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Aging is commonly characterized as a 
progressive, generalized impairment of 
function, resulting in an increasing vulnerability 
to environmental challenge and a growing risk 
of disease and death. It is also usually 
accompanied by a decline in fertility. Thus, 
aging is associated with major age-related 
losses in Darwinian fitness, posing the puzzle of 
why it has not been more efffectively opposed 
by natural selection.

"It is remarkable that after a seemingly 
miraculous feat of morphogenesis, a complex 
metazoan should be unable to perform the 
smuch simpler task of merely maintaining what 
is already formed" (Williams, 1957)



Characteristics of Aging

• Increased mortality with age 
maturation

• Changes in biochemical 
composition of tissues 
(increased adipose tissue, 
lipofuscin deposit, increased 
ECM component cross-linking, 
increased glycation products)

• Progressive decrease in physiological capacities
• Reduced ability to adapt to environmental stimuli
• Increased susceptibility and vulnerability to disease 

(centenarians live >90% of their lives in very good health and 
with high level of independence - marked morbidity compression 
toward the end of life)

Maximum life span for the human species (unchanged in the 
last 100,000 years): 125 years

The longest-lived human being is Jeanne Calment (122.5 years), died in France, in 
August 1997

Life expectancy at birth (in developed countries): 49 years in 
1900 - 76 years in 1997
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US Census Bureau Middle Series: life expectancy in 2050 

will be ~82 years for both sexes in the US

US Social Security Administration: life expectancy of 78.1, 

80.4 and 83.5 years for both sexes in 2066 on three 

alternative assumptions

G7 Industrialized Countries: life expectancy in 2050 with a 

maximum of 90.9 in Japan and a minimum of 82.9 years in 

USA

Rat: 3 years

Squirrel: 25 years

Sheep: 12 years

Turtle: 150 years

Dog: 15-30 years

Fly: 3 months

 

YES

Clear hereditable component in human longevity

Single-gene mutations affect life span in experimental animals

It makes evolutionary sense: aging benefits the species by preventing overcrowding: 
"Worn-out individuals are not only valueless for the species, but they are even 
harmful, for they take the place of those which are sound" (Weismann, 1889)

NO

Significant differences in longevity between human twins

Event in C. elegans, under controlled genetic and environmental conditions, the 
variation in the aging phenotype and in life span is enormous. This is very 
remarkable, considering that this organism is so precisely regulated that each adult 
has just 959 somatic cells!

In wild animal populations, in many species individuals rarely survive to ages when 
senescent deterioration becomes apparent, since extrinsic mortality occurs well 
before old age

There can have been scant opportunity to evolve genes specifically for aging, since 
natural selection would not normally "see" them in action



The resolution of cardiovascular 

disease, stroke and cancer would 

result only in an increase of ~15 

years in life expectancy, after 

which aging will represent the 

leading cause of death



2 groups

Embryonic stem cells (ESC)

Adult stem cells (ASC)

A cell that:

is not differentiated

is able to self-renewal

can proliferate indefinitely

can generate many cell types

supports development, tissue homeostasis and 

repair



Evans MJ and Kaufman MH (1981), Nature 292, 154-156 

Establishment in culture of pluripotent cells from 
mouse embryos

Normal caryotype!

Pluripotency!



Embryoid 

bodies

Chimera from ES

Teratocarcinoma

Thomson (1998), Science 282, 1145-1147 

Normal caryotype!
Pluripotency!



Current knowledge of what defines the potency of mouse 

embryonic stem cells revolves around a quartet of critical 

players:

• Oct-4
• Sox-2
• FoxD3
• Stat3

… and now also Nanog



Directing progenitor cell along specific pathways of neuronal differentiation in a systematic manner 
has proved difficult, not least because the normal developmental pathways that generate most 
classes of CNS neurons remain poorly defined.



Cell therapy for Parkinson’s Disease
(differentiated dopaminergic neurons do not survive after 

transplantation)

Transplantation of dopamine-producing cells from 

patient’s own adrenal glands
1980

Transplantation of fetal tissue into the damaged area 

of the brains in rats and monkeys models of 

Parkinson’s Disease

1982

Fetal tissue transplantation in humans1985

NIH funding for two double blind, placebo control 

clinical trials of fetal tissue transplantation
1995



Cell therapy for diabetes: burden of the disease

Diabetes is the seventh leading cause of death in the US today 
(200.000 deaths reported each year)

Excess of glucose is responsible for most of the complications - 
blindness, kidney failure, heart disease, stroke, neuropathy and 
amputations

Type 1: juvenile-onset diabetes, autoimmune destruction of beta-
cells
Type 2: adult-onset, familiar, insulin-resistance

No cure available
Support therapy: insulin (type 1), diet, exercise, oral medications 
(type 2)
Whole organ transplant requires strong immunosuppression 
(only in combination with kidney transplant)

Important limits:
• 2 donors per transplant
• hystocompatibility
• early explant ( max 8 hr)



green = cytokeratin
red = insulin

red = insulin
green = non beta-cell hormones (glucagons, somatostatin, PP)

Primary ductal cells
green = cytokeratin
red = insulin

CHIBs rising from a 
monolayer of ductal 
cells
(dithizone staining)

ES cells transplantation for diabetes
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Using Stem Cells for human therapy:
the problems

•  Imprinted genes

• Aneuploidy: in primates the process of removing 

the resident nucleus causes molecules associated 

with the centrosome to be lost as well

•  Somatic mutations

•  Political controversy

Development and 
differentiation
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Applications of cloning

� Treatment of human infertility  NO!

� Transgenic animals for drug production

� Genetic rescue of endangered mammals

� Animal organs for human xenotransplantation

� Therapeutic cloning for human stem cell 

therapy

� Human tissue and organ engineering

� Rescue of genetic defect by ex vivo gene 

therapy

Therapeutic cloning



Please Don't Call It Cloning!

Bert Vogelstein et al., Science 2002

2 groups

Embryonic stem cells (ESC)

Adult stem cells (ASC)

A cell that:

is not differentiated

is able to self-renewal

can proliferate indefinitely

can generate many cell types

supports development, tissue homeostasis and 

repair



• appropriate replenishment of 
stem cells

• nature of the dermis-like 
substrate

Holoclones: product of a 

true stem cell ( >140 ds)

Meroclones: a population 

of transient amplifying cells

Paraclones: senescent or 

differentiating progenitors

Long  term success of skin 
autografts depends on:



Bone marrow:  HSC and MSC

Peripheral blood:  HSC, hemangioblast?

Brain and spinal cord: NSC 

Skin:  bulge zone cells, SKP in the dermis

Liver:  oval cells

Pancreas:  ductal stem cells

Eye:  corneal and retinal stem cells

Skeletal muscle:  satellite cells and SP



O4 = oligodendrocytes, green

GFAP = astrocytes, blue

III-tubulin, MAP  = neurons, red

Brain marrow
location of Neural Stem Cells



 Human neurosphere clones

A neurosphere is a 

tissue-culture-generated 

clone of cells in different 

states of differentiation, 

all presumed to arise 

from a single multipotent 

stem/progenitor cell

A. Neurosphere on laminin           
(inset: semi-solid media)

B. -nestin

C. -vimentin

D. -GFAP

E. - III tubulin

F. -GFAP + - III tubulin

G. De novo generated 

neuron ( -  III tubulin and 

peroxidase)



Neural stem cells from adult brain

There is a continuous formation of dopaminergic neurons 
in the adult mouse substantia nigra, and the rate of 
neurogenesis can double after a lesion of the dopamine 
system

Other investigators observed only a glial response and 
failed to detect neurogenesis following dopaminergic 
lesions (Lie, J Neurosci 2002, Mao, Dev Brain Res 2001)
--> in this study evidence of neurogenesis was mainly 
based on BrdU incorporation, which may have also other 
explanations

Motor neuron 
diseases
involve lesions in one or both 
components of a two-neuron 
pathway

Amyotrophic lateral sclerosis
 (Lou Gehrig’s disease)

� Lower and upper motor degeneration

� Onset at 40-50 years

� Respiratory failure within 2-5 years

� Deterioration can be slowed by riluzole 
(glutamate-blocking drug) and antioxidant 
vitamins - but modest/no improvement

� 10% genetic forms: earlier onset, Lewy body 
inclusions and spinocerebellar degeneration



In its common form, ALS is 
characterized by progressive 
dysfunction and degeneration of 
motor neurons in cerebral cortex, 
brain stem and spinal cord. Muscle 
weakness progresses rapidly and 
causes death within a few years.

To have long-term value, stem cell 
therapy must restore function of both 
upper and lower motor neurons

Stem cell therapy for 
amyotrophic lateral 
sclerosis

Current approaches to tissue engineering

Stem cell-based tissue engineering Non stem cell-based tissue engineering

Blood vessels
Bone*
Cartilage
Cornea *
Dentin
Heart muscle
Liver
Pancreas
Nervous tissue *
Skeletal muscle
Skin *

Bladder
Cartilage (ear, nose and joints) *
Heart valves
Intestine
Kidney
Meniscus
Oral mucosa
Salivary gland
Trachea
Ureter
Urethra

* in clinical trials or clinical observational studies



Three-dimensional bone regeneration

v. vehicle
b. bone
hp. stroma composed of 
adipocytes and reticular cells 
that support hemopoiesis

Commonest  cause of death in developed 
countries (more than 1 person out of 3 dies 
because of cardiovascular disorders, including 
myocardial infarction (49%) or stroke (28%)

Over 20% males under 60 years have ischemic 
heart disease

In Europe, about 600.000 people die of 
myocardial infarction every year, with an 
incidence of 1:6 among men and 1:17 among 
women

More than 50% of patients with ischemic 
cardiomyopathy die within 4 years from the 
beginning of symptoms, independent from 
therapy



Gene Therapy
Relevant genes?
Which vector?

Syringe 
containing factor, 
vector or stem 
cells

Infarcted 
zone Border 

zone

Cell Therapy
Source??Non graftable, 

non dilatable 
vessels

Normal 
anatomy

Recombinant 

proteins
Which factors?

Neoangiogenesis

Myocardial protection

Myocardial regeneration

Supplementary Table 2 .  C o mparison of isl1+ cardioblasts, cardiac sca-1+ cells and cardiac side population (SP) cells. 

 

 isl1+ cardioblasts cardiac sca-1+ cells1 

 

cardiac SP cells2 

 

1. Hoechst 33342 dye efflux 
  

Hoechst dye excluding cells: 
4.5%   

Hoechst dye excluding cells: 
3.6%  

Hoechst dye excluding cells: 
100% 

2. Marker expression sca1                     negative 

CD31                    negative     

c-kit                      negative 
Nkx2.5                  positive 

GATA4                 positive 

myocytic marker   negat ive 

sca1                     positive 

CD31                   positive    

c-kit                     negative 
Nkx2.5                 negative 

GATA4                 positive 

myocytic marker  negat ive 

sca1                     positive 

CD31                   negative   

c-kit                      positive (low)  
Nkx2.5                 negative 

GATA4                negative 

myocytic marker  negat ive 
3. in vivo localization  • outflow tract 

• free wall of atria 

• intra-atrial septum 

• conus muscle 
• right ventricle 

• adjacent to basal lamina 
• no preferred heart region 

• not determined 

4. Progenitor identity determined 

by lineage tracing 

• isl1 identifies cardiac progenitor 

cells  

• established embryonic lineage 
marker for the heart 

• sca-1 surface marker used for 

cell purification 

• no cardiac lineage marker  

• Abcg2 activity used for Hoechst 

dye efflux 

• no cardiac lineage marke r  

5. Myocytic differentiation in  vitro -actinin expression with 

sarcomeric structure : 22%  
cardiac troponin T : 25%  

-actin expression without 

sarcomeric structure : 4.6% 
cardiac troponin I : 2.8% 

-actinin expression without 

sarcomeric structure : % not 
determined 

6. Myocytic differentiation in vivo 

after cell transplantation 

not determined ischemia/reperfusion injury: 

~1.5% differentiation 

~1.5% cell fusion  

not determined 

7. Functional evaluation of in 

vitro differentiated cells  

• Ca2+ transients 

• EC coupling 

• -adrenergic response 

• action potentia l s  

not determined not determined 

 
1Oh et al. Cardiac progenitor cells from adult myocardium : Homing, differentiation, and fusion after infarction. Proc. Natl. Acad. Sci. 

(USA): 100, 12313-12318 (2003)  
2Martin et al. Persistent expression of the ATP-binding cassette transporter, Abcg2, identifies cardiac SP cells in the developing and 
adult heart. Dev. Biol.: 265, 262-275 (2004 )  

Laugwitz, Nature 2005



Supplementary Table 2. Comparison of isl1+ cardioblasts, cardiac sca-1+ cells and cardiac side population (SP)
cells.

isl1+ cardioblasts cardiac sca-1+ cells1 cardiac SP cells2

1. Hoechst 33342 dye efflux Hoechst dye excluding cells:
4.5%

Hoechst dye excluding cells:
3.6%

Hoechst dye excluding cells:
100%

2. Marker expression sca1                     negative

CD31                    negative
c-kit                      negative

Nkx2.5                  positive

GATA4                 positive
myocytic marker   negative

sca1                     positive

CD31                   positive    
c-kit                     negative

Nkx2.5                 negative

GATA4                 positive
myocytic marker  negative

sca1                     positive

CD31                   negative   
c-kit                      positive (low)

Nkx2.5                 negative

GATA4                negative
myocytic marker  negative

3. in vivo localization • outflow tract

• free wall of atria

• intra-atrial septum
• conus muscle

• right ventricle

• adjacent to basal lamina

• no preferred heart region

• not determined

4. Progenitor identity
determined by lineage tracing

• isl1 identifies cardiac progenitor
cells

• established embryonic lineage

marker for the heart

• sca-1 surface marker used for
cell purification

• no cardiac lineage marker

• Abcg2 activity used for Hoechst
dye efflux

• no cardiac lineage marker

5. Myocytic differentiation in
vitro

-actinin expression with

sarcomeric structure : 22%

cardiac troponin T : 25%

-actin expression without

sarcomeric structure : 4.6%

cardiac troponin I : 2.8%

-actinin expression without

sarcomeric structure : % not

determined

6. Myocytic differentiation in
vivo after cell transplantation

not determined ischemia/reperfusion injury:

~1.5% differentiation
~1.5% cell fusion

not determined

7. Functional evaluation of in
vitro differentiated cells

• Ca2+ transients

• EC coupling

• -adrenergic response

• action potentials

not determined not determined

1Oh et al. Cardiac progenitor cells from adult myocardium : Homing, differentiation, and fusion after infarction. Proc. Natl. Acad. Sci.

(USA): 100, 12313-12318 (2003)
2Martin et a l. Persistent expression of the ATP-binding cassette transporter, Abcg2, identifies cardiac SP cells in the developing and

adult heart. Dev. Biol.: 265, 262-275 (2004)

Orlic Nature 2001
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LIVER

MUSCLE

BLOOD

VESSELS

HEART

BONE MARROW

BM STROMA
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PNAS 1999

Ferrari
Science 1999

Gussoni Nature 1999
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Shen
Nat. Cell. Biol. 2000

BONE LUNG

CARTILAGE

NEURAL CELLS

SKIN

Toma
Nat. Cell. Biol. 
2001

Brazelton
Science 2000

Galli
Nat. Neurisci.

2000

Mezey
Science 2000



Neurogenic differentiation

Glial cells generation

Nestin (NSC marker) and fibronectin (MSC marker) expression

Smooth muscle and adipocyte 
generation

Comparison between SKP and MSC



“…rather then referring to 

a discrete cellular entity, a 

stem cell most accurately 

refers to a biological 

function that can be 

induced in many distinct 

types of cells, even 

differentiated cells.”

H. Blau. Cell, 2001

The bone marrow

• BMT is a common clinical practice

• Established presence of stem cells in the bone marrow (HSCs 

and MSCs)



BONE

MARROW

MSC
Mesenchymal Stem Cells

HSC
Hematopoietic Stem Cells

SP
Side Population

(CD34-)

Adipocyte
Chondrocyte
Osteoblast
Tenocyte

Neuron
Astrocyte
Oligodendrocyte

Cardiomyocyte
Endothelia

Hepatocyte

Skeletal muscle

Cardiomyocyte

CD34+

cells

Epithelial Cell of

Liver

Lung

Gut

Skin
Skeletal muscle

Skeletal muscle

Neuron
Astrocyte
Oligodendrocyte

Endothelia
SMC



Kocher AA., Nature Medicine, Apr. 2001

Transvascular
 Intracoronary (stop-flow balloon cathether)
 Intravenous
 After progenitor cell mobilization

Direct injection in the ventricular wall
 Transendocardial injection
 Transepicardial injection (during CABG)
 Transcoronary vein injection

BM mononuclear cells
EPCs (CD133+ CD34+ VEGR2+)
Culture-expanded myelomonocytic EPCs (CD14+ CD34-)
Mesenchymal Stem Cells (CD34- CD133-)
Skeletal myoblasts
Resident Cardiac Stem Cells
Embryonic Stem Cells



The NOGA system for transmyocardial injection

An injection catheter is incorporates 
the mapping capabilities of the 
system. This provide a means by 
which tissues with different degrees 
of viability and ischemia can be 
mapped in detail, allowing therapy to 
be precisely targeted (eg, at the 
border zone of an infarct)

Left, electromechanical linear 
local shortening map from a 
stem cell injection procedure. 
The red color represents low 
contractility (severe 
cardiomyopathy). The black 
dots are injection sites.

Right, similar map at 4 month 
follow-up, showing dramatic 
improvement in contractility 
at the site of prior cell 
injection.
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