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25 major discoveries in stem cell research

•  Nuclear transfer 
(Briggs and King, 1952)

•  A functional assay for hematopoietic stem cells
(Till and McCulloch, 1961)

•  Transfer of differentiated cell nuclei yields viable 
offspring (Gurdon, 1961)

•  First bone marrow transfer
(Thomas et al., 1957)

•  Localization of intestinal stem 
cells (Cheng and Leblond, 1974)

•  Epithelial cell colonies 
cultured in vitro (Rheinwald and 
Green, 1975).

•  Tritium-labelled cells in adult brain (Altman, 1961)

•  The term ”the stem cell niche” 
(Schofield, 1978) •  Embryonic stem cells (Martin 1981; Evans and Kaufman1981)

•  Transplantation of skin grafts to patients 
(O’Connor et al., 1981)

•  Germ line transmission of ES cells (Bradley et al., 1984)

•  Molecular-based purification of hematopoietic stem cells 
(Spangrude et al., 1988)

•  Grafting of fetal brain tissue to PD patients
(Lindvall et al., 1989)

•  Gene therapy for ADA 
(Bordingnon et al., 1995)

•  Nuclear transfer in mammals 
(Wilmut et al., 1997)

•  The hematopoietic stem cell niche (Kiel et al., 2005; 
Katayama et al.,  2006)

•  iPS cells (Takahashi and Yamanaka, 2006)

•  Lgr5+ intestinal stem cells (Barker et al., 2007)

•  ES/iPS-derived organoids (Eiraku et al., 2008)

•  The CNS stem cell niche (Mirzadeh et al., 2008; 
Shen et al., 2008; Tavazoie et al., 2008)

•  Intestinal organoids from Lgr5+ cells (Sato et al., 2009)

•  Gene correction in transplanted 
skin (Hirsch et al., 2017)

•  iPS-derived dopaminergic neurons grafted to PD 
patients (Schweizer et al., 2020)

•  iPS-derived beta-cells transplanted to diabetic 
patients (Ramzy et al., 2021)
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•  Generation of blastoids 
(Rivron et al., 2018)

Figure 1. Time axis for 25 major discoveries in stem cell research
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‘‘Patient Handbook,’’ which in 12 languages provides an-
swers to frequently asked questions about stem cell therapy
and has since been updated. Two years later, in 2010,

another public education initiative was launched, when
the ‘‘A Closer Look at Stem Cells’’ Website was introduced,
an award-winning initiative to provide easy-to-grasp

ISSCR Milestones

2003
The first Annual Meeting Washington DC 

2002
ISSCR is established 

2006
Guidelines for the Conduct of Human Embryonic 
Stem Cell Research is published

2013
The first issue of Stem Cell Reports is published

2016
The second version of the Guidelines for Stem Cell 
Research and Clinical Translation is published

2008: 
Guidelines for the Clinical Translation of Stem 
Cells is published

2008
The Patient Handbook is published

2010
“A Closer Look at Stem Cells” is published

2015 
The first Workshop on Clinical Translation is held

2015
The Policy and Advocacy Program is launched

2021
The third version of the ISSCR Guidelines 

for Stem Cell Research and Clinical Translation 
is published

2018
ISSCR releases “Stem Cell-Based Clinical Trials: 
Practical Advice for Physicians and Ethics / Institutional 
Review Boards”

2016
The first International Symposium is held in Florence, Italy

2020-21
The Annual Meetings are held in a virtual format
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Figure 2. Time axis for ISSCR milestones
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SUMMARY

The International Society for StemCell Research (ISSCR) celebrates

its 20th anniversary in 2022. This review looks back at some of the

key developments in stem cell research as well as the evolution of

the ISSCR as part of that field. Important discoveries from stem cell

research are described, and how the improved understanding of

basic stem cell biology translates into new clinical therapies and in-

sights into disease mechanisms is discussed. Finally, the birth and

growth of ISSCR into a leading stem cell society and a respected

voice for ethics, advocacy, education and policy in stem cell

research are described.

STEM CELL RESEARCH—THE EARLY YEARS

Stem cells are defined by the ability to self-renew and to
produce differentiated cells, but what could be consid-
ered the starting point of this research field? A defining
moment is difficult to identify precisely, but an impor-
tant conceptual prerequisite for stem cell research, and
in fact for all cell biology, was the development of the
cell theory in the mid-1800s by Rudolf Virchow, Rudolf
Remak, and Theodor Schwann and the realization
that all cells are derived from other cells through cell di-
vision – ‘‘omnis cellula a cellula’’ (Virchow, 1858). The first
descriptions of the word stem cell also date back to the
mid-1800s. Ernst Haeckel used the term ‘‘Stammzellen’’
in 1868, but originally in a more phylogenetic context,
to denote a unicellular organism from which multicel-
lular organisms developed. In 1877 he extended its use
to the fertilized egg, in line with his concept of
‘‘ontogeny recapitulates phylogeny’’ (Haeckel, 1877)
(see Figure 1 for a timeline of some of the key discoveries
in stem cell research). Theodor Heinrich Boveri and Val-
entin Häcker used stem cell as a term for cells giving rise
to the germ line, thus expanding its use to cell types
other than the fertilized egg cell. Häcker also made the
important observation that cell division in the crusta-
cean Cyclops led to one cell remaining as a stem cell
while the other cell differentiated (Haecker, 1892)—an
early observation of asymmetric cell division. Boveri
characterized cells giving rise to germ cells and somatic
cells and referred to them as stem cells (for review see
Maehle, 2011). After the initial use of stem cells referring
to the germ line, Alexander Maximow, Wera Dantschak-
off, and Artur Pappenheim started using the term stem
cell in the context of hematopoiesis to denote cells pro-

ducing the different types of cells in the blood (Dant-
schakoff, 1908; Maximow, 1909; Pappenheim, 1896).

STEM CELL RESEARCH MILESTONES—LESSONS
FROM FOUR ORGAN SYSTEMS

Progress in stem cell research was reported from many
frontiers during the 1900s. In the pre-molecular era, trans-
plantation experiments in amphibians yielded new
insights into the role of communication between various
organs and tissues for cellular differentiation (Spemann
and Mangold, 1924). The development of transgenic tech-
nologies, more advanced cell culturing techniques and de-
coding of genomes from various species further fueled
progress in our understanding of stem cells and their
various differentiation trajectories. A detailed account of
this era is beyond the scope of this review, and I will instead
focus on discussing some of the landmark discoveries in
stem cell research in fourmammalian organs—the hemato-
poietic system, the skin, the CNS, and the intestine—as
each of these organs has provided important concepts for
the field at large and revealed opportunities for clinical
translation and understanding of disease processes.

The hematopoietic system
As discussed above, Pappenheim, Maximow, and Dantschk-
off introduced the stem cell concept for hematopoiesis, and
Pappenheim, in fact, produced a scheme for ahematopoietic
stem cell hierarchy not too distant from the version that is
agreed upon today (Ramalho-Santos and Willenbring,
2007). It was, however, extensively discussed whether there
was a singleormore thanone typeof stemcells for theblood,
and there were two camps, dualists and unitarians, with
different views on this subject. The unitarian Ernst Neu-
mann observed that hematopoiesis takes place in the bone
marrow and suggested that one cell can give rise to all the
differentbloodcells (Neumann,1868),whereasPaulEhrlich,
for example, advocated separate origins for the different
types of cells in the blood (Ramalho-Santos andWillenbring,
2007).
This issue took considerable time to resolve, as hemato-

poietic stem cells amount to less than 0.01% of all bone
marrow cells. An initial landmark discovery in hematopoi-
etic research, and for stem cell research in general, was the
first functional assay to quantitate hematopoietic stem
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endothelial cells to experimentally infarcted pig hearts re-
sulted in improved ventricular function (Gao et al.,
2018). The transplantation of ES/iPS-derived cardiomyo-
cytes to pigs and non-human primates has however also
caused arrythmias, presumably as a consequence of the
transplanted patch acting as an ectopic pacemaker (Liu
et al., 2018; Romagnuolo et al., 2019). Although a first
attempt to transplant human ES cell-derived cardiomyo-
cytes to a patient has been reported (Menasché et al.,
2015), the arrythmias observed in animal experiments
currently represent a serious concern, which will require
further research to address.

THE INTERNATIONAL SOCIETY FOR STEM CELL
RESEARCH

Early in the 21st century, the technology to generate hu-
man ES cells was established, and there was a debate in
several countries, not least in the US, on how the use of,
and generation of, novel, ES cell lines should be regulated.
These questions were also discussed among stem cell scien-
tists, but there was no organized international forum for
exchanging ideas, showcasing the latest research results,
and discussing the ethical implications of stem cells and
their use in future therapy development. As a response to
this, Leonard Zon started the International Society for
Stem Cell Research (ISSCR), with the ambition to promote
the science in the field but also to engage in public outreach
and communication, advocacy, and policy—a choice that
may seem obvious now but was not obvious then.
The overarching mission of ISSCR is the promotion of

excellence in stem cell science and in translation of
research for the benefit of human health. In 2003, ISSCR
organized its first Annual Meeting, which since then has
been an integral part of ISSCR’s activities (for a timeline
of milestone events in ISSCR, see Figure 2). The Annual
Meetings have grown in size from around 500 participants
during the first years to 3,000–4,000 participants from over
60 countries in recent years (see Figure S1 for a list of the
Annual Meetings). The majority of the Annual Meetings
have been held in the US but also span the globe, and to
widen its geographical footprint and to complement the
large-scale Annual Meeting with a more intimate meeting
format, ISSCR launched so-called International Symposia
(see Figure S1 for a list of all International Symposia). The
first International Symposium was held in Shanghai in
2008, and over the years 18 physical and two virtual
International Symposia, which accommodate 250–500
participants, have been held in nine countries. In 2015,
the Workshop on Clinical Translation, as a part of the
Annual Meeting, was established to broaden the interface
to the translational and clinical community. Along similar

lines, the ‘‘Stem Cells Clinical Trials: Practical Advice for
Physicians and Ethics/Institutional Review Boards’’ was
published in 2018.
In 2006, ISSCR took a bold step by publishing a first set of

Guidelines for Stem Cell Research and Clinical Translation
(hereafter called the Guidelines). Recognizing the need to
lay out principles for how stem cell research should be
conducted in anethically soundwayandwithhigh research
integrity, ISSCRpublished thefirst set ofGuidelines in 2006.
Newversions of theGuidelines appeared in 2008, 2016, and
2021, and the focusof eachversion reflectswhere thefieldof
stem cell research stood at the time and what technologies
were emerging. The 2006 edition of the Guidelines thus
placed a strong focus on human ES cells, whereas later ver-
sions have incorporated recommendations, for example,
for iPS cell, organoid, blastoid, editing of the human
genome, and embryo research and for interspecies chimera
research. The Guidelines have been proactive in providing
recommendations for emerging fields, for example by
including recommendations for mitochondrial replace-
ment techniques (MRT), a technology currently allowed
only in theUK, in the 2021 edition. By providing principled
recommendations for how research and its application
should be conducted, and whether some of the currently
widely accepted regulatory frameworks should be updated
or altered, the Guidelines has, inevitably in some cases,
stirred a debate in the stem cell community. One such
example is the suggestion to modify the so-called 14-day
limit for research on human embryos, which dates back to
the 1980s (McLaren, 1984) and is enshrined in law in
more than 10 countries (Cavaliere, 2017). The notion that
human embryos could be sustained in vitro for up to
13 days after fertilization (Deglincerti et al., 2016; Shahbazi
et al., 2016) triggered an interest in revisiting the 14-day
limit (Hyun et al., 2021; McCully, 2021). The 2021
Guidelines calls for a broader discussion on extending the
time limit for embryos in culture beyond 14 days under
special circumstances and with appropriate oversight
(Lovell-Badge et al., 2021; Master et al., 2021). The call to
open discussion on the 14-day rule has been challenged by
some scientists (Green et al., 2021; Johnston et al., 2021).
Another area of discussion regards ISSCR’s position on edit-
ing of the human germ line. Genomic editing for the germ
line is currently prohibited in most countries, and the
2021 Guidelines agrees that clinical application should
be prohibited at this time but recommends that research
be supported. This has led to a debate, as some hold the
view that the germ line should be sacrosanct and spared
from genome-editing exercises altogether (Baylis, 2021).
As stem cell research and the marketing of unproven

stem cell therapies entered the public’s awareness, ISSCR
developed information about stem cell research directly
for the general public. In 2008, ISSCR published the
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Key features of stem cells

Self-renewal: the capacity to proliferate but not 
differentiate, thus preserving the ability to generate a 
stem cell progeny similar to the parent cell
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and the median time to neutrophil and platelet recovery was 
30 and 48 days, respectively. Since this trial, 2 other phase 
II/III trials (NCT00469729 and NCT01484470) have been 
completed in multiple centers. For 101 patients who re-
ceived TEPA-expanded UCB units, faster median neutrophil 
(21 days vs 28 days) and platelet (54 days vs 105 days) re-
covery was achieved compared with 295 patients receiving 
unmanipulated double UCB units (NCT00469729).26 There 
was also an advantage in 100-day survival for TEPA group 
compared with unmanipulated group (84.2% vs 74.6%). In 
this case, acute and chronic GVHD rates were similar be-
tween both groups. Notably, in this trial, an amazing 77.0-
fold increase in CD34+ number was reported for a 21-day 
culture, but the cause for the difference from the previous 
phase I trial (6.0-fold increase) was not clear.

Notch-mediated Expansion
Activation of Notch signaling via surface Notch receptors 
promotes HSC self-renewal.46,47 In a preclinical study,46 it was 
found that among various Notch ligands, an immobilized 
form of DLL1 (DLL1ext-IgG) performed best at UCB HSC ex-
pansion. A clinical trial28 in which UCB units were cultivated 
with DLL1ext-IgG for 16 days reported a 164.0-fold increase 
in CD34+ cell number. After receiving one unmanipulated 
and one DLL1ext-IgG-expanded UCB unit, patients showed a 
markedly shortened median time to engraftment (16 days). 
Rapid myeloid recovery in recipients of DLL1ext-IgG-expanded 

UCB units also occurred in the early period, at 7 days post-
UCBT. Nevertheless, only one of 10 patients exhibited 
an expanded cell population in the engraftment at 1 year 
posttransplantation, indicating a lack of long-term HSCs after 
DLL1ext-IgG-mediated expansion.47 In addition, all patients ex-
perienced grade II GVHD, a significantly higher rates than 
those of conventional studies.

Nicotinamide-mediated Expansion
Nicotinamide is a precursor to nicotinamide adenine dinucle-
otide (NAD) and inhibits SIRT1 activity,48 and addition of nic-
otinamide prevents UCB CD34+ cells from differentiating.49 A 
clinical product, NiCord, has been developed and applied in 
phase I and II trials. A pilot study33 with 11 participants found 
that the median time to neutrophil and platelet recovery was 
shortened to 13 and 33 days, respectively, when using NiCord 
and unmanipulated UCB units. Only 5 patients experienced 
grade II GVHD in this trial. Moreover, one patient had mixed 
chimerism at 3 years posttransplantation, suggesting the ex-
istence of long-term HSCs in the Nicord portion. Based on 
this observation, another trial34 evaluated the effect of a 
single NiCord infusion on UCBT. Among 36 participants, 34 
showed engraftment, and the median time to neutrophil and 
platelet recovery was markedly shortened (11.5 and 34 days, 
respectively). Importantly, lower rates of acute (44% versus 
56%) GVHD were observed in patients with NiCord infusion 
than those in comparator cohort.

Figure 1. Extrinsic and intrinsic factors that regulate HSC self-renewal and differentiation. Various extrinsic and intrinsic factors have been identified 
to regulate human HSC self-renewal and differentiation; however, the regulatory core for HSC self-renewal and differentiation remains incompletely 
understood. This picture highlights selected but not all regulators of human HSC self-renewal and differentiation. In brief, extracellular stimuli act on the 
surface receptor; the signals are passaged by a series of effectors to the core regulator, where extrinsic and intrinsic signals converge. The cell fate is 
then determined depending on the strength of the supposed self-renewal regulatory core and differentiation regulatory core (as shown in the Tai Chi 
diagram in the figure).
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presence of common progenitor cells that give rise to mature
blood cells, a process also known as haematopoiesis.10 From this
study, Maximov proposed the concept of polyblasts, which later
were named stem cells based on their proliferation and
differentiation by Ernst Haeckel.11 Maximov described a

hematopoietic population presented in the bone marrow. In
1939, the first case report described the transplantation of
human bone marrow for a patient diagnosed with aplastic
anemia. Twenty years later, in 1958, the first stem cell
transplantation was performed by the French oncologist George
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Duc M. Hoang 1✉, Phuong T. Pham2, Trung Q. Bach1, Anh T. L. Ngo2, Quyen T. Nguyen1, Trang T. K. Phan1, Giang H. Nguyen1,
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Recent advancements in stem cell technology open a new door for patients suffering from diseases and disorders that have yet to
be treated. Stem cell-based therapy, including human pluripotent stem cells (hPSCs) and multipotent mesenchymal stem cells
(MSCs), has recently emerged as a key player in regenerative medicine. hPSCs are defined as self-renewable cell types conferring
the ability to differentiate into various cellular phenotypes of the human body, including three germ layers. MSCs are multipotent
progenitor cells possessing self-renewal ability (limited in vitro) and differentiation potential into mesenchymal lineages, according
to the International Society for Cell and Gene Therapy (ISCT). This review provides an update on recent clinical applications using
either hPSCs or MSCs derived from bone marrow (BM), adipose tissue (AT), or the umbilical cord (UC) for the treatment of human
diseases, including neurological disorders, pulmonary dysfunctions, metabolic/endocrine-related diseases, reproductive disorders,
skin burns, and cardiovascular conditions. Moreover, we discuss our own clinical trial experiences on targeted therapies using MSCs
in a clinical setting, and we propose and discuss the MSC tissue origin concept and how MSC origin may contribute to the role of
MSCs in downstream applications, with the ultimate objective of facilitating translational research in regenerative medicine into
clinical applications. The mechanisms discussed here support the proposed hypothesis that BM-MSCs are potentially good
candidates for brain and spinal cord injury treatment, AT-MSCs are potentially good candidates for reproductive disorder treatment
and skin regeneration, and UC-MSCs are potentially good candidates for pulmonary disease and acute respiratory distress
syndrome treatment.
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INTRODUCTION
The successful approval of cancer immunotherapies in the US
and mesenchymal stem cell (MSC)-based therapies in Europe
have turned the wheel of regenerative medicine to become
prominent treatment modalities.1–3 Cell-based therapy, espe-
cially stem cells, provides new hope for patients suffering from
incurable diseases where treatment approaches focus on
management of the disease not treat it. Stem cell-based therapy
is an important branch of regenerative medicine with the
ultimate goal of enhancing the body repair machinery via
stimulation, modulation, and regulation of the endogenous stem
cell population and/or replenishing the cell pool toward tissue
homeostasis and regeneration.4 Since the stem cell definition
was introduced with their unique properties of self-renewal and
differentiation, they have been subjected to numerous basic
research and clinical studies and are defined as potential
therapeutic agents. As the main agenda of regenerative
medicine is related to tissue regeneration and cellular replace-
ment and to achieve these targets, different types of stem cells
have been used, including human pluripotent stem cells (hPSCs),
multipotent stem cells and progenitor cells.5 However, the
emergence of private and unproven clinics that claim the
effectiveness of stem cell therapy as “magic cells” has raised
highly publicized concerns about the safety of stem cell therapy.
The most notable case involved the injection of a cell population

derived from fractionated lipoaspirate into the eyes of three
patients diagnosed with macular degeneration, resulting in the
loss of vision for these patients.6 Thus, as regenerative medicine
continues to progress and evolve and to clear the myth of the
“magic” cells, this review provides a brief overview of stem cell-
based therapy for the treatment of human diseases.
Stem cell therapy is a novel therapeutic approach that utilizes

the unique properties of stem cells, including self-renewal and
differentiation, to regenerate damaged cells and tissues in the
human body or replace these cells with new, healthy and fully
functional cells by delivering exogenous cells into a patient.7

Stem cells for cell-based therapy can be of (1) autologous, also
known as self-to-self therapy, an approach using the patient’s
own cells, and (2) allogeneic sources, which use cells from a
healthy donor for the treatment.8 The term “stem cell” were first
used by the eminent German biologist Ernst Haeckel to describe
the properties of fertilized egg to give rise to all cells of the
organism in 1868.9 The history of stem cell therapy started in
1888, when the definition of stem cell was first coined by two
German zoologists Theodor Heinrich Boveri and Valentin
Haecker,9 who set out to identify the distinct cell population in
the embryo capable of differentiating to more specialized cells
(Fig. 1a). In 1902, studies carried out by the histologist Franz Ernst
Christian Neumann, who was working on bone marrow research,
and Alexander Alexandrowitsch Maximov demonstrated the
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Producing iPS cells  
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Use of ESCs in Neurological  Diseases



Use of embryonic stem cells
• Embryonic stem cells are pluripotent, i.e. can produce any cell in the human 

body. Consequently, there is the potential to use them in therapy

• They might, for example, be useful in repairing or replacing damaged tissues or 
organs

• The use of embryonic stem cells raises ethical issues, though.
• Each embryo is capable of producing a human being.
• Consequently, destroying an embryo prevents the development and 

birth of a human being

• The potential risk of immunological rejection, as hESCs are isolated from 
pre-implantation blastocysts, which are not autologous in origin

• In humans, the reprogramming of adult cells iPSCs could trigger the 
expression of oncogenes. 

• Insertion of genes risks inserting mutations into the target cell’s genome

Philip Allan Publishers © 2017
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1939, the first case report described the transplantation of
human bone marrow for a patient diagnosed with aplastic
anemia. Twenty years later, in 1958, the first stem cell
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administration. It is important to understand the distribution of
these cells after injection to expand our understanding of the
underlying mechanisms of action of treatments; in addition, this
knowledge is required by authorized bodies (the Food and Drug
Administration (FDA) in the United States or the regulation of
advanced-therapy medicinal products in Europe, No. 1394/2007)
prior to using these cells in clinical trials. The preclinical data
using various labeling techniques provide important information
demonstrating that MSCs do not have unwanted homing that
could lead to the incorrect differentiation of the cells or
inappropriate tumor formation. In a mouse model, human BM-
MSCs and AT-MSCs delivered via an IV route are rapidly trapped
in the lungs and then recirculate through the body after the first
embolization process, with a small number of infused cells found
mainly in the liver after the second embolization.158 Using the
technetium-99 m labeling method, intravenously infused human
cells showed long-term persistence up to 13 months in the
bone, BM compartment, spleen, muscle, and cartilage.159 A
similar result was reported in baboons, confirming the long-term
homing of human MSCs in various tissues post administra-
tion.160 Although the retainment of MSCs in the lungs might
potentially reduce their systemic therapeutic effects,161 it
provides a strong advantage when these cells are used in the
treatment of respiratory diseases. Local injection of MSCs also
revealed their tissue-specific homing, as an injection of MSCs via
the renal artery route resulted in the majority of the injected
cells being found in the renal cortex.162 Numerous studies have
been conducted to track the migration of administered MSCs in
human subjects. Henriksson and his team used MSCs labeled
with iron sucrose in the treatment of intervertebral disc
degeneration.163 Their study showed that chondrocytes differ-
entiated from infused MSCs could be detected at the injured
intervertebral discs at 8 months but not at 28 months. A study
conducted in a patient with hemophilia A using In-oxine-labeled
MSCs showed that the majority of the cells were trapped in the

lungs and liver 1 h post administration, followed by a reduction
in the lungs and an increase in the number of cells in the liver
after 6 days.164 Interestingly, a small proportion of infused MSCs
were found in the hemarthrosis site at the right ankle after 24 h,
suggesting that MSCs are attracted and migrate to the injured
site. The distribution of MSCs was also reported in the treatment
of 21 patients diagnosed with type 2 diabetes using 18-FDG-
tagged MSCs and visualized using positron emission tomogra-
phy (PET).165 The results illustrated that local delivery of MSCs
via an intraarterial route is more effective than delivery via an IV
route, as MSCs home to the pancreatic head (pancreaticoduo-
denal artery) or body (splenic artery). Therefore, although the
available data related to the biodistribution of infused MSCs are
still limited, the results obtained from both preclinical and
clinical studies illustrate a comparable set of data supporting
results on homing, migration to the injured site, and the major
organs where infused MSCs are located. The following compre-
hensive and interesting reviews are highly recommended.166–168

To date, 1426 registered clinical trials spanning different trial
phases have used MSCs for therapeutic purposes, which is four
times the number reported in 2013.169,170 As supported by a large
body of preclinical studies and advancements in conducting
clinical trials, MSCs have been proven to be effective in the
treatment of numerous diseases, including nervous system and
brain disorders, pulmonary diseases,171 cardiovascular condi-
tions,172 wound healing, etc. The outcomes of MSC-based therapy
have been the subject of many intensive reviews and systematic
analyses with the solid conclusion that these cells exhibit strong
safety profiles and positive outcomes in most tested condi-
tions.173–175 In addition, the available data have revealed several
potential mechanisms that could explain the beneficial effects of
MSCs, including their homing efficiency, differentiation potential,
production of trophic factors (including cytokines, chemokines,
and growth factors), and immunomodulatory abilities. However, it
is still not known which MSC types should be used for which

Fig. 2 The two major sources of MSCs: adult and perinatal sources. The adult sources of MSCs are specific tissue in human body where MSCs
could be isolated, including bone marrow, adipose tissue, dental pulp, peripheral blood, menstrual blood, muscle, etc. The perinatal sources of
MSCs consist of umbilical cord-derived components, such as umbilical cord, Wharton’s jelly, umbilical cord blood, and placental structures,
such as placental membrane, amnion, chorion membrane, amniotic fluid, etc. The figure was created with BioRender.com
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Recent advancements in stem cell technology open a new door for patients suffering from diseases and disorders that have yet to
be treated. Stem cell-based therapy, including human pluripotent stem cells (hPSCs) and multipotent mesenchymal stem cells
(MSCs), has recently emerged as a key player in regenerative medicine. hPSCs are defined as self-renewable cell types conferring
the ability to differentiate into various cellular phenotypes of the human body, including three germ layers. MSCs are multipotent
progenitor cells possessing self-renewal ability (limited in vitro) and differentiation potential into mesenchymal lineages, according
to the International Society for Cell and Gene Therapy (ISCT). This review provides an update on recent clinical applications using
either hPSCs or MSCs derived from bone marrow (BM), adipose tissue (AT), or the umbilical cord (UC) for the treatment of human
diseases, including neurological disorders, pulmonary dysfunctions, metabolic/endocrine-related diseases, reproductive disorders,
skin burns, and cardiovascular conditions. Moreover, we discuss our own clinical trial experiences on targeted therapies using MSCs
in a clinical setting, and we propose and discuss the MSC tissue origin concept and how MSC origin may contribute to the role of
MSCs in downstream applications, with the ultimate objective of facilitating translational research in regenerative medicine into
clinical applications. The mechanisms discussed here support the proposed hypothesis that BM-MSCs are potentially good
candidates for brain and spinal cord injury treatment, AT-MSCs are potentially good candidates for reproductive disorder treatment
and skin regeneration, and UC-MSCs are potentially good candidates for pulmonary disease and acute respiratory distress
syndrome treatment.
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INTRODUCTION
The successful approval of cancer immunotherapies in the US
and mesenchymal stem cell (MSC)-based therapies in Europe
have turned the wheel of regenerative medicine to become
prominent treatment modalities.1–3 Cell-based therapy, espe-
cially stem cells, provides new hope for patients suffering from
incurable diseases where treatment approaches focus on
management of the disease not treat it. Stem cell-based therapy
is an important branch of regenerative medicine with the
ultimate goal of enhancing the body repair machinery via
stimulation, modulation, and regulation of the endogenous stem
cell population and/or replenishing the cell pool toward tissue
homeostasis and regeneration.4 Since the stem cell definition
was introduced with their unique properties of self-renewal and
differentiation, they have been subjected to numerous basic
research and clinical studies and are defined as potential
therapeutic agents. As the main agenda of regenerative
medicine is related to tissue regeneration and cellular replace-
ment and to achieve these targets, different types of stem cells
have been used, including human pluripotent stem cells (hPSCs),
multipotent stem cells and progenitor cells.5 However, the
emergence of private and unproven clinics that claim the
effectiveness of stem cell therapy as “magic cells” has raised
highly publicized concerns about the safety of stem cell therapy.
The most notable case involved the injection of a cell population

derived from fractionated lipoaspirate into the eyes of three
patients diagnosed with macular degeneration, resulting in the
loss of vision for these patients.6 Thus, as regenerative medicine
continues to progress and evolve and to clear the myth of the
“magic” cells, this review provides a brief overview of stem cell-
based therapy for the treatment of human diseases.
Stem cell therapy is a novel therapeutic approach that utilizes

the unique properties of stem cells, including self-renewal and
differentiation, to regenerate damaged cells and tissues in the
human body or replace these cells with new, healthy and fully
functional cells by delivering exogenous cells into a patient.7

Stem cells for cell-based therapy can be of (1) autologous, also
known as self-to-self therapy, an approach using the patient’s
own cells, and (2) allogeneic sources, which use cells from a
healthy donor for the treatment.8 The term “stem cell” were first
used by the eminent German biologist Ernst Haeckel to describe
the properties of fertilized egg to give rise to all cells of the
organism in 1868.9 The history of stem cell therapy started in
1888, when the definition of stem cell was first coined by two
German zoologists Theodor Heinrich Boveri and Valentin
Haecker,9 who set out to identify the distinct cell population in
the embryo capable of differentiating to more specialized cells
(Fig. 1a). In 1902, studies carried out by the histologist Franz Ernst
Christian Neumann, who was working on bone marrow research,
and Alexander Alexandrowitsch Maximov demonstrated the
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occurring in the human CNS to protect oligodendrocytes, neurons,
and myelin sheaths from neuronal degenerative diseases.356

Remyelination is considered a neuroprotective process that limits
axonal degeneration by demyelination and neuronal damage. The
first mechanism of action of BM-MSCs related to remyelination is the
activation of the JAK/STAT3 pathway to regulate dorsal root ganglia
development.357 It was reported that BM-MSCs secrete vascular
endothelial growth factor-A (VEGF-A),358 brain-derived neurotrophic
factor (BDNF), interleukin-6, and leukemia inhibitor factor (LIF), which
directly function in neurogenesis and neurite growth.357 VEGF-A is a
key regulator of hemangiogenesis during development and bone
homeostasis. Postnatally, osteoblast- and MSC-derived VEGF plays a
critical role in maintaining and regulating bone homeostasis by
stimulating MSC differentiation into osteoblasts and suppressing
their adipogenic differentiation.359–361 To balance osteoblast and
adipogenic differentiation, VEGF forms a functional link with the
nuclear envelope protein laminin A, which in turn directly regulates
the osteoblast and adipocyte transcription factors Runx2 and PPARγ,
respectively.361,362 In the brain, VEGF is a potent growth factor
mediating angiogenesis, neural migration, and neuroprotection.
VEGF-A, secreted from BM-MSCs under in vitro xeno- and serum-free
culture conditions, is the most studied member of the VEGF family
and is suggested to play a protective role against cognitive
impairment, such as in the context of Alzheimer’s disease pathology

or stroke.363–365 Recently, it was reported that the neurotrophic and
neuroprotective function of VEGF is mediated through VEGFR2/Flk-1
receptors, which are expressed in the neuroproliferative zones and
extend to astroglia and endothelial cells.366 In animal models of
intracerebral hemorrhage and cerebral ischemia, the transfusion of
Flk-1-positive BM-MSCs promotes behavioral recovery and anti-
inflammatory and angiogenic effects.367,368 Moreover, supplementa-
tion with VEGF-A in neuronal disorders enhances intraneural
angiogenesis, improves nerve regeneration, and promotes neuro-
trophic capacities, which in turn increase myelin thickness via the
activation of the prosurvival transcription factor nuclear factor-kappa
B (NF-kB). This activation, together with the downregulation of
Mdm2 and increased expression of the pro-apoptotic transcription
factor p53, is considered to be the neuroprotective process
associated with an increased VEGF-A level.369–371 An analysis of
microRNA (miRNA) in extracellular vesicles (EVs) secreted from BM-
MSCs revealed that BM-MSCs release substantial amounts of
miRNA133b, which suppresses the expression of connective tissue
growth factor (CTGF) and protects hippocampal neurons from
apoptosis and inflammatory injury372–374 (Fig. 3c).
In terms of immunoregulatory functions, the administration of

human BM-MSCs into immunocompetent mice subjected to SCI or
brain ischemia showed that BM-MSCs exhibited a short-term
neuronal protective function against neurological damage

Fig. 3 The nature of the “stem niche” of bone marrow-derived mesenchymal stem cells (BM-MSCs) supports their therapeutic potential in
neuron-related diseases. a Bone marrow is a complex stem cell niche regulated directly by the central nervous system to maintain bone
marrow homeostasis and haematopoietic stem cell (HSC) functions. MSCs in bone marrow respond to the environmental changes through
the release of norepinephrine (NE) from the sympathetic nerves that regulate the synthesis of SDF-1 and the migration of HSCs through the
sinusoids. The secretion of stem cell factors (SCFs), VCAM-1 and angiotensin-1 from MSCs also plays a significant role in the maintenance of
HSCs. b BM-MSCs have the ability to produce and release SDF-1, which directly contributes to neuroprotective functions at the damaged site
through interaction with its receptors CXCR4/7, located on the neuronal membrane. c Neuronal protection and the functional remyelination
induced by BM-MSCs are also modulated by the release of a wide range of growth factors, including VEGF, BDNF, and NGF, by the BM-MSCs.
d BM-MSCs also have the ability to regulate neuronal immune responses by direct interaction or paracrine communication with microglia.
Figure was created with BioRender.com
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and immune cells, such as macrophages, monocytes, and T cells,
UC-MSCs exert their functions via paracrine effects through the
secretion of growth factors, cytokines, and exosomes (Fig. 4c). The
most relevant immunomodulatory function of UC-MSCs is
considered to be their inhibition of effector T cells via the
induction of T-cell apoptosis and cell cycle arrest by the
production of indoleamine 2,3- dioxygenase (IDO), prostaglandin
E2 (PGE-2), and TGF-β. Elevated levels of PGE-2 in patients with
COVID-19 are reported to be a crucial factor in the initiation of
inflammatory regulation by UC-MSCs post administration and
prevent the development of cytokine storms by direct inhibition
of T- and B lymphocytes.403 UC-MSCs exert these inhibitory
activities through a PGE-2-dependent mechanism.404 It was
reported that UC-MSCs confer the ability to secrete tolerogenic
mediators, including TGF-β1, PGE-2, nitric oxide (NO), and TNF-α,
which are directly involved in their immunoregulatory mechanism.
The secretion of NO from UC-MSCs is reported to be associated
with the desensitization of T cells via the IFN-inducible nitric oxide
synthase (iNOS) pathways and to stimulate the migration of T cells
in close proximity to MSCs that subsequently suppress T-cell
sensitivities via NO.405 Lung infection with viruses usually leads to
impairments in alveolar fluid clearance and protein permeability.
The administration of UC-MSCs enhances alveolar protection and

restores fluid clearance in patients with COVID-19. UC-MSCs
secrete growth factors associated with angiogenesis and the
regeneration of pulmonary blood vessels and micronetworks,
including angiotensin-1, VEGF, and HGF, which also reduce
oxidative stress and prevent fibrosis formation in the lungs. These
trophic factors have been identified as key players in the
modulation of the microenvironment and promote pulmonary
repair. Additionally, UC-MSCs are more effective than BM-MSCs in
the restoration of impaired alveolar fluid clearance and the
permeability of airways in vitro, supporting the use of UC-MSCs in
the treatment of patients with pulmonary pneumonia.406 In the
context of pulmonary regeneration, UC-MSCs were shown to
inhibit apoptosis and fibrosis in pulmonary tissue by activating the
PI3K/AKT/mTOR pathways via the secretion of HGF, which also
acts as an inhibitory stimulus that blocks alveolar epithelial-to-
mesenchymal transition.407,408 Moreover, UC-MSCs can reverse the
process of fibrosis via enhanced expression of macrophage
matrix-metallopeptidase-9 for collagen degradation and facilitate
alveolar regeneration via Toll-like receptor-4 signaling path-
ways.409 UC-MSCs were shown to communicate with CD4+
T cells through HGF induction not only to inhibit their differentia-
tion into Th17 cells, reducing the secretion of IL-17 and IL-22 but
also to switch their differentiation into regulatory T cells.410,411

Fig. 4 Adipose tissue-derived mesenchymal stem cells (AT-MSCs) and the nature of their tissue of origin support their use in therapeutic
applications. a Adipose tissue is considered an endocrine organ, supporting and regulating various functions, including appetite regulation,
immune regulation, sex hormone and glucocorticoid metabolism, energy production, the orchestration of reproduction, the control of
vascularization, and blood flow, the regulation of coagulation, and angiogenesis and skin regeneration. b In terms of metabolic disorders, such
as type 2 diabetes mellitus (T2DM), as adipose tissue is directly involved in the metabolism of glucose and lipids and the regulation of
appetite, the detrimental effects of T2DM also alter the functions of AT-MSCs, which in turn, hampers their therapeutic effects. Hence, the use
of autologous AT-MSCs is not recommended for the treatment of metabolic disorders, including T2DM, suggesting that allogeneic AT-MSCs
from healthy donors could be a better alternative approach. c AT-MSCs are suitable for the treatment of reproductive disorders due to their
unique ability to mobilize and home to the thecal layer of the injured ovary, enhance the regeneration and maturation of thecal cells, increase
the structure and function of damaged ovaries via exosome-activated SMAD, decrease oxidative stress and autophagy, and increase the
proliferation of granulosa cells via PI3K/AKT pathways. These functions are regulated specifically by growth hormones produced by AT-MSCs
in response to the surrounding environment, including HGF, TGF-β, IGF-1, and EGF. d AT-MSCs are also good candidates for skin healing and
regeneration as their growth factors strongly support neovascularization and angiogenesis by reducing PLL4, increase anti-apoptosis via the
activation of PI3K/AKT pathways, regulate inflammation by downregulating NADPH oxidase isoform 1, and increase immunoregulation
through the inhibition of NF-κB activation. The figure was created with BioRender.com
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Recent advancements in stem cell technology open a new door for patients suffering from diseases and disorders that have yet to
be treated. Stem cell-based therapy, including human pluripotent stem cells (hPSCs) and multipotent mesenchymal stem cells
(MSCs), has recently emerged as a key player in regenerative medicine. hPSCs are defined as self-renewable cell types conferring
the ability to differentiate into various cellular phenotypes of the human body, including three germ layers. MSCs are multipotent
progenitor cells possessing self-renewal ability (limited in vitro) and differentiation potential into mesenchymal lineages, according
to the International Society for Cell and Gene Therapy (ISCT). This review provides an update on recent clinical applications using
either hPSCs or MSCs derived from bone marrow (BM), adipose tissue (AT), or the umbilical cord (UC) for the treatment of human
diseases, including neurological disorders, pulmonary dysfunctions, metabolic/endocrine-related diseases, reproductive disorders,
skin burns, and cardiovascular conditions. Moreover, we discuss our own clinical trial experiences on targeted therapies using MSCs
in a clinical setting, and we propose and discuss the MSC tissue origin concept and how MSC origin may contribute to the role of
MSCs in downstream applications, with the ultimate objective of facilitating translational research in regenerative medicine into
clinical applications. The mechanisms discussed here support the proposed hypothesis that BM-MSCs are potentially good
candidates for brain and spinal cord injury treatment, AT-MSCs are potentially good candidates for reproductive disorder treatment
and skin regeneration, and UC-MSCs are potentially good candidates for pulmonary disease and acute respiratory distress
syndrome treatment.
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INTRODUCTION
The successful approval of cancer immunotherapies in the US
and mesenchymal stem cell (MSC)-based therapies in Europe
have turned the wheel of regenerative medicine to become
prominent treatment modalities.1–3 Cell-based therapy, espe-
cially stem cells, provides new hope for patients suffering from
incurable diseases where treatment approaches focus on
management of the disease not treat it. Stem cell-based therapy
is an important branch of regenerative medicine with the
ultimate goal of enhancing the body repair machinery via
stimulation, modulation, and regulation of the endogenous stem
cell population and/or replenishing the cell pool toward tissue
homeostasis and regeneration.4 Since the stem cell definition
was introduced with their unique properties of self-renewal and
differentiation, they have been subjected to numerous basic
research and clinical studies and are defined as potential
therapeutic agents. As the main agenda of regenerative
medicine is related to tissue regeneration and cellular replace-
ment and to achieve these targets, different types of stem cells
have been used, including human pluripotent stem cells (hPSCs),
multipotent stem cells and progenitor cells.5 However, the
emergence of private and unproven clinics that claim the
effectiveness of stem cell therapy as “magic cells” has raised
highly publicized concerns about the safety of stem cell therapy.
The most notable case involved the injection of a cell population

derived from fractionated lipoaspirate into the eyes of three
patients diagnosed with macular degeneration, resulting in the
loss of vision for these patients.6 Thus, as regenerative medicine
continues to progress and evolve and to clear the myth of the
“magic” cells, this review provides a brief overview of stem cell-
based therapy for the treatment of human diseases.
Stem cell therapy is a novel therapeutic approach that utilizes

the unique properties of stem cells, including self-renewal and
differentiation, to regenerate damaged cells and tissues in the
human body or replace these cells with new, healthy and fully
functional cells by delivering exogenous cells into a patient.7

Stem cells for cell-based therapy can be of (1) autologous, also
known as self-to-self therapy, an approach using the patient’s
own cells, and (2) allogeneic sources, which use cells from a
healthy donor for the treatment.8 The term “stem cell” were first
used by the eminent German biologist Ernst Haeckel to describe
the properties of fertilized egg to give rise to all cells of the
organism in 1868.9 The history of stem cell therapy started in
1888, when the definition of stem cell was first coined by two
German zoologists Theodor Heinrich Boveri and Valentin
Haecker,9 who set out to identify the distinct cell population in
the embryo capable of differentiating to more specialized cells
(Fig. 1a). In 1902, studies carried out by the histologist Franz Ernst
Christian Neumann, who was working on bone marrow research,
and Alexander Alexandrowitsch Maximov demonstrated the
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Diabete e cellule staminali
Ø ricapitolare in vitro lo sviluppo normale delle    

cellule beta pancreatiche responsive ai livelli di    
glucosio dopo trapianto a partire dalle ES;

Ø convertire cellule esocrine acinari in cellule    
endocrine beta pancreatiche attraverso   
l’espressione indotta di tre fattori di  
trascrizione;

Ø convertire cellule alfa che producono  
glucagone in cellule beta insulina-secernenti  
attraverso l’espressione forzata di un              
fattore di trascrizione.

Stem Cells Transl Med. 2012



In addition, UC-MSCs conferred the ability to facilitate the number
of M2 macrophages and reduce M1 cells via the control of the
macrophage polarization process.412

There are several potential mechanisms of UC-MSCs in the
treatment of patients with pulmonary diseases and pneumonia,
including the regulation of immune cell function, immunomo-
dulation, the enhancement of alveolar fluid clearance and
protein permeability, the modulation of endoplasmic reticulum
stress, and the attenuation of pulmonary fibrosis. Hence, based
on these discussions, UC-MSCs are recommended as suitable
candidates for the treatment of pulmonary disease both in
pediatric and adult patients.

PROPOSED MECHANISM OF AT-MSCS IN THE TREATMENT OF
ENDOCRINOLOGICAL DISEASES, REPRODUCTIVE DISORDERS,
AND SKIN BURNS
Human AT was first viewed as a passive reservoir for energy storage
and later as a major site for sex hormone metabolism, the
production of endocrine factors (such as adipsin and leptin), and a
secretion source of bioactive peptides known as adipokines.413 It is
now clear that AT functions as a complex and highly active
metabolic and endocrine organ, orchestrating numerous different
biological features414 (Fig. 5a). In addition to adipocytes, AT
contains hematopoietic-derived progenitor cells, connective tissue,
nerve tissue, stromal cells, endothelial cells, MSCs, and pericytes.

AT-MSCs and pericytes mobilize from their perivascular locations to
aid in healing and tissue regeneration throughout the body. As AT
is involved directly in energy storage and metabolism, AT-MSCs are
also mediated and regulated by growth factors related to these
pathways. In particular, interleukin-6 (IL-6), IL-33, and leptin regulate
the maintenance of metabolic activities by increasing insulin
sensitivity and preserving homeostasis related to AT. Nevertheless,
in the development of obesity and diabetes, omental and
subcutaneous AT maintains a low-grade state of inflammation,
resulting in the impairment of glucose metabolism and potentially
contributing to the development of insulin resistance.415 In normal
AT, direct regulation of Pre-B-cell leukemia homeobox (Pbx)-
regulating protein-1 (PREP1) by leptin and thyroid growth factor-
beta 1 (TGF-β1) in AT-MSCs and mature adipocytes is involved in
the protective function and maintenance of AT homeostasis.
However, under diabetic conditions, the balance between the
expression of leptin and the secretion of TGF-β1 is compromised,
resulting in the malfunction of AT-MSC metabolic activity and the
proliferation, differentiation, and maturation of adipocytes. There-
fore, the use of autologous AT-MSCs in the treatment of diabetic
conditions is not a suitable option, as the functions of AT-MSCs are
directly altered by diabetic conditions, which reduces their
effectiveness in cell-based therapy (Fig. 5b).
Preclinical studies and clinical trials have revealed the ther-

apeutic effects of MSCs, in general, and AT-MSCs, in particular, in
the management of POF, with relatively high efficacy and

Fig. 5 Umbilical cord-derived mesenchymal stem cells (UC-MSCs) are good candidates for the treatment of pulmonary diseases. a Lung
immaturity and fibrosis are the major problems of patients with bronchopulmonary dysplasia and lead to increased levels of SDF-1, the
development of fibrosis, the induction of the inflammatory response, and the impairment of alveolarization. UC-MSCs are attracted to the
damaged lung via the chemoattractant SDF-1, which is constantly released from the immature lung via SDF-1 and CXCR4 communication.
Moreover, UC-MSCs reduce the level of proinflammatory cytokines (TGF-β, INF-γ, macrophage MIF, and TNF-α) via a cell-to-cell contact
mechanism. The ability of UC-MSCs to produce and secrete VEGF also involves in the regeneration of the immature lung through enhanced
angiogenesis. b Upon an exacerbation of chronic obstructive pulmonary disease (COPD), UC-MSCs respond to the surrounding stimuli by
reducing IL-8 and TNF-α levels, resulting in the inhibition of the inflammatory response but an increase in the secretion of growth factors
participating in the protection of alveoli, fluid clearance and reduced oxidative stress and lung fibrosis, including HGF, TGF-β, IGF-1, and
exosomes. c In a similar manner, UC-MSCs prevent the formation of cytokine storms in coronavirus disease 2019 (COVID-19) by inhibiting
CD34+ T-cell differentiation into Th17 cells and enhancing the number of regulatory T cells. Moreover, UC-MSCs also have antibacterial
activity by secreting LL-3717 and lipocalin. Figure was created with BioRender.com
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be treated. Stem cell-based therapy, including human pluripotent stem cells (hPSCs) and multipotent mesenchymal stem cells
(MSCs), has recently emerged as a key player in regenerative medicine. hPSCs are defined as self-renewable cell types conferring
the ability to differentiate into various cellular phenotypes of the human body, including three germ layers. MSCs are multipotent
progenitor cells possessing self-renewal ability (limited in vitro) and differentiation potential into mesenchymal lineages, according
to the International Society for Cell and Gene Therapy (ISCT). This review provides an update on recent clinical applications using
either hPSCs or MSCs derived from bone marrow (BM), adipose tissue (AT), or the umbilical cord (UC) for the treatment of human
diseases, including neurological disorders, pulmonary dysfunctions, metabolic/endocrine-related diseases, reproductive disorders,
skin burns, and cardiovascular conditions. Moreover, we discuss our own clinical trial experiences on targeted therapies using MSCs
in a clinical setting, and we propose and discuss the MSC tissue origin concept and how MSC origin may contribute to the role of
MSCs in downstream applications, with the ultimate objective of facilitating translational research in regenerative medicine into
clinical applications. The mechanisms discussed here support the proposed hypothesis that BM-MSCs are potentially good
candidates for brain and spinal cord injury treatment, AT-MSCs are potentially good candidates for reproductive disorder treatment
and skin regeneration, and UC-MSCs are potentially good candidates for pulmonary disease and acute respiratory distress
syndrome treatment.
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known as self-to-self therapy, an approach using the patient’s
own cells, and (2) allogeneic sources, which use cells from a
healthy donor for the treatment.8 The term “stem cell” were first
used by the eminent German biologist Ernst Haeckel to describe
the properties of fertilized egg to give rise to all cells of the
organism in 1868.9 The history of stem cell therapy started in
1888, when the definition of stem cell was first coined by two
German zoologists Theodor Heinrich Boveri and Valentin
Haecker,9 who set out to identify the distinct cell population in
the embryo capable of differentiating to more specialized cells
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Abstract
The use of CD34 + cell-based therapies has largely been focused on haematological conditions. However, there is increasing 
evidence that umbilical cord blood (UCB) CD34 + -derived cells have neuroregenerative properties. Due to low cell num-
bers of CD34 + cells present in UCB, expansion is required to produce sufficient cells for therapeutic purposes, especially 
in adults or when frequent applications are required. However, it is not known whether expansion of CD34 + cells has an 
impact on their function and neuroregenerative capacity. We addressed this knowledge gap in this study, via expansion of 
UCB-derived CD34 + cells using combinations of LDL, UM171 and SR-1 to yield large numbers of cells and then tested 
their functionality. CD34 + cells expanded for 14 days in media containing UM171 and SR-1 resulted in over 1000-fold 
expansion. The expanded cells showed an up-regulation of the neurotrophic factor genes BDNF, GDNF, NTF-3 and NTF-4, 
as well as the angiogenic factors VEGF and ANG. In vitro functionality testing showed that these expanded cells promoted 
angiogenesis and, in brain glial cells, promoted cell proliferation and reduced production of reactive oxygen species (ROS) 
during oxidative stress. Collectively, this study showed that our 14-day expansion protocol provided a robust expansion that 
could produce enough cells for therapeutic purposes. These expanded cells, when tested in in vitro, maintained functional-
ity as demonstrated through promotion of cell proliferation, attenuation of ROS production caused by oxidative stress and 
promotion of angiogenesis.

Keywords CD34 · Haematopoietic stem cells · Cell expansion · Neurotrophins · Angiogenesis

Introduction

Umbilical cord blood (UCB) contains a mixed population 
of stem and progenitor cells that includes haematopoietic 
stem cells (HSCs), endothelial progenitor cells (EPCs) and 
mesenchymal stromal cells (MSCs) (Phuc et al. 2012; Roura 

et al. 2015), together with immunosuppressive cells such 
as myeloid-derived suppressor cells (MDSC) and regula-
tory T cells (Tregs) (Tolar et al. 2009; Gervassi et al. 2014). 
This range of cell populations possess a diverse mix of 
multi-functional capacities to mediate tissue regeneration 
and repair, and combined with the straightforward nature 
of cord blood collection, makes UCB-derived cells a strong 
option for cell-based therapies. HSCs are commonly identi-
fied by their expression of the cell surface protein CD34, and 
HSCs make up between 0.5 to 1% of the total mononuclear 
cells (MNCs) population in cord blood collected at term 
birth (Kinniburgh and Russell 1993; Sutherland et al. 1994; 
Van Epps et al. 1994; Krause et al. 1996). UCB-HSCs are 
more primitive and have a lower risk of rejection compared 
to HSCs obtained from bone marrow, even when consider-
ing allogeneic use. This is because UCB-HSCs have low 
levels of HLA antigens which are critical in the mediation 
of graft-versus-host disease (Rocha et al. 2000; Tse et al. 
2008; Park and Won 2009). Importantly, the concentration 
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9.4 ± 2.3% and in UM171/SR-1 containing media to 
48.5 ± 2.7% (Fig. 1d-f, Table 4). The CD34/CD90 + popu-
lation showed that 13.0 ± 2.5% of the cells co-expressed 
these two markers before expansion and, after 14 days 
of expansion in SGF, similar positivity of 12.9 ± 1.3% 
was observed and in UM171/SR-1 containing media sig-
nificantly increased to 55.9 ± 2.4% (Fig. 1g-i, Table 4). 

Further analysis of cells expressing CD34/CD45/CD43/
CD133/CD90 + showed that, at day 0 pre-expansion, the 
proportion of the CD34/CD45/CD43/CD133/CD90 + cells 
was 7.5 ± 2.3%, 6.6 ± 0.9% at day 14 in SGF media and 
significantly increased to 35.3 ± 3.0% in UM171 + SR-1 
media (Table 4).

Fig. 1  Stem cell phenotype analysis. Flow cytometry analysis of 
CD34 + cells prior to expansion (day 0) and after 14 days of expansion 
in either SGF containing media or UM171 + SR1 containing media for 

co-expression of CD34/CD45 + (a-c), CD34/CD133 + (d-f) and CD34/
CD90 + (g-i) populations

123Cell and Tissue Research (2022) 388:117–132

Ø In vitro functionality testing showed that these expanded cells promoted
angiogenesis and, in brain glial cells, promoted cell proliferation and reduced
production of reactive oxygen species (ROS) during oxidative stress 

Ø The expanded cells showed an up-
regulation of the neurotrophic factor
genes BDNF, GDNF, NTF-3 and NTF-4, 
as well as the angiogenic factors VEGF 
and ANG

1 3

et al. 2016). RT-qPCR was used to determine if a 14-day 
expansion using UM171 and SR-1 affected neurotrophic 
and angiogenic factor gene expression. CD34 + expansion 
with UM171 and SR-1 showed a significant upregulation of 
GDNF (p < 0.001), BDNF (p < 0.001), NTF-3 (p < 0.001) 
and NTF-4 (p < 0.001) (Fig. 3a), compared to pre-expanded 
CD34 + cells. For angiogenic factor gene expression, 
expanded CD34 + cells showed a significant up-regulation 
of ANG (p < 0.001) and VEGFA (p < 0.01) compared to pre-
expanded cells, but no significant difference was observed 
for ANGPT1 (Fig. 3b).

Expanded CD34 + cells promote tube formation 
in vitro

To assess if 14-day expansion of CD34 + cells in the pres-
ence of UM171 + SR-1 retained their angiogenic poten-
tial, a tube formation assay was used (Fig. 4). Expanded 
CD34 + cells showed a significant increase in the numbers 
of nodes (p = 0.017, Fig. 4a), junctions (p = 0.0076, Fig. 4b), 
meshes (p = 0.032, Fig.  4c) and segments (p = 0.0038, 
Fig. 4f) but not master junctions (p = 0.068, Fig. 4e), com-
pared to the untreated control. The addition of expanded 
CD34 + cells significantly decreased the number of HUVEC 
isolated segments (p = 0.017, Fig.  4g), which are too 
small to form branches/segments. However, the expanded 
CD34 + cells significantly increased the total branching 
length (p = 0.0067) and the total segment length (p = 0.04) 
when compared to untreated control (Fig. 4d and h).

Expanded CD34 + cells promote glial cell 
proliferation

Mixed glial cells were isolated from the cortex of post-natal 
day 3 rat pups and used for proliferation assays. Pre- or 
post-expansion CD34 + cells were placed in 0.4 µM tran-
swells above the glial cell monolayer and cultured over 
two days. After 1 day, both the pre- and post-expanded 
CD34 + cells significantly promoted proliferation of the 
glial cells (p = 0.003 and p = 0.004, respectively) and 
after 2 days of culture this was further increased with pre-
expanded CD34 + cells (p < 0.001) and post-expanded 
CD34 + (p < 0.001) further increasing cell proliferation. The 
greatest increase in glial cell proliferation was observed in 
the post-expanded CD34 + group when compared to pre-
expanded CD34 + cells (p < 0.001, Fig. 5a).

Expanded CD34 + cells can attenuate ROS 
production during oxidative stress

Oxidative stress has a negative impact on cells in the 
brain, and reactive oxygen species (ROS) are generated in 
response to hypoxia ischemia. In this study, we tested the 
ability of CD34 + cells to provide anti-oxidant support to 
glial cells that had been exposed to 5 µM tert-butyl hydrop-
eroxide (TBHP) which causes oxidative stress (Roy and Sil 
2012). There was a significant upregulation of ROS pro-
duction in glial cells when exposed to TBHP (p < 0.001) 
compared to untreated cells (Fig. 5b). Treatment of the glial 
cells with TBHP along with non-expanded CD34 + cells 
or 14-day expanded CD34 + cells resulted in a significant 
down-regulation of ROS generation from the glial cells 
(p < 0.001). There was no significant difference between 
non-expanded CD34 or expanded CD34 cells in their ability 
to attenuate ROS (p = 0.95).

Fig. 3  Neurotrophic and angiogenic factor gene expression. Gene 
expression from pre- and post-expanded CD34 + cells for neuro-
trophic factor gene expression for GDNF, BDNF, NTF-3 and NTF-4 
(a). Angiogenic factor gene expression for VEGFA, ANG and 
ANGPT1 (b). Gene expression shown relative to GAPDH. **P < 0.01, 
***P < 0.001 or ns—not significant, N = 3 independent experiments, 
performed in triplicate
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Summary
Background Complex perianal fi stulas in Crohn’s disease are challenging to treat. Allogeneic, expanded, adipose-
derived stem cells (Cx601) are a promising new therapeutic approach. We aimed to assess the safety and effi  cacy of 
Cx601 for treatment-refractory complex perianal fi stulas in patients with Crohn’s disease.

Methods We did this randomised, double-blind, parallel-group, placebo-controlled study at 49 hospitals in seven 
European countries and Israel from July 6, 2012, to July 27, 2015. Adult patients (≥18 years) with Crohn’s disease and 
treatment-refractory, draining complex perianal fi stulas were randomly assigned (1:1) using a pre-established 
randomisation list to a single intralesional injection of 120 million Cx601 cells or 24 mL saline solution (placebo), with 
stratifi cation according to concomitant baseline treatment. Treatment was administered by an unmasked surgeon, 
with a masked gastroenterologist and radiologist assessing the therapeutic eff ect. The primary endpoint was combined 
remission at week 24 (ie, clinical assessment of closure of all treated external openings that were draining at baseline, 
and absence of collections >2 cm of the treated perianal fi stulas confi rmed by masked central MRI). Effi  cacy was 
assessed in the intention-to-treat (ITT) and modifi ed ITT populations; safety was assessed in the safety population. 
This study is registered with ClinicalTrials.gov, number NCT01541579.

Findings 212 patients were randomly assigned: 107 to Cx601 and 105 to placebo. A signifi cantly greater proportion of 
patients treated with Cx601 versus placebo achieved combined remission in the ITT (53 of 107 [50%] vs 36 of 105 [34%]; 
diff erence 15·2%, 97·5% CI 0·2–30·3; p=0·024) and modifi ed ITT populations (53 of 103 [51%] vs 36 of 101 [36%]; 
15·8%, 0·5–31·2; p=0·021). 18 (17%) of 103 patients in the Cx601 group versus 30 (29%) of 103 in the placebo group 
experienced treatment-related adverse events, the most common of which were anal abscess (six in the Cx601 group 
vs nine in the placebo group) and proctalgia (fi ve vs nine).

Interpretation Cx601 is an eff ective and safe treatment for complex perianal fi stulas in patients with Crohn’s disease 
who did not respond to conventional or biological treatments, or both.

Funding TiGenix. 

Introduction
Crohn’s disease is a chronic infl ammatory bowel disease 
characterised by transmural infl ammation and fi stula 
formation.1 The prevalence of Crohn’s disease varies 
geographically, with the highest fi gures reported in the 
USA, Canada, and Europe, where prevalence rates above 
300 per 100 000 people have been described.2

Perianal fi stulas are a common complication of Crohn’s 
disease and are estimated to aff ect up to 28% of patients 
in the fi rst two decades after diagnosis,3,4 particularly 
those with colonic disease and rectal involvement.5 They 
severely impair patients’ quality of life and cause 
substantial morbidity.6 About 70–80% of perianal fi stulas 
are complex,4,7 and these are challenging to treat since 
they are particularly refractory to conventional medical 
treatment strategies (ie, antibiotics and immuno modu-
lators) and anti-tumour necrosis factor (anti-TNF) 
treatments.8–12 Furthermore, 60–70% of patients relapse 
after stopping treatment,13–17 and only a few patients 

achieve long-term remission.18 So far, the only approved 
drug that has shown effi  cacy in a randomised clinical 
trial setting is the anti-TNF drug infl iximab.8,12 Failure of 
or intolerability to medical treatment can ultimately 
result in debilitating surgical approaches, such as 
diverting stoma or proctectomy.19 Therefore, there 
remains an unmet need for alternative treatments for 
perianal fi stulising Crohn’s disease.

Although the exact pathogenesis of perianal fi stulas is 
largely unknown, they are thought to arise from an 
epithelial defect that might be caused by ongoing 
infl ammation.6 Adipose-derived mesenchymal stem cells 
are a promising new approach for the treatment of such 
fi stulas because of their anti-infl ammatory and immuno-
modulatory potential.20–22 Initial proof of concept was 
achieved in an open-label phase 1/2a clinical study23 of 
allogeneic, expanded adipose-derived stem cells (Cx601) 
in 24 patients with Crohn’s disease and complex perianal 
fi stulas,23 with 56% of patients showing complete closure 
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Results
289 patients were screened, 212 of whom were randomly 
assigned: 107 to Cx601 and 105 to placebo (fi gure 1). The 
baseline characteristics of the two groups in the ITT 
population were similar (table 1). Most patients had 
received at least one treatment for Crohn’s disease in the 
past 6 months. 48 (45%) of 107 patients in the Cx601 group 
compared with 31 (30%) of 105 in the placebo group had 
more than one tract fi stula. The baseline characteristics 
of patients in the mITT population were similar to those 
in the ITT population (appendix p 1). 201 (95%) of 
212 randomly assigned patients had a seton placed during 
the preparation visit: 105 (98%) of 107 patients in the 
Cx601 group and 96 (91%) of 105 patients in the placebo 
group. 171 (81%) of 212 randomly assigned patients 

completed the 24-week follow-up (fi gure 1). During the 
study, one patient in the Cx601 group and four patients in 
the placebo group received steroids for fl are up of Crohn’s 
disease (all were less than 40 mg prednisone equivalent 
for less than 12 weeks). No patient received antibiotics or 
anti-TNF treatment as a rescue event in the study, whereas 
one patient received a rescue immuno modulator.

A signifi cantly greater proportion of patients in the 
Cx601 group than the placebo group achieved the primary 
endpoint of combined remission at week 24 in the ITT 
population (53 of 107 [50%] vs 36 of 105 [34%], respectively; 
diff erence 15·2%, 97·5% CI 0·2–30·3; p=0·024) and the 
mITT population (53 of 103 [51%] vs 36 of 101 [36%]; 
15·8%, 0·5–31·2; p=0·021; fi gure 2A). These results 
were confi rmed in the per-protocol population (fi gure 2A) 
and in additional supportive and sensitivity analyses 
(appendix p 2). In the mITT population, the eff ect of 
Cx601 on combined remission was proportionally greater 
than placebo in the four randomisation strata, with the 
diff erence between groups being greatest in patients 
receiving neither (diff erence 33·1%, 95% CI 6·0 to 60·2) 
or both anti-TNF and immunomodulator treatments 
(20·0%, –5·2 to 45·2) at randomisation (fi gure 2B); 
however, the diff erence in the treatment eff ect between 
the four stratifi cation groups was not signifi cant (p=0·47).

Table 2 summarises the key secondary effi  cacy endpoint 
data. In the ITT population, 57 (53%) of 107 patients in the 
Cx601 group versus 43 (41%) of 105 in the placebo group 
achieved clinical remission (diff erence 12·3%, 95% CI 
–1·0 to 25·7; p=0·064) and 71 (66%) in the Cx601 group 
versus 56 (53%) in the placebo group had a response 
(13·0%, –0·1 to 26·1; p=0·054) by week 24. We noted 
similar results for these endpoints in the mITT and 
secondary per-protocol populations (table 2).

In both the ITT and mITT populations, the median time 
to clinical remission was shorter with Cx601 (6·7 weeks, 
95% CI 6·4–11·9) than with placebo (14·6 weeks, 11·9–22·9; 
HR 0·57, 95% CI 0·41–0·79), as was the median time to 
response (Cx601 6·3 weeks, 6·0–6·6 vs placebo 11·7 weeks, 
6·7–12·9; HR 0·59, 95% CI 0·43–0·81). Kaplan-Meier plots 
of the time to clinical remission and response in the ITT 
and mITT populations are shown in the appendix (pp 6–9).

The improvement in PDAI with Cx601 in the mITT 
population was signifi cantly greater than with placebo at 
week 6 (change from baseline treatment diff erence –1·0, 
95% CI –1·7 to –0·3), week 12 (–1·2, –2·0 to –0·4), and 
week 18 (–1·2, –2·0 to –0·3), but not at week 24 
(–0·8, –1·8 to 0·2; appendix p 3). However, the mean total 
PDAI score at week 24 with Cx601 (4·4 [SD 3·6]) was 
close to the threshold for inactive perianal disease (PDAI 
<4), at which patients do not need medical or surgical 
treatment.29 For total and subdomain IBDQ and CDAI 
scores, time to combined remission, relapse and time to 
relapse, and van Assche score, we noted no signifi cant 
diff  erences between treatment groups (appendix pp 3–4).

68 (66%) of 103 patients in the Cx601 group and 66 (65%) 
of 102 in the placebo group experienced TEAEs (table 3). 
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Figure 2: Primary endpoint
Combined remission at week 24 in (A) ITT, mITT, and PP populations; and 
(B) according to randomisation stratifi cation factors (ie, Crohn’s disease 
treatments being received at the time of randomisation) in the mITT 
population. Cx601=allogeneic, expanded, adipose-derived stem cells. 
mITT=modifi ed intention to treat. ITT=intention to treat. PP=per protocol. 
TNF=tumour necrosis factor. 
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Summary
Background Complex perianal fi stulas in Crohn’s disease are challenging to treat. Allogeneic, expanded, adipose-
derived stem cells (Cx601) are a promising new therapeutic approach. We aimed to assess the safety and effi  cacy of 
Cx601 for treatment-refractory complex perianal fi stulas in patients with Crohn’s disease.

Methods We did this randomised, double-blind, parallel-group, placebo-controlled study at 49 hospitals in seven 
European countries and Israel from July 6, 2012, to July 27, 2015. Adult patients (≥18 years) with Crohn’s disease and 
treatment-refractory, draining complex perianal fi stulas were randomly assigned (1:1) using a pre-established 
randomisation list to a single intralesional injection of 120 million Cx601 cells or 24 mL saline solution (placebo), with 
stratifi cation according to concomitant baseline treatment. Treatment was administered by an unmasked surgeon, 
with a masked gastroenterologist and radiologist assessing the therapeutic eff ect. The primary endpoint was combined 
remission at week 24 (ie, clinical assessment of closure of all treated external openings that were draining at baseline, 
and absence of collections >2 cm of the treated perianal fi stulas confi rmed by masked central MRI). Effi  cacy was 
assessed in the intention-to-treat (ITT) and modifi ed ITT populations; safety was assessed in the safety population. 
This study is registered with ClinicalTrials.gov, number NCT01541579.

Findings 212 patients were randomly assigned: 107 to Cx601 and 105 to placebo. A signifi cantly greater proportion of 
patients treated with Cx601 versus placebo achieved combined remission in the ITT (53 of 107 [50%] vs 36 of 105 [34%]; 
diff erence 15·2%, 97·5% CI 0·2–30·3; p=0·024) and modifi ed ITT populations (53 of 103 [51%] vs 36 of 101 [36%]; 
15·8%, 0·5–31·2; p=0·021). 18 (17%) of 103 patients in the Cx601 group versus 30 (29%) of 103 in the placebo group 
experienced treatment-related adverse events, the most common of which were anal abscess (six in the Cx601 group 
vs nine in the placebo group) and proctalgia (fi ve vs nine).

Interpretation Cx601 is an eff ective and safe treatment for complex perianal fi stulas in patients with Crohn’s disease 
who did not respond to conventional or biological treatments, or both.
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Introduction
Crohn’s disease is a chronic infl ammatory bowel disease 
characterised by transmural infl ammation and fi stula 
formation.1 The prevalence of Crohn’s disease varies 
geographically, with the highest fi gures reported in the 
USA, Canada, and Europe, where prevalence rates above 
300 per 100 000 people have been described.2

Perianal fi stulas are a common complication of Crohn’s 
disease and are estimated to aff ect up to 28% of patients 
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those with colonic disease and rectal involvement.5 They 
severely impair patients’ quality of life and cause 
substantial morbidity.6 About 70–80% of perianal fi stulas 
are complex,4,7 and these are challenging to treat since 
they are particularly refractory to conventional medical 
treatment strategies (ie, antibiotics and immuno modu-
lators) and anti-tumour necrosis factor (anti-TNF) 
treatments.8–12 Furthermore, 60–70% of patients relapse 
after stopping treatment,13–17 and only a few patients 

achieve long-term remission.18 So far, the only approved 
drug that has shown effi  cacy in a randomised clinical 
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result in debilitating surgical approaches, such as 
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remains an unmet need for alternative treatments for 
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Although the exact pathogenesis of perianal fi stulas is 
largely unknown, they are thought to arise from an 
epithelial defect that might be caused by ongoing 
infl ammation.6 Adipose-derived mesenchymal stem cells 
are a promising new approach for the treatment of such 
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modulatory potential.20–22 Initial proof of concept was 
achieved in an open-label phase 1/2a clinical study23 of 
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Introduction
Crohn’s disease is a chronic infl ammatory bowel disease 
characterised by transmural infl ammation and fi stula 
formation.1 The prevalence of Crohn’s disease varies 
geographically, with the highest fi gures reported in the 
USA, Canada, and Europe, where prevalence rates above 
300 per 100 000 people have been described.2

Perianal fi stulas are a common complication of Crohn’s 
disease and are estimated to aff ect up to 28% of patients 
in the fi rst two decades after diagnosis,3,4 particularly 
those with colonic disease and rectal involvement.5 They 
severely impair patients’ quality of life and cause 
substantial morbidity.6 About 70–80% of perianal fi stulas 
are complex,4,7 and these are challenging to treat since 
they are particularly refractory to conventional medical 
treatment strategies (ie, antibiotics and immuno modu-
lators) and anti-tumour necrosis factor (anti-TNF) 
treatments.8–12 Furthermore, 60–70% of patients relapse 
after stopping treatment,13–17 and only a few patients 

achieve long-term remission.18 So far, the only approved 
drug that has shown effi  cacy in a randomised clinical 
trial setting is the anti-TNF drug infl iximab.8,12 Failure of 
or intolerability to medical treatment can ultimately 
result in debilitating surgical approaches, such as 
diverting stoma or proctectomy.19 Therefore, there 
remains an unmet need for alternative treatments for 
perianal fi stulising Crohn’s disease.

Although the exact pathogenesis of perianal fi stulas is 
largely unknown, they are thought to arise from an 
epithelial defect that might be caused by ongoing 
infl ammation.6 Adipose-derived mesenchymal stem cells 
are a promising new approach for the treatment of such 
fi stulas because of their anti-infl ammatory and immuno-
modulatory potential.20–22 Initial proof of concept was 
achieved in an open-label phase 1/2a clinical study23 of 
allogeneic, expanded adipose-derived stem cells (Cx601) 
in 24 patients with Crohn’s disease and complex perianal 
fi stulas,23 with 56% of patients showing complete closure 
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a phase 3 randomised, double-blind controlled trial
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Autologous Umbilical Cord Blood–Derived 
Mononuclear Cell Therapy Promotes Cardiac 
Proliferation and Adaptation in a Porcine 
Model of Right Ventricle Pressure Overload

Saji Oommen1* , Susana Cantero Peral1*, Muhammad Y. Qureshi2* , 
Kimberly A. Holst3, Harold M. Burkhart4, Matthew A. Hathcock5,  
Walter K. Kremers5, Emma B. Brandt1 , Brandon T. Larsen6,  
Joseph A. Dearani3, Brooks S. Edwards7, Joseph J. Maleszewski8,  
Timothy J. Nelson1, and Wanek Program Pre-Clinical Pipeline†

Abstract
Congenital heart diseases, including single ventricle circulations, are clinically challenging due to chronic pressure overload 
and the inability of the myocardium to compensate for lifelong physiological demands. To determine the clinical relevance 
of autologous umbilical cord blood–derived mononuclear cells (UCB-MNCs) as a therapy to augment cardiac adaptation 
following surgical management of congenital heart disease, a validated model system of right ventricular pressure overload due 
to pulmonary artery banding (PAB) in juvenile pigs has been employed. PAB in a juvenile porcine model and intramyocardial 
delivery of UCB-MNCs was evaluated in three distinct 12-week studies utilizing serial cardiac imaging and end-of-study 
pathology evaluations. PAB reproducibly induced pressure overload leading to chronic right ventricular remodeling including 
significant myocardial fibrosis and elevation of heart failure biomarkers. High-dose UCB-MNCs (3 million/kg) delivered into 
the right ventricular myocardium did not cause any detectable safety issues in the context of arrhythmias or abnormal cardiac 
physiology. In addition, this high-dose treatment compared with placebo controls demonstrated that UCB-MNCs promoted 
a significant increase in Ki-67-positive cardiomyocytes coupled with an increase in the number of CD31+ endothelium. 
Furthermore, the incorporation of BrdU-labeled cells within the myocardium confirmed the biological potency of the 
high-dose UCB-MNC treatment. Finally, the cell-based treatment augmented the physiological adaptation compared with 
controls with a trend toward increased right ventricular mass within the 12 weeks of the follow-up period. Despite these 
adaptations, functional changes as measured by echocardiography and magnetic resonance imaging did not demonstrate 
differences between cohorts in this surgical model system. Therefore, this randomized, double-blinded, placebo-controlled 
pre-clinical trial establishes the safety of UCB-MNCs delivered via intramyocardial injections in a dysfunctional right ventricle 
and validates the induction of cardiac proliferation and angiogenesis as transient paracrine mechanisms that may be important 
to optimize long-term outcomes for surgically repaired congenital heart diseases.
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congenital heart disease, pulmonary artery banding, umbilical cord blood–derived mononuclear cells, cardiac adaptation, proliferation
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No complications such as bleeding or infections were 
observed during the entire study. Blood samples collected 
during the study period did not detect any alterations in the 
hematological and biochemical analysis or differences within 
the three cell dose groups (Fig. S1).

Survival rate and adverse events. The autologous UCB-
MNCs administration to the right ventricular muscle after 
PAB was feasible. The injections were challenging given the 
thin RV during the acute PAB stages, which did not repre-
sent chronic single ventricular morphology. Therefore, the  
subsequent study was designed to allow the RV to hypertro-
phy for 2 weeks before myocardial cell injections, which are 
more consistent with the clinical context of single ventricle 
heart surgeries. Furthermore, variability in PA gradients 
was thought to be due to a wide range of tolerated banding 
diameters at the time of PAB due to variable volume status 
at the time of surgery. To improve the reproducibility of the 
surgical model system, a 20 ml/kg body weight fluid bolus 
was administered in the subsequent study between the sur-
gical placement and tightening of the PAB.

UCB-Derived MNCs Promote a Dose-Dependent 
Increase of Proliferating Cardiomyocytes
Groups 2A, 2B, 2C. Fifteen animals receiving different UCB-
MNCs doses [0.3 million cells/kg (n = 5), 1 million cells/kg 
(n = 6), and 3 million cells/kg (n = 4))] were sacrificed after 
12 weeks of follow-up studies. Myocardial proliferation in 
the RV was studied in every group by immunohisto-
chemistry staining for the proliferation markers Ki-67 and 
BrdU. Transplanted UCB-MNCs promoted a dose-depen-
dent increase in proliferative activity in cardiomyocytes 
manifest as increased BrdU incorporation and increased 
Ki-67 positivity. Ki-67 expressing cells increased signifi-
cantly from 2% ± 0.72% in the low-dose group (0.3 million 
cells/kg) to 4.1% ± 2.06% in the high-dose group (3 million 
cells/kg) (P-value <0.05, Fig. 4A–D). There were no statis-
tical differences between the mid (1 million cells/kg) and high 
(3 million cells/kg) dose groups.

BrdU incorporation into proliferating cells was examined 
24 h after injection. Eleven random photomicrographs  
were obtained from the histologic section of the RV-free 
wall taken from each animal and BrdU-positive cells were 
counted. The final count is the mean of the BrdU-positive 
cells per slide. As we saw with Ki-67 staining, BrdU nuclear 
staining significantly increased in a dose-dependent fashion, 
from 2.1 ± 0.53 cells/1.15 mm2 in the 0.3 million cells/kg 
group versus 6.6 ± 2.92 cells/1.15 mm2 in the 3 million 
cells/kg group (P-value = 0.01), and between the 0.3 mil-
lion cells/kg group versus the 1 million cells/kg group  
(2.1 ± 0.53 cells/1.15 mm2 vs 4.6 ± 2.24 cells/1.15 mm2; 
P-value = 0.04). There were no statistical differences 
between the mid (1 million cells/kg) and high (3 million 
cells/kg) dose groups. The proliferating cells included car-
diac and non-cardiac cells (Fig. 4E–H) (Fig S4).

Intramyocardial Delivery of UCB-MNCs Augment 
RV Remodeling Upon Chronic Pressure Overload
Groups 3A and 3B. The PAB surgery increased RV systolic 
pressure significantly from 70% to 90%. Two weeks post-
banding, a mean Doppler gradient cutoff of 25 mm Hg across 
the PAB was used to screen for piglets with sufficient right 
ventricular dysfunction (Fig. 5B). During the 12-week fol-
low-up after receiving the cell product at the highest dose (3 
million cells/kg), the percentage increase in body weight was 
similar in the placebo and cell-treated groups (Fig. 5C). Ani-
mals grew from 6 to 7 kg initially to more than 40 kg by 12 
weeks; the fixed band increased right ventricular pressure 
overload and produced a disease model sufficient to test the 
therapeutic potential of an autologous cell-based product. 
After 12 weeks of DMSO or UCB-MNCs injection, MRI 
was used to assess the structural and functional changes of 
the RV. There were no significant changes in RVEDV, 
RVESV, total pulmonary and systemic flow (QP, QS), effec-
tive ejection fraction (eEF), or cardiac output calculated by 
volumetric analysis and flow quantification between DMSO 
placebo and UCB-MNCs groups. The MRI scan parameters 
are listed in the supplementary section (Fig. S2). There was 
increased heart weight and RV wall thickness in UCB-MNCs 
treated animals at necropsy (Fig. 5D, E).

Myocardial Remodeling is Associated with 
Enhanced Cardiomyocyte Proliferation, 
Angiogenesis, and Regulation of Cardiac  
Specific Gene expression
Groups 3A and 3B. Immunohistochemistry staining showed  
a significant increase (~50%) in CD31+ expression in the 
RV after UCB-MNCs injection, compared with the placebo 
group (Fig. 6A–C).

To confirm that UCB-MNCs transplantation in the RV can 
increase cardiomyocyte proliferation compared to the pla-
cebo group, we analyzed Ki-67 reactive cells throughout the 
myocardium. These cells were confirmed to include cardiac 
myocytes by co-localization of Ki-67 with cardiac troponin 
(Fig. 6G–I). The significant increase in Ki-67 reactive cells in 
the RV myocardium was threefold higher than in the placebo 
group using automated software analysis (Fig. 6D–F). Of 
note, the LV was not affected by the RV injections, suggesting 
a localized effect of the intramyocardially transplanted prod-
uct (data not shown). Furthermore, the UCB-MNCs injection 
to the RV of PAB animals resulted in a 13-fold up-regulation 
of the WT1 gene. We also evaluated the gene expression lev-
els of cardiogenic transcription factors including Mef2c, 
NKX2.5, and GATA4, and no statistically significant differ-
ence was observed. The gene expression analysis data are 
shown in the supplementary file (Fig. S3).

Discussion
Clinical management of severe CHD has undergone a persis-
tent improvement over the past few decades, with more 
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This randomized, double-blinded, placebo-controlled pre-clinical trial 
establishes the safety of UCB-MNCs delivered via intramyocardial injections in 
a dysfunctional right ventricle and validates the induction of cardiac proliferation
and angiogenesis as transient paracrine mechanisms that may be important to
optimize long-term outcomes for surgically repaired congenital heart diseases.
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Patologie degenerative del SNC

Probabilmente la malattia candidata al trapianto di staminali è il 
Parkinson.Diverse staminali sono state proposte, a partire dalle 
mesenchimali o dalle cordonali, ma le evidenze disponibili in ambito 
preclinico a questo proposito sono ancora troppo limitate e il meccanismo 
non completamente chiaro



Cell-based therapies for Parkinson's disease
Dyson SC, Barker RA

2011

2010

-Neural transplantation has emerged as a possible therapy for 
Parkinson's  disease (PD). 
-Future possibilities offered by stem cells as potential sources of 
dopamine  neurons that can be used for transplantation in PD.
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Recent advances in stem cell therapeutics
and tissue engineering strategies
Seong Gyu Kwon1, Yang Woo Kwon1, Tae Wook Lee1, Gyu Tae Park1 and Jae Ho Kim1,2*

Abstract

Background: Tissue regeneration includes delivering specific types of cells or cell products to injured tissues or organs
for restoration of tissue and organ function. Stem cell therapy has drawn considerable attention since transplantation
of stem cells can overcome the limitations of autologous transplantation of patient’s tissues; however, it is not perfect
for treating diseases. To overcome the hurdles associated with stem cell therapy, tissue engineering techniques have
been developed. Development of stem cell technology in combination with tissue engineering has opened new ways
of producing engineered tissue substitutes. Several studies have shown that this combination of tissue engineering
and stem cell technologies enhances cell viability, differentiation, and therapeutic efficacy of transplanted stem cells.

Main body: Stem cells that can be used for tissue regeneration include mesenchymal stem cells, embryonic stem cells,
and induced pluripotent stem cells. Transplantation of stem cells alone into injured tissues exhibited low therapeutic
efficacy due to poor viability and diminished regenerative activity of transplanted cells. In this review, we will discuss
the progress of biomedical engineering, including scaffolds, biomaterials, and tissue engineering techniques to
overcome the low therapeutic efficacy of stem cells and to treat human diseases.

Conclusion: The combination of stem cell and tissue engineering techniques overcomes the limitations of stem cells
in therapy of human diseases, and presents a new path toward regeneration of injured tissues.

Keywords: Tissue injury, Nanoparticle, Stem cells, Biomaterials, Tissue engineering

Background
The growing tendency of increased life expectancy as well
as increased incidence of age-related degenerative diseases
and tissue damage requires the use of allogenic or autolo-
gous grafts for tissue repair. Although transplantation of
tissues or cells is innovative and has been applied to a lot
of treatments, its application in clinical settings is still lim-
ited [1]. Accumulating evidence suggests that stem cells
can accelerate the tissue regeneration through various
mechanisms. To date, a variety of stem cells, including
mesenchymal, embryonic, and induced pluripotent stem
cells, have been reported to promote regeneration of
damaged tissues [2]. Although stem cell therapy provides
a new paradigm in tissue regeneration, they have limita-
tion in clinical application due to poor survival and

differentiation potentials of the transplanted cells [3]. To
overcome these limitations, tissue engineering technology
has been used to improve the viability and proliferative
capacity of stem cells. Tissue engineering is the use of a
combination of cells, biomaterials, biochemical and physi-
cochemical factors, and engineering technologies to
improve or replace biological tissues [4]. In this paper, we
will review the types of stem cells, their use in various
tissues, and tissue regeneration through stem cell engin-
eering. In addition, there are many other kinds of stem
cells that can be used for tissue regeneration; however, in
this review, we focus on the above-mentioned stem cells
for tissue regeneration.

Types of stem cells for tissue regeneration
Mesenchymal stem cells (MSCs) can be isolated from
various tissues, such as adipose tissue, tonsil, and bone
marrow. MSCs show plastic adherent properties under
normal culture conditions and have a fibroblast-like
morphology. They express specific cell surface markers
including CD73, CD90, and CD105. MSCs have the
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polymers, and magnetic nanoparticles [32]. Recently,
graphene oxide-polyethylenimine complexes have been
reported to be an efficient and safe system for mRNA
delivery for direct reprogramming of somatic cells to
induced neurons [33]. Therefore, improvement of
gene delivery efficiency using nanoparticles will be
highly useful for direct conversion or reprogramming
of somatic cells.

Biomaterials enhancing the therapeutic efficacy of
stem cells
Tissues are composed of two components: cells and
their surrounding extracellular matrix (ECM), which is
known to play an important role in cell proliferation and
differentiation. The main function of the ECM is main-
taining cell growth and supplying essential components
to cells [34]. ECM has been reported to create a frame-
work for cell growth and to efficiently provide the
nutrients or growth factors needed for cells [35]. It is
difficult to naturally repair a large-size tissue defect by
supplying cells to the injured sites, since not only the
cells, but also the ECM are lost. Therefore, to promote
tissue regeneration, it is necessary to make an artificial
ECM environment for transplanted cells, and biomate-
rials are useful substitutes for ECM, and are also useful
in cell therapy. The biomaterial scaffold should be por-
ous for infiltration by cells into scaffolds, and for the
supply of oxygen and nutrients to cells. In addition, the
scaffold should be biodegradable for proper replacement
of damaged tissues with the transplanted cells [36].
In terms of biomaterials, a variety of synthetic and

natural materials have been developed. In particular,
biodegradable polymers, such as collagen, gelatin, fibrin,
hyaluronic acid, and poly(lactic-co-glycolic acid), are
highly useful for tissue engineering [37]. The combination
of these scaffolds and stem cells was used for skin wound
healing [38]. The osteogenic efficiency of MSCs was con-
firmed in duck’s foot-derived collagen/hydroxyapatite scaf-
folds [39]. In addition, the increase of chondrogenic
differentiation of MSCs in 3D alginate hydrogels was ex-
perimentally confirmed [40]. Neural stem cells have been
used for treatment of neurodegenerative disease or stroke

in pre-clinical and clinical studies; however, differentiation
of neural stem cells to functional neurons, reconnection
with host neural cells, and correct transmission of nerve
signals are still obstacles to overcome [41]. Therefore, to
enhance the survival and differentiation potentials of
transplanted stem cells, it is necessary to combine bioma-
terials with growth factors, cytokines, and cell adhesive
substances (Fig. 2).

3D bioprinting for tissue engineering
Biomaterial scaffolds can be used as structural compo-
nents for different parts of tissues, such as blood vessels,
skin, and corneal tissues [42, 43]. Making 3D scaffolds
and culturing stem cells on them improves the regenera-
tive activity of stem cells for damaged bone and cartil-
age. Most tissues are composed of different cell types
and multi-layered structures. Therefore, multi-layered
3D scaffolds are needed for construction of engineered
tissues using stem cells. Currently, 3D bioprinting has
drawn attention in the field of biotechnology for produ-
cing multi-layered structure. Since the first technology
for 3D bioprinting cells had been reported, there have
been great advances in 3D bioprinting-based tissue en-
gineering [44]. Using 3D bioprinting, various cell types
can be positioned in specific locations in multi-layered
structures for constructing different tissues or organs
(Fig. 3) [45]. Bioprinting technologies include inkjet [46]
and laser deposition [47].
In using inkjet printer technology, however, since the

cells are printed in the same manner as a commercial
printer, various problems arise. For example, in order to
print stem cells through an inkjet printer, the material
that is added to the cells must be in a liquid form and,
subsequently, have a 3D structure after injection [48].
However, employing crosslinking agents to form 3D
structures can impair cellular viability [49]. Despite these
drawbacks, remarkable advances have been made due to
the advantage of 3D printing cells being possible with
slight modifications to commercial inkjet printers on the
market [50–54]. Just as laser printers have become
popular, laser printers for 3D bioprinting have also been
developed. Unlike inkjet printers, laser printers do not

Fig. 2 Stem cell engineering strategy
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apply physical stresses and do not require additives to
maintain a liquid form. The viability of cells is higher
than 95% after being printed, and apoptosis and cell pro-
liferation are not affected [55].
For 3D bioprinting, bioinks are needed for printing of

stem cells into 3D structures, and hydrogels are widely
used as bioinks. Each bioink has its own characteristics
and is used for specific purposes [56]. Natural bioinks
include alginate, gelatin, collagen I, and fibrin; synthetic
bioinks include polyethylene glycol and pluronic gels
[57]. These materials have chemical and physical
properties appropriate for bioink, and they serve as scaf-
folds, similar to those of the ECM [58]. In order to mimic
the ECM in vivo, de-cellularized extracellular matrix
(dECM) scaffold has been developed. dECM is obtained
by processing original tissues with chemicals, or using en-
zymatic methods to remove cellular components [59].

Therefore, dECM is highly useful for 3D bioprinting of
stem cells, or their differentiated progeny cells.
In the regeneration of thick tissues, not only the regen-

eration of the tissue itself, but also the regeneration of
blood vessels plays an important role in maintaining the
viability of the tissue. Artificial blood vessels applied to the
human body need to have various characteristics, such as
elasticity, permeability, and biocompatibility comparable
to the original vessels [60]. To control blood vessel fabri-
cation, the printer should have sufficient resolution, and
bioinks should not deform under the printing conditions
[61]. In one study, treatment with angiogenin, a stimulator
of angiogenesis, in a fibrin/bone powder scaffold enhanced
angiogenesis and bone formation, compared to a control
group [62]. Therefore, it is possible to add pro-angiogenic
factors during 3D bioprinting to facilitate blood vessel for-
mation in the 3D printed tissues.

Fig. 3 3D bioprinting of stem cells
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VSELs were first detected, characterized, and reported 
in 2006 by Mariusz Ratajczak’s group at the University of 
Louisville. Despite almost 2 decades of research, VSELs are 
still struggling to get widely acknowledged by the scientific 
community.5 VSELs express pluripotent markers, differenti-
ate into 3 germ layers, get mobilized to various tissues under 
stress conditions (in an attempt to regain homeostasis), and 
can also be expanded in vitro in well-defined media without 
manipulation with DNA vectors or supporting feeder layer 
cells.6,7 VSELs mostly remain in the G0 state of the cell cy-
cle and undergo rare asymmetrical cell divisions (ACDs) to 
self-renew and give rise to progenitors that divide rapidly 
by undergoing symmetrical cell divisions and clonal expan-
sion followed by differentiation into tissue-specific cell types 
based on their location.8 The 2 cells that arise by asymmetri-
cal cell divisions are of unequal size, exhibit different protein 
expression profile, and also have distinct proliferation kinet-
ics.8 Unlike embryonic stem cells (ES)/iPS or HSCs, VSELs 
spontaneously differentiate into adult cell types, can regen-
erate pancreas in vivo after partial pancreatectomy,9 and also 
form gametes in vitro.7 Thus, it seems that VSELs may be the 
ideal endogenous stem cells, which could enable regeneration 
of adult tissues.

Before addressing how VSELs can be used for regener-
ative medicine, it is essential to address the issue of whether 
these stem cells really exist. A debate began when few groups 
could not detect these stem cells by flow cytometry. The meth-
odological issues in performing flow cytometry studies were 
addressed, and several groups worldwide,6 including ours, 
now routinely enrich VSELs even without the use of flow cy-
tometry. Because VSELs are of small size and with minimal 
cytoplasm, they do not pellet down when cells are spun at a 
speed of 1000 to 1200 rpm, and after density gradient cen-
trifugation, they settle down with the red blood cells. Thus, 
doubts about their existence should be put to rest now. Once 
their existence is accepted, the next concern that needs to be 
addressed is their presence in small numbers. Will the scarce 
numbers of VSELs suffice to achieve regeneration? Recently, 

expansion of VSELs in vitro has been achieved while main-
taining their pluripotent state.6

Many studies have demonstrated the ability of VSELs to 
differentiate into various cell types, including HSCs, neuronal 
cells, lung epithelial cells, endothelial progenitors, mesenchy-
mal cells, cardiac cells, and germ cells.6,7 Virant-Klun10 re-
ported cortical reaction in oocyte-like structures differentiated 
from VSELs in vitro. Male germ cells can be differentiated 
from VSELs in mouse bone marrow and chemoablated tes-
tis. Mobilization of VSELs is reported in humans after my-
ocardial infarction, and preclinical studies in mice show that 
VSELs (not HSCs) result in improvement in left ventricular 
function after myocardial infarction.11

Work has also progressed on pluripotent, multilin-
eage-differentiating stress-enduring cells, obtained from 
various tissues, including the bone marrow.12 Multilineage-
differentiating stress-enduring cells spontaneously differenti-
ate into cardiac cells resulting in functional recovery in a rabbit 
model of myocardial infarction. Infarct size was reduced and 
the ejection fraction was increased compared with vehicle in-
jection.13 An editorial discussing this study stressed that more 
preclinical studies need to be undertaken, and Tanaka et al14 
reported similar mobilization of multilineage-differentiating 
stress-enduring cells in humans. It seems likely that VSELs 
and multilineage-differentiating stress-enduring cells are a-
nalogous, pluripotent stem cells in adult tissues that express 
pluripotent markers and have the ability to differentiate into 3 
germ lineages in vitro.

Importantly, as of today, hES have failed to produce regen-
eration in clinical trials (Online Table I). Do hES/iPS-derived 
progenitors on transplantation result in regeneration, replace-
ment of diseased cells, and functional integration or, similar 
to mesenchymal cells, only provide immunomodulation/para-
crine effects? Rather than initiating further clinical studies us-
ing hES/iPS, it is important to brainstorm why hES/iPS have 
failed to deliver the results (regeneration) that were expected 
from them. The shortfalls of ES/iPS need to be acknowledged 
and analyzed with an open mind.

Figure. Performance of various stem cell types 
in the clinics. EnSC indicates endometrial stem 
cells; HSC, hematopoietic stem cells; OCT-4, 
octamer-binding transcription factor 4; OSC, 
ovarian stem cells; and SSC, spermatogonial 
stem cells.
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Autologous bone marrow cells enriched for lineage-re-
stricted hematopoietic stem cells (HSCs) have failed to 

regenerate (differentiate into non-HSCs) other tissues and 
thus remain the gold standard only to restore hematopoi-
esis. Embryonic stem cells and induced pluripotent stem 
cells (iPS) tend to differentiate into their fetal counterparts 
and thus may not have the potential to regenerate adult 
tissues, whereas pluripotent, very small embryonic-like 
stem cells (VSELs) in adult tissues have emerged as likely 
candidates to be tested for their regenerative potential.

Current Status of Stem Cells in the Clinic 
Based on a Critical Review of the Literature
•    Transplantation of mononuclear cells (enriched for HSCs) 

isolated from bone marrow/cord blood/peripheral blood 
is a method of standard care to treat blood and metabolic 
disorders, but global efforts have remained unsuccessful 
to regenerate nonhematopoietic tissues with HSCs.

•   Pluripotent stem cells derived in vitro, including human 
embryonic stem cells (hES) and iPS, have the ability to 
differentiate into ≈200 cell types. However, the process 
remains highly inefficient, and they have failed to dif-
ferentiate into mature, adult cell types, such as cardiac, 
pancreatic, renal, neuronal cell types and gametes.

•   Drawbacks of using hES in the clinical arena include eth-
ical issues, inability to differentiate into mature cell types, 
risk of teratoma formation, immunologic issues, genomic 
instability, arrhythmias, and the fact that differentiated cells 
retain a fixed major histocompatibility complex phenotype.

•   Drawbacks of using iPS in the clinical arena include in-
efficient derivation of iPS, their tendency to differentiate 
into fetal counterparts, safety issues, risk of teratoma for-
mation, risk of harboring mitochondrial mutations, geno-
mic instability, the fact that they retain the somatic cells 
epigenetic state, debate over autologous versus alloge-
neic use, immunologic issues, and the fact that the use of 
autologous iPS remains expensive and time consuming.

•   Clinical studies using pluripotent hES/iPS have failed 
to deliver the expected results, that is, regeneration. iPS 
have failed to differentiate and functionally integrate in 
adult tissues, including cardiac tissue—rather, they could 
serve as a source of paracrine factors. No efficacy was 
observed when retinal pigment epithelium–like cells de-
rived from hES were recently transplanted into the eyes 
of patients with age-related macular degeneration.

•   Mesenchymal stromal cells (MSCs) show beneficial 
effects after transplantation in various adult tissues, in-
cluding gonads, despite showing no ability to differenti-
ate into various cell types in vitro. They rather serve as a 
source of paracrine factors and have immunomodulatory 
properties. Their stem cell status is currently debated.

•   A novel population of pluripotent stem cells is being rec-
ognized in adult tissues that may possibly be the ideal 
endogenous stem cells to ensure regeneration. These 
stem cells have been differently named by different 
groups; the author prefers to use the term VSELs to de-
scribe them.

hES were reported initially in 1998, whereas iPS were first 
described in 2006. These stem cells expand indefinitely in cul-
ture and have the ability to differentiate into ≈200 cell types in 
the body. However, their differentiation into mature cell types 
remains inefficient, and thus it was suggested that progenitors 
derived from hES/iPS should be transplanted, in the hope that 
they will further mature on transplantation resulting in regen-
eration. This has proved difficult, and recently a discussion 
has emerged as to whether iPS regenerate diseased tissues or 
merely provide paracrine signals.1 It is important to stress that 
the new, evolving concept of naive and primed hES2 and the 
expansion of research into fetal organoids3 have actually re-
placed earlier intended applications of hES/iPS toward regen-
erative medicine.

In 2019, we have traveled full circle and arrived at the 
same crossroads where we were in 1998, after successful 
derivation of hES cell lines, with the question: which are 
the best stem cell candidates for regenerative medicine—
pluripotent hES/iPS or adult stem cells? During the last 2 
decades, it has become clear that neither adult stem cells 
(HSCs) nor hES/iPS can regenerate adult tissues and that 
the term adult stem cells is indeed a misnomer. HSCs do 
not exhibit plasticity; instead, they are tissue-committed, 
lineage-restricted stem cells, better termed as tissue-specific 
progenitors with no ability to cross boundaries to regener-
ate other tissues.4 Although not yet widely accepted, the ex-
istence of pluripotent VSELs in adult tissues that maintain 
lifelong tissue homeostasis may bring about a paradigm 
shift not only in the field of stem cells for regenerative med-
icine but also in basic understanding of age-related onset of 
various diseases, including cancer (Figure).
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** Better understanding of VSELs
will help understand normal tissue
stem cell biology and offer newer
insights about their alteration with age
and development of various diseases, 
including cancers……

Potenzialità delle SCs oggi e domani 



Take home messages
Ø Le terapie cellulari e la medicina rigenerativa, sempre   

più basate sui progressi della biologia delle cellule staminali,
hanno iniziato da molti anni a porre le basi della Medicina 
Rigenerativa 

Ø Le sfide, ancora aperte al fine di ottimizzare le   
potenzialità delle cellule staminali, sono tuttavia    
molteplici e richiedono un approccio multidisciplinare  
integrato………

Ø L’utilità clinica delle staminali potrà essere certa solo   
se in grado di fornire al paziente strategie sicure a    
lungo termine e sostanzialmente più efficaci di qualsiasi
altro trattamento disponibile………




