
The major correlate of aging is 
the gradual loss of 
regenerative capacity in most 
organs and tissues after birth

Rubens, Philadelphia

Nicolas-Sebastien Adam, Paris, 
Louvre

"The hound of Zeus, the tawny eagle, ..... feasting on thy 
liver til he hath gnawn it black" 
Aeschylys, Prometeus Bound

Regenerative responses in 
urodeles

An adult newt can regenerate: 

• Jaws 
• Lens 
• Retina 
• Large sections of the heart 
• Limbs 
• Tail

Regeneration might be a primordial 
attribute of metazoan that has been 
lost subsequently for reasons that are 
not yet understood

Regenerative potential of 
Ambystoma mexicanum (Axolotl)

The axolotl does not heal by scarring and is 
capable of regenerating entire lost 
appendages in a period of months, and, in 
certain cases, more vital structures. Some 
have indeed been found restoring the less vital 
parts of their brains. They can also readily 
accept transplants from other individuals, 
including eyes and parts of the brain—
restoring these alien organs to full functionality. 
In some cases, axolotls have been known to 
repair a damaged limb as well as regenerating 
an additional one, ending up with an extra 
appendage that makes them attractive to pet 
owners as a novelty.

Regenerative potential of 
Ambystoma mexicanum (Axolotl)

Patient 
requiring tissue 

regeneration 

Myocardial infarction and heart failure 
Liver cirrhosis 

Need for epidermal and dermal substitution 
Vascular grafts 

Neurodegeneration and trauma 
Bone and cartilage damage

Embryonic stem cells 
•From embryos 

•Through cloning 

•Through genetic 
reprogramming 

Adult stem cells

Adult stem cells (ASC)

What is a stem cell?
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

Embryonic stem cells (ESC)

stem cell ageing???



Totipotent: able to give rise to all the cells of the embryo and those that 
support its development in utero: Zygote 
Pluripotent: able to give rise to cells derived from all three germ layers  
Embryonic stem cells,  
  Embryonic Germ (EG) cells,  
  Embryonic Carcinoma (EC) Cells 
Multipotent: able to give rise to a subset of cell lineages that constitute an 
entire tissue or tissues, e.g.Haematopoietic stem cells 
Unipotent: able to differentiate into only one mature cell type.

Potency: the range of commitment options available to a cell Development

Fifty years ago, Conrad Waddington proposed an elegant model for the complex decision making process 
that takes place during differentiation. He compared the totipotent zygote to a marble poised to roll down a 

slope with branching ravines. It was thought that, just as a marble never rolls back up a slope of its own 
accord, the branching points during development define permanent decisions made by the cells that cannot 

be undone or reversed.

The Waddington epigenetic landscape 

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

Establishment in culture of pluripotential 
cells from mouse embryos

Trophectoderm

Inner cell massBlastocoel

Human Embryonic Stem cells 

Thomson (1998), Science 282, 1145-1147 

Normal caryotype! 
Pluripotency!



Stem Cells Properties TRANSCRIPTIONAL PROFILE  
OF STEM CELLS

The transcriptional profiles of 
mouse embryonic, neural and 
hematopoietic stem cells were 
compared to define a genetic 
program for stem cells

Venn d iag ram o f the 
number of genes enriched 
i n e a c h s t e m c e l l 
p opu l a t i on and t he i r 
overlaps.  

Note the high overlap 
between ESC- and NSC- 
enriched genes.

The 216 genes enriched in all three stem cells.

Because a l l SCs 
share fundamental 
biological properties, 
they may share a 
core set of molecular 
regulatory pathways. 
T h u s , i t w a s 
tempting to define a 
g e n e r a l g e n e 
expression profile of 
the SC “state” (by 
us ing Af fymetr ix 
o l i g o n u c l e o t i d e 
arrays).



Transplantation of 
ES-derived cells

Major drawbacks 
- medical concerns 
- moral concerns 
- political concerns 
- immune rejection

ES cells transplanted into the heart develop 
into a teratoma: 

- extensive replacement of the ventricular wall and 
cavity with tumor, with central necrosis 

- Multiple nodules of cartilage (mesodermal) at the 
interface with host myocardium 

- Several poorly differentiated epithelial cells 
- Gut epithelium and ciliated respiratory epithelium 

(endodermal) 
- Stratified squamous epithelium (ectodermal) 

C. Murry (University of Washington, Seattle)

Clinical use of ES cells Safety and Tolerability of Sub-retinal Transplantation of hESC Derived RPE (MA09-
hRPE) Cells in Patients With Advanced Dry Age Related Macular Degeneration (Dry 
AMD)
Sponsor: Advanced Cell Technology
ClinicalTrials.gov Identifier: NCT01344993

Expanding the boundaries of ES cells

ESC Research Distribution throughout the WorldWorld maps comparing the distribution of stem cell research throughout the 

world between two 5 year periods: 2002–2006 and 2007–2011. The numbers of publications involving human and nonhuman 

ESCs were assessed separately and are thus presented in separate maps. Nonhuman ESCs are mostly, but not exclusively, 

mouse ESCs. The maps are color-coded by the absolute number of articles published by laboratories from each country. The 

total number of contributing countries during the examined years appears in the upper right side of each map. Articles dealing 

with iPSCs were removed from the analysis. Quantification of articles was carried out using “ISI Web of Science” 

Can 
we 
go 
back?



CLONING and 
NUCLEAR 
REPROGRAMMING:  
running backward 
along cell 
differentiation

Cloning



Neti and Ditto

Although Dolly was born 15 
years ago, cloning human 
embryos became possible only 
recently

Woo-Suk Hwang 
& the problem of research misconduct

“He was a national hero in South Korea, his research lab was probably one of the 
best funded in the world, and he flew first class anywhere he wanted, any time he 
wanted, for free, courtesy of Korean Air. He was treated like a rock star. His 
spectacular fall from one of the most envied positions in science plays out like a 
Greek tragedy.” 

Stephen Minger: The Fall of a Scientific “Rock Star”. BBC online: Tuesday, 10 January 2006, 17:53 
GMT. http://news.bbc.co.uk/1/hi/sci/tech/4599974.stm
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Woo-Suk Hwang, cloning of Snuppy

Hwang WS, et al. (2005). "Dogs cloned from adult somatic cells". 
Nature 436 (7051): 641. PMID 16079832 DOI:10.1038/436641a. 

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

Low efficiency of nuclear transfer 
High rate of abnormal embryonic development 
"Large offspring syndrome" 

- placental abnormalities 
- fetal overgrowth 
- respiratory failure 
- high incidence of neonatal abnormalities

Reproductive cloning for human infertility, besides 
ethically questionable, is highly inefficient

Between fertilization and implantation, the embryo demethylates most of its genes, with the 
exception of imprinted and some repeat genes. The maintenance of imprinted genes 
through the preimplantation period is essential for normal embryonic development. 
However, demethylation of other genes is important to make the genome broadly available 
to the undifferentiated and developing embryo. 

Demethylation in the embryo may help remove the epigenetic modifications acquired during 
parental gametogenesis 

Normal embryo development requires extensive 
genome demethylation



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 
production for tissue and organ 
regeneration 

•Rescue of genetic defect by ex vivo gene 
therapy

Therapeutic cloning

These cells, which were designated iPS (induced 
pluripotent stem) cells, exhibit the morphology 
and growth properties of ES cells and express ES 
cell marker genes.

Induction of pluripotent stem cells 
from mouse embryonic or adult 
fibroblasts by introducing four factors, 
Oct3/4, Sox2, c-Myc, and Klf4 in 
the FBX15 locus, under ES cell culture 
conditions.

1- Subcutaneous transplantation of iPS cells into 
nude mice resulted in tumors containing a variety 
of tissues from all three germ layers.  

2- Following injection into blastocysts, iPS cells 
contributed to mouse embryonic development, 
but embryos failed to develop beyond mid-
gestation stage.

Various tissues present 
in teratomas derived 
from iPS

Neural tissues and 
muscles in teratomas

In vitro embryoid body 
formation and 
differentiation

In vitro differentiation 
into all three germ 
layers.

iPS derivation from human skin cells

differentiated into the required cell type. To the greatest
extent possible, grafts should contain only differentiated
cells because pluripotent cells can cause teratomas. Other
dangers are specific to iPS cells. Two of the 4 transgenes
originally used by Yamanaka and colleagues for cell repro-
gramming, c-Myc and KLF4, are known to be oncogenic.

Also, the retroviruses and lentiviruses initially used as
transgene vectors can insert within the genome of a cell
and cause unintended mutations (38). A major reason for
developing new reprogramming methods is to avoid these
dangers.

One method is to use nonintegrative vectors that,
along with their transgene payload, can be removed from
cells once reprogramming is complete (39, 40). Even more
promising are methods that use recombinant proteins (41,
42) and synthetic messenger RNA (43) to establish pluri-
potency. Because no genetic elements or viral vectors are
introduced into cells, the risk for mutagenesis should be
minimal; however, this remains to be proved.

Assessing the nature and therapeutic value of various
iPS cell lines will take many years, and constant compari-
sons with embryonic stem cells will be necessary. In part,
this is because human embryonic stem cells—which pre-
date human iPS cells by almost a decade—are more famil-
iar to translational scientists and closer to clinical
application.

The first clinical trial involving human embryonic
stem cells was approved in early 2009 and, after a hiatus of
more than 1 year to address safety issues, is now recruiting
human participants. Geron Corporation is testing the
safety and tolerability of neuronal ensheathing cells, or oli-
godendrocyte progenitor cells, derived from human embry-
onic stem cell lines in patients with a complete thoracic
spinal cord injury (44). A second company, Advanced Cell
Technology, recently gained approval to conduct its own
clinical trials testing the safety of and tolerability to embry-
onic stem cell–derived retinal cells in patients with macular
degeneration (45). Whatever the results of these trials, they
will cast much-needed light on the use of both embryonic
stem cells and iPS cells for regenerative medicine.

Aside from their therapeutic potential, embryonic
stem cells have great scientific importance. They are among
the best tools we have for investigating the natural mech-
anisms of cell differentiation and self-renewal, especially in
the earliest stages of human development. Therefore, em-
bryonic stem cells are widely considered the gold standard
against which iPS cells must be measured, and most stem
cell scientists, including those responsible for the repro-
gramming revolution, insist that both lines of research
should be pursued simultaneously (46–48).

The value of iPS cells for regenerative medicine de-
pends on how successfully they can adopt a pluripotent
state and on whether they can avoid damaging mutations.
Research on embryonic stem cells has set standards that cell
reprogramming cannot yet match. The most recent studies
show that iPS cells display more genetic and epigenetic

abnormalities than embryonic stem cells, which is likely to
affect their clinical worth (49, 50).

These considerations contradict the idea that repro-
gramming will soon provide a viable alternative to human
embryonic stem cells. Even a superficial analysis of the
stem cell literature demonstrates that these 2 lines of re-
search are symbiotically entwined. They share results, re-
sources, ideas, techniques, and personnel. The idea that iPS
cells could replace embryonic stem cells without substantial
loss only makes sense as a future prospect, a possibility that
might be realized when the science of cell reprogramming
is more developed and more independent than it currently
is. Until then, research into induced pluripotency remains
heavily indebted to embryonic stem cell research, as it has
always been.

From a moral perspective, this situation is puzzling. If
you regard embryonic stem cell research as unethical, you
should also attribute some measure of its guilt to cell re-
programming, its material accomplice and beneficiary (51).
Far from iPS cells being the ethical alternative to embry-
onic stem cells, the 2 methods are presently scientific part-
ners and moral bedfellows.

REPROGRAMMING REPRODUCTION

A full account of the ethics of iPS cells would encom-
pass a range of other issues. The possibility that patient-
specific iPS cells may be propagated indefinitely raises
questions about informed consent, genetic privacy, and the
ownership of biological material (52–55). One must also
consider questions of affordability and social equity. Al-
though reprogramming is decreasing the cost of pluripo-

Figure 1. Derivation and medical use of iPS cells.

Somatic cells can be reprogrammed into iPS cells and then differentiated
into the desired functional cell type. If necessary, genetic defects may be
corrected with gene therapy. Cells derived in this manner may have
various uses, including autologous and allogeneic cell transplantation, in
vitro disease modeling, drug screening, and regeneration research. Fig-
ures were produced using Servier Medical Art, available at www.servier
.com. iPS cells ! induced pluripotent stem cells.

ReviewCell Reprogramming and the Embryonic Stem Cell Controversy

www.annals.org 19 July 2011 Annals of Internal Medicine Volume 155 • Number 2 117

Medical use of iPS cells: iPS as an ethical alternative 
to ES cells?



Disease modelling using human iPS 

A major barrier for research on cardiac and 
neurological disorders is the inaccessibility of diseased tissue for study

iPS vs ES cells

Although they have similar phenotypes they are not 
identical 
Significant differences in their gene expression profile 

iPS cells retain an epigenetic memory of their tissue of 
origin 
Several methods for reprogramming now exist 
iPS cells can cause teratoma - 2 of the 4 transgenes are 
known to be oncogenic; retroviruses and lentiviruses used 
as vectors can cause insertional mutagenesis 

The source and age of donor cells can affect 
reprogramming (the more differentiated the donor cell is 
the more difficult it is to wind back its developmental clock) 

Transdifferentiation: the direct reprogramming 
of one somatic cell type into another without a 
stem cell intermediate

Sources of adult stem cells

l Bone marrow: HSC and MSC 

l Peripheral blood: HSC, hemangioblast? 

l Brain and spinal cord: neural stem cells 

l Skin: epidermal stem cells 

l Liver: oval cells 

l Pancreas: ductal stem cells 

l Eye: corneal and retinal stem cells 

l Skeletal muscle: satellite cells and SP 

l Heart: cardiac stem cells 
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Bone marrow stem cells can repair damaged heart muscle?

ultimate goal of cell-based therapies. Certainly, our
central objective is to improvecardiac function
and, by doing so, patient outcomes. To that end,
cell-based therapies may be beneficial not only in
the regeneration of lost myocardium, via direct
transdifferentiation, but also in protecting existing
viable myocardium or repairing damaged myocar-
dium, via paracrine influences.

Stem Cells (Trans)Differentiation

The foremost purpose of cell-based therapies
remains the regeneration of lost cardiac cells via
differentiation. Using genetic markers and/or
labeled fluorescent dyes, several groups have

reported the transdifferentiation of bone mar-
row–derived HSC into cardiomyocytes36-38 How-
ever, these results, subsequently, have been called
into question by others who have failed to identify
HSC-derived cardiomyocytes.84-86 In addition to
HSC, MSC have also been suggested to retain the
capacity for cardiomyogenic differentiation both
in vitro with proper stimulation and in
vivo.44,5 8,5 9 ,87 ,88 Similar to criticisms voiced
regarding HSC, the ability of MSC to transdiffer-
entiate into cardiomyocytes have been chal-
lenged.89 Furthermore, many studies have
suggested that cell fusion, rather than transdiffer-
entiation, of bone marrow–derived cells may
explain observed phenotypic changes.9 0 -9 3

Table 2. Summary of Major Cell-Based/Cytokine Clinical Trials

Study
Method of
Delivery

Patients
Treated/
Control

Placebo/
Control

Cell Type
Cell Number
or Dose

Time of Cell
Delivery (Days
Post-MI) Results Reference

Strauer Intracoronary 10/10 30
(CPC)

Control BM-MNC
9 × 106

to 2.8 × 107

7 Improved
contractility
and reduced
infarct size

Strauer et al,
2002103

TOPCARE-
AMI

Intracoronary 29
(BM-MNC)

N/A CPC 1.3 × 107

BM-MNC
2.4 × 108

3-7 Improved EF and
reduced infarct
size

Assmus et al,
2002104

Britten et al,
2003105

Schachinger
et al, 2004106

BOOST Intracoronary 30/30 Control BM-MNC
24 × 109

6 Improved EF
at 6 mo

Wollert et al,
2004107

No difference
at 18 mo

Meyer et al,
2006108

Janssens Intracoronary 33/34 Placebo BM-MNC 3.0 ×
108 cells

1 No effect Janssens et al,
2006109

Chen Intracoronary 34/35 Placebo MSC 48 × 1010

to 60 × 1010
18 Improved and

perfusion at 3 mo
Chen et al,
2004110

REPAIR-AMI Intracoronary 102/102 Placebo BM-MNC
2.4 × 108

4 Improved EF and
reduced infarct
size at 4 mo

Schachinger
et al, 2006111

ASTAMI Intracoronary 100 Control BM-MNC
8.7 × 107

5-8 No difference
at 6 mo

Lunde et al,
2006112

FIRSTLINE-
AMI

Mobilization 25/25 Control G-CSF
10 μg/kg BW

0-6 1QD Improved EF and
remodeling
at 4 mo

Ince et al,
2005113

STEMMI Mobilization 39/39 Placebo G-CSF
10 μg/kg BW

0-6 1QD No difference
at 6 mo

Ripa et al,
2006114

REVIVAL II Mobilization 56/58 Placebo G-CSF
10 μg/kg BW

0-5 1QD No difference
at 6 mo

Zohlnhoefer
et al, 2006115

Abbreviations: BM-MNC, unfractionated bone marrow mononuclear cells; CPC, circulating progenitor cells; 1QD, 1
subcutaneous G-CSF injection per day; EF, left ventricular ejection fraction; BW, body weight; TOPCARE-AMI,
Transplantation Of Progenitor Cells And REgeneration in Acute Myocardial Infarction; BOOST, BOne marrOw transfer to
enhance ST-elevation infarct regeneration; REPAIR-AMI, Reinfusion of Enriched Progenitor cells And Infarct Remodeling in
Acute Myocardial Infarction; ASTAMI, Autologous Stem cells Transplantation in Acute Myocardial Infarction; FIRSTLINE-
AMI, Front Integrated Revascularization and STem cell Liberation IN Evolving Acute Myocardial Infarction; STEMMI, STEm
cells Mobilization in acute Myocardial Infarction; REVIVAL, REgenerate VItal myocardium by Vigourous Activation of bone
marrow stem ceLs.
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The Bone Marrow—Cardiac Axis of
Myocardial Regeneration

Ronglih Liao, Otmar Pfister, Mohit Jain, and Frederic Mouquet

Congestive heart failure remains the leading cause
of morbidity and mortality in the developed world.
Current therapies do not address the underlying
pathophysiology of this disease, namely, the
progressive loss of functional cardiomyocytes.
The notion of repairing or regenerating lost myo-
cardium via cell-based therapies remains highly
appealing. The recent identification of adult stem
cells, including both cardiac stem/progenitor cells
and bone marrow stem cells, has triggered an
explosive interest in using these cells for physiolo-
gically relevant cardiomyogenesis. Enthusiasm for
cardiac regeneration via cell therapy has further
been fueled by the many encouraging reports in
both animals and human studies. Further intensive
research in basic science and clinical arenas are
needed to make this next great frontier in cardio-
vascular regenerative medicine a reality. In this
review, we focus on the role of bone marrow–
derived stem cells and cardiac stem/progenitor
cells in cardiomyocyte homeostasis and myocardial
repair and regeneration, as well as provide a brief
overview of current clinical trials using cell-based
therapeutic approaches in patients with heart
disease.
n 2007 Elsevier Inc. All rights reserved.

D espite advances in the treatment of con-
gestive heart failure, morbidity and mortal-

ity remain inappropriately high.1 This medical
epidemic has only continued to escalate, given an
overall aging population and the greater number
of patients surviving an initial myocardial infarc-
tion (MI). The pathophysiology of post-MI heart
failure is driven by the loss of cardiomyocytes,
either due to acute ischemic necrosis or chronic
apoptosis, and by the inability of the remaining
cardiomyocytes to adequately compensate. As
such, the concept of repairing or regenerating
lost myocardium via cell-based therapies (termed
cardiomyoplasty) remains highly appealing. Over
the past decade, much research has focused upon
identifying the ideal cell type with which to
promote myocardial regeneration. Thus far, sev-
eral cell types have been investigated in animal
models including, but not limited to, fetal
cardiomyocytes,2,3 fibroblasts, skeletal myo-
blasts,4 -7 and endothelial progenitor cells
[EPC].8,9 Results with all these cell types have
generally been encouraging with regard to bene-
ficial post-MI remodeling, albeit none have
resulted in definitive differentiation into physio-
logically significant, force-generating cardiomyo-
cytes. Five years ago, striking reports suggested
for the first time that bone marrow–derived stem
cells (hematopoietic stem cells [HSC]) may have
the potential to regenerate significant amounts of
lost myocardium in mice after MI,10,11 creating
overwhelming enthusiasm and subsequent skep-
ticism in the field of cardiac repair and regenera-
tion. More recently, the identification of resident
cardiac stem/progenitor cells by several groups,
including ours,12-15 has brought about a second
wave of scientific interest. These findings have
advanced our understanding of myocardial biol-
ogy and physiology and have introduced the new
paradigm of the heart as a non–terminally
differentiated organ. Despite the inability of
myocardial tissue to adequately “self-heal” after
acute injury, as well as the controversy regarding
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Cardiovascular Division, Department of Medicine,
Brigham and Women's Hospital, Harvard Medical
School, Boston, MA.
Address reprint requests to Dr Ronglih Liao, Cardiac

Muscle Research Laboratory, Cardiovascular Division,
Department of Medicine, Brigham and Women's
Hospital, Harvard Medical School, 77 Ave Louis Pasteur,
New Research Bldg, NRB 431, Boston, MA 02115.
E-mail: rliao@rics.bwh.harvard.edu
0033-0620/$ - see front matter
n 2007 Elsevier Inc. All rights reserved.
doi: 10.1016/j.pcad.2007.03.001
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Few studies with 
placebo control 
group: no 
reduction in the 
infarcted area!

G-CSF: discontinuation 
because of restenosis

First case of alleged stem-cell fraud enters US courts

New Scientist, 13 July 2012

Stem Cell Tourism

Six residents of Los Angeles, California, are suing South Korean company RNL Bio and associates in a 
Californian court for alleged fraud. They claim the company convinced them to travel to clinics in South Korea, 
China or Mexico to donate fat tissue and have stem cells from it re-administered to cure diseases and even 
reverse ageing. 10/30/12 2:40 PMRNL Bio - Stem Cell Bank

Page 1 of 1http://www.rnl.co.kr/eng/main.asp

[2012-10-26]   National Press Club Celebration of the Publication of "The Grace of Stem Cells" by Jeong

Chan Ra, Chairman of RNL BIO

[2012-09-28]   STUDY SHOWS STEM CELLS MAY PREVENT AND CURE ALZHEIMERS:Revolutionary

Findings in Study by Seoul National University & RNL Bio Stem Cell Technology Institute

[2012-09-20]   South Korean lawmakers one step from rigorous new system for stem cell Advancement:

scientists, physicians and patients applaud, urge lawmakers to complete The Job

[2012-09-18]   RNL BIO, a South Korean adult stem cell firm, introduces its autologous stem cell

therapeutics in Turkey to treat patients with various intractable diseases.

[2012-09-12]   A New Approach to Erectile Dysfunction? Study Shows Adult Stem Cells Offer Hope to

Patients with Erectile Dysfunction and Nerve Damage
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THE CONTROL OF EPIDERMAL STEM CELLS (HOLOCLONES) IN
THE TREATMENT OF MASSIVE FULL-THICKNESS BURNS WITH

AUTOLOGOUS KERATINOCYTES CULTURED ON FIBRIN1

GRAZIELLA PELLEGRINI,2,3 ROSARIO RANNO,2,4 GIORGIO STRACUZZI,2,4 SERGIO BONDANZA,3

LILIANA GUERRA,3 GIOVANNA ZAMBRUNO,5 GIOVANNI MICALI,4 AND MICHELE DE LUCA3,6

Laboratory of Tissue Engineering and Laboratory of Molecular and Cellular Biology, I.D.I., Istituto
Dermopatico dell’Immacolata, Rome, Italy, and Burn Unit Ospedale Cannizzaro and Department of Plastic Surgery,

University of Catania School of Medicine, Catania, Italy

Background. Cell therapy is an emerging therapeu-
tic strategy aimed at replacing or repairing severely
damaged tissues with cultured cells. Epidermal regen-
eration obtained with autologous cultured keratino-
cytes (cultured autografts) can be life-saving for pa-
tients suffering from massive full-thickness burns.
However, the widespread use of cultured autografts
has been hampered by poor clinical results that have
been consistently reported by different burn units,
even when cells were applied on properly prepared
wound beds. This might arise from the depletion of
epidermal stem cells (holoclones) in culture. Depletion
of holoclones can occur because of (i) incorrect culture
conditions, (ii) environmental damage of the exposed
basal layer of cultured grafts, or (iii) use of new sub-
strates or culture technologies not pretested for holo-
clone preservation.

The aim of this study was to show that, if new kera-
tinocyte culture technologies and/or “delivery sys-
tems” are proposed, a careful evaluation of epidermal
stem cell preservation is essential for the clinical per-
formance of this life-saving technology.

Methods. Fibrin was chosen as a potential substrate
for keratinocyte cultivation. Stem cells were moni-
tored by clonal analysis using the culture system orig-
inally described by Rheinwald and Green as a refer-
ence. Massive full-thickness burns were treated with
the composite allodermis/cultured autograft tech-
nique.

Results. We show that: (i) the relative percentage of
holoclones, meroclones, and paraclones is maintained
when keratinocytes are cultivated on fibrin, proving
that fibrin does not induce clonal conversion and con-
sequent loss of epidermal stem cells; (ii) the clonogenic
ability, growth rate, and long-term proliferative po-

tential are not affected by the new culture system; (iii)
when fibrin-cultured autografts bearing stem cells are
applied on massive full-thickness burns, the “take” of
keratinocytes is high, reproducible, and permanent;
and (iv) fibrin allows a significant reduction of the
cost of cultured autografts and eliminates problems
related to their handling and transportation.

Conclusion. Our data demonstrate that: (i) cultured
autografts bearing stem cells can indeed rapidly and
permanently cover a large body surface; and (ii) fibrin
is a suitable substrate for keratinocyte cultivation and
transplantation.

These data lend strength to the concept that the
success of cell therapy at a clinical level requires cul-
tivation and transplantation of stem cells. We there-
fore suggest that the proposal of a culture system
aimed at the replacement of any severely damaged
self-renewing tissue should be preceded by a careful
evaluation of its stem cell population.

Lining epithelia are renewed constantly during the life-
time of an organism. For instance, human epidermis is re-
placed approximately every month (1). To accomplish their
self-renewal process, lining epithelia rely on the presence of
stem and transient amplifying cells, which are the only pro-
liferative cells in a normal tissue (for review see 2–4). Stem
cells can be defined as cells endowed with a high capacity for
cell division and also able to generate a differentiated prog-
eny (2, 4, 5). The extensive proliferative potential, at least
maintained through the lifetime of an organism, is consid-
ered the basic and essential characteristic of a stem cell (4).
Transient amplifying cells, which arise from stem cells, have
a high proliferative rate only for a limited period of time and
represent the largest group of dividing cells (2, 3, 5). Epider-
mal (and other lining epithelial) stem and transient ampli-
fying cells can be identified in culture (1, 2, 6–13). Indeed,
using clonal analysis, three types of keratinocytes with dif-
ferent capacities for multiplication have been characterized
(6). The holoclone, which is generated by the epidermal stem
cell (2, 6, 12, 13), has a tremendous potential for proliferative
self-renewal, being able to undergo more than 140 doublings
before senescence. The paraclone, which is generated by a
transient amplifying cell, has a very limited growth potential
(being committed to a maximum of 15 divisions) and usually
gives rise to aborted colonies (6). The meroclone is an inter-
mediate type of cell and is a reservoir of transient amplifying
cells (2, 6). The transition from holoclone to meroclone to

1 This work was supported by Telethon-Italy (grants A.41 and
A.106), by EEC BIOMed 2 number BMHG4–97-2062, by Ministero
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FIGURE 1. Cultivation of keratinocytes on fibrin. (A) A sheet of fibrin sealant (prepared as described under Materials and Methods) used as
a substrate for cultivation of secondary keratinocytes. (B) Growth kinetics of keratinocytes cultured on plastic or on fibrin. Subconfluent
primary cultures (strain K71) were trypsinized and plated either on plastic (open circles) or on fibrin (close circles) at a cell density of 6.5!103

cells/cm2. After 24 hr, unattached cells were removed. Epidermal growth factor was added at day 3. Cells were trypsinized and counted every
24 hr in duplicate until confluence was reached. Three different cell strains were examined with similar results, and the average cell
population doubling time was of approximately 21 hr in both conditions. Subconfluent primary cultures (strain K71) were plated either on
plastic (C) or on fibrin (D) onto lethally irradiated 3T3-J2 cells (FL). KC indicate a keratinocyte colony after 6 days of cultivation. When such
cultures where subconfluent (7 days after plating), cells were trypsinized and CFE assays were performed by plating (in duplicate) 500 cells
onto lethally irradiated 3T3-J2 cells. Colonies were stained with rhodamine B 14 days later. (E) CFE from plastic-cultured keratinocytes. (F)
CFE from fibrin-cultured keratinocytes. Values of total/aborted colonies are 34.6%/3.4% in panel E and 39.7%/4.0% in panel F.
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Limbal Stem Cells



Diagnosis and grading of limbal 
stem cell deficiency  All eyes had total LSCD, 

complete corneal opacification, 
and stromal scarring. Vision was 
reduced to counting fingers or 
perceiving hand movements. 
Autologous LSC cultures 
successfully regenerated 
functional corneal epithelium. To 
improve their visual acuity after 
grafting, the patients underwent 
penetrating keratoplasty. In all 
eyes, the engrafted LSC 
resurfaced the donor stroma. At 
the last follow-up visits, all eyes 
were covered by stable corneal 
epithelium. In Patient 46, the 
follow-up image shows that the 
conjunctival vessels stop at the 
conjunctival–corneal boundary 
(arrowheads); they do not invade 
the restored corneal surface. 
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