broblast activation and

inducing cardioprotection through BMP5. Collectively, these data support the therapeutic use

of anti-BMP1.3 antibodies to prevent cardiomyocyte apoptosis, reduce collagen deposition

and preserve cardiac function after ischemia.
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I livelli di BMP1.3 sono aumentati nel sangue dei 
pazienti con infarto acuto del miocardio

12	
hours

ELISA	against	BMP1.3 Post-mortem		
gene	expression

Vukicevic et al. 2022. Nat Comm, Jan 10;13(1)



Doppio meccanismo di azione di un nuovo 
anticorpo monoclonale anti-BMP1.3

Vukicevic et al. 2022. Nat Comm, Jan 10;13(1)



Proteine ricombinanti
Terapia genica 

Syringe containing factor, 
vector or stem cells

Terapia cellulare

Neoangiogenesi 
Cardioprotezione 

Rigenerazione cardiaca

border zone
infarct

microRNAs per la 
rigenerazione cardiaca 

Vettori AAV per 
angiogenesi e 

cardioprotezione

Tregs per stimolare la 
proliferazione dei CM

Cellule endoteliali per la 
rivascolarizzazione

Farmaci biologici per le malattie cardiache



Screening di microRNA per la proliferazione 
dei cardiomiociti
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I miRNA aumentano la proliferazione dei 
cardiomiociti in vivo
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I miRNA aumentano la proliferazione dei cardiomiociti in vivo



miR-590 e miR-199a preservano la funzione 
cardiaca e riducono la cicatrice dell’infarto
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