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REVIEW / SYNTHESE

Stem cells and regenerative medicine — future
perspectives

Keith R. Brunt, Richard D. Weisel, and Ren-Ke Li

Abstract: Stem cell research has expanded at an exponential rate, but its therapeutic applications have progressed much
more slowly. Currently, the research focuses on understanding embryonic, adult, and inducible pluripotent stem cells. Trans-
lation of adult stem cell research has established a definitive benefit that is greater than that of the current standard of care
in the field of cardiovascular medicine. The future of stem cell research and therapy will continue to provide novel avenues
of diagnostics, therapeutics, and tissue regeneration. Here we discuss a brief history of stem cell research as it transitioned
from the 20th to the 21st century. We address lessons learned in the first decade of the new millennium that could help
guide others to translate research into therapy across disciplines. Finally, we highlight future goals and challenges that must
be overcome and offer some perspective on the bright future of stem cell research and therapy.
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Résumé : La recherche sur les cellules souches avance d’une fagon exponentielle, mais ses applications thérapeutiques ont
progressé beaucoup plus lentement. Actuellement, la recherche se concentre sur la compréhension des cellules souches tant
embryonnaires qu’adultes et pluripotentes inductibles. La recherche translationnelle sur les cellules souches adultes a montré
un bénéfice définitif qui est supérieur a celui des standards de soins actuels dans le domaine de la médecine cardiovascu-
laire. L’avenir de la recherche et de la thérapie avec les cellules souches continuera d’ouvrir de nouvelles avenues dans le
diagnostic, la thérapeutique et la régénération tissulaire. Nous présentons ici un bref historique de la recherche sur les cellu-
les souches et discutons de sa transition du 20™ au 21°™¢ sigcle. Nous traitons des lecons apprises au cours de la premiére
décennie du nouveau millénaire qui pourraient aider a guider les autres a transférer leur recherche vers la thérapie, a travers
les disciplines. Finalement, nous mettons 1’accent sur les objectifs et les défis futurs qui devront étre surmontés, et nous of-
frons une certaine perspective du brillant avenir de la recherche et de la thérapie avec les cellules souches.

Mots-clés : cellules souches, médecine régénératrice, histoire, avenir, clinique.

[Traduit par la Rédaction]

Stem cells — a history brief

The goal of this review is to discuss the origins of stem
cell research and recent studies and to provide a future per-
spective, particularly for young scientists whose imaginations
will drive research examining stem cells and regenerative
medicine into the unknown over the next 10 years. Based on
previous experience, scientists attempt to predict the future
and discover new knowledge and apply new understanding.
Scientists rely on their vision to plot a course and sustain
public interest, with foreknowledge that the course will be
dynamic, possibly disappointing, or maybe even in direct op-
position to their predictions. The process of discovery relies
heavily on both healthy scepticism and considerable reflec-

tion on past and present knowledge. We must also prepare
ourselves to undertake the work necessary to achieve our
lofty goals when the hype ebbs. What will stem cell research
look like in 2020? Carl Sagan wrote, “You have to know the
past to understand the present.”

Stem cell terminology began at the turn of the 20th cen-
tury as German scientist and Darwinist Ernst Haeckel merged
concepts of phylogeny and ontogeny to describe the stamm-
zelle (stem cell), an evolutionary concept for a primordial
cell that evolves into all cells and multicellular organisms.
Haeckel’s argument was generally given as self-evident from
his observations of embryo development and the distinction
between fertilized and nonfertilized eggs. Stem cells, as a
term, officially entered the scientific vernacular when used
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by other histoembryologists, such as Theodor Boveri and
Valentin Haecker, who described the hereditary characteris-
tics of germ cells (spermatogonia and oocytes), developed
the term pluripotency (the ability to become all adult cells),
and established the definitive characteristics of a stem cell as
self-renewal and differentiation into somatic (adult) cells (as
reviewed by Maehle 2011). Hematologist Artur Pappenheim
also presented the notion of stem cells in describing a postu-
late for a common cell origin that could produce both red and
white blood cells (Pappenheim 1917). Premodern scientists
like Conheim and Pappenheim also conceptualized the idea
of stem cells in the formation of tumours and leukemia
(Cohnheim 1877; Pappenheim 1907). From these first obser-
vations, 3 decades followed before the first evidence for
single-cell self-renewal was demonstrated by the ability of
leukemia cancer cells to transmit cancer from a single cell
(Furth and Makhn 1937).

By the mid-20th century, identification of histocompatibil-
ity proteins and graft-versus-host disease provided the basis
for the hypothesis of immunologic tolerance. When the hem-
atology and immunology fields converged in 1955 through
the widespread study of the effects of radiation, it was shown
that bone marrow reconstitution ensured successful skin
grafts (Main and Prehn 1955). It was through similar recon-
stitution experiments that the stem cell theory was proven
correct in 1961 by Canadian scientists Dr. James Till and
Dr. Ernest McCulloch, who provided definitive evidence for
the existence of hematopoietic stem cells (HSCs) and con-
firmed for the first time the unitarian view of hematology.
Fifty years of research would follow, much of it led by
McCulloch’s own protégé, Dr. John Dick, who introduced a
modern cancer stem cell theory and recently identified the
univariate HSC (Notta et al. 2011). Hundreds of thousands
of patients have survived leukemia because of Till and
McCulloch’s seminal findings. More recent studies have
demonstrated that stem cell transplantation is a unique,
although not ideal, treatment for autoimmune disease that
also shows curative potential for HIV using a genetically
HIV-resistant bone-marrow donor. There is currently wide-
spread acceptance in clinical medicine for HSC therapies.
However, numerous tissue-specific or resident stem cells
have been described in the epidermis, intestine, brain, and to
varying degrees in all somatic tissue and organs of the adult
body. An outstanding question for all somatic tissue stem
cells is, are these stem cells reticent to development, or are
itinerant bone marrow populations predisposed to resident
tissue differentiation, transdifferentiation, or mimicry?

The existence of stem cell self-renewal was postulated 4
decades before the proof was established in 1961 by studying
somatic stem cells of the hematopoietic system. Pioneering
work involving pluripotent stem cells gained traction 2 deca-
des later in 1981 with the successful isolation and culture of
embryonic stem cells (ESCs) from the inner cell mass of
blastocysts (pre-embryos) by British and American scientists
(Evans and Kaufman 1981; Martin 1981). A scientific revo-
lution for studying the embryonic to somatic cell transition
was made possible for the first time, including the ability to
study ESC self-renewal and differentiation outside the devel-
oping embryo. Even so, despite the availability of the
method, it took Canadian scientists an additional 12 years to
achieve the difficult and essential proof of ESC self-renewal
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and pluripotency (totipotency) by generating living mice en-
tirely from ESCs in 1993 (Nagy et al. 1993). Just 5 years
later, in 1998, the ability to isolate human ESCs was de-
scribed for the first time by American scientist Dr. James
Thomson, revealing the possibility of a pluripotent stem cell
as a source for new organs (Thomson et al. 1998). However,
controversy over human cloning techniques and embryo de-
struction during ESC sourcing was in part the failure of sci-
entists to adequately engage the general public, which
resulted in policies that limited ESC research.

That position, however misguided, was untenable, since a
series of fundamental discoveries forever altered the ESC de-
bate and redirected our understanding of the pluripotent and
the static somatic cell state. In 2006, an unimagined realiza-
tion arose from the laboratory of Japanese researcher Dr. Shi-
nya Yamanaka — that somatic cells could revert to a
pluripotent-like form through re-expression of key embryonic
genes suppressed in the somatic state (Takahashi et al. 2007).
A new concept of induced pluripotent stem cells (iPSCs) was
established. It followed that a pluripotent cell could also be
produced by somatic cell nuclear transplantation into blasto-
cysts (French et al. 2008). Further eroding any semblance of
an argument from the anti-stem cell position was the discov-
ery that ESCs could be isolated without destruction of the
embryo (Chung et al. 2008). Together, these discoveries pro-
vided an opportunity to produce pluripotent stem cells while
avoiding ethical objections and immunological rejection by
using the recipient’s own cells. The pace and excitement for
stem cell research continue to grow exponentially. For exam-
ple, in contrast to the 12 years it took for Canadian scientists
to generate mice from ESCs, Chinese and American scien-
tists were able to generate living mice derived from iPSCs
just 3 years after the Japanese discovery (Boland et al. 2009;
Kang et al. 2009; Zhao et al. 2009). Given the pace of dis-
covery and the imagination it evokes, it is not surprising that
huge expectations of superhero proportions have grown
around the field of stem cell research. Stem cell research
(not therapy) is at near-exponential rates of growth. Although
many definitive works have been established, there is still
room for young scientists to make significant advances.

Despite 2 decades of discovery that have detailed somatic
and ESC states, there are significant gaps in our understand-
ing of stem cells and their environments. Only a few hundred
clinical trials of somatic stem cell therapy have entered phase
III, and only 3 phase I clinical trials using ESCs have been
approved since 2010.

Stem cells — the cusp of translation

Appropriate clinical trials are usually undertaken after ex-
tensive basic science and solid reproducible preclinical evi-
dence. Attempts are made to achieve clinical benefits with
the implementation of the best interventions to date, and the
results, improved over time, become a new standard of care.
Early clinical trials of stem cell therapy ultimately resulted in
a series of mixed positive and disappointing negative results.
However, from each successive trial, new questions arise that
can be explored or from which refined methods can be devel-
oped. It is essential that scientists and their supporters
bravely take a long view on scientific objectives and their
translation to therapy. As a result of past research successes
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in pharmacology, diagnostics, and patient management, the
proportion of patients surviving acute myocardial infarctions
has increased dramatically. However, many of these survivors
slowly progress into heart failure because they lack functional
recovery. As the leading cause of mortality and morbidity in
the developed world, cardiac disease has provided fertile
ground for early work in translating stem cell research into
clinical therapy. A look back over the past decade should
provide insights into how we proceed in the near future.

The ability to culture cells was established 60 years ago
(Scherer et al. 1953) and was initially exclusive to cancer
cell lines. However, in 1960, Dr. Isaac Harary and Dr. Bar-
bara Farley first cultured mammalian cardiomyocytes from
rats in the United States (Harary and Farley 1960, 1963).
Yet it was 35 years later that the concept emerged of inject-
ing cardiomyocytes into the heart (Soonpaa et al. 1994; Li et
al. 1995) to provide functional benefit following myocardial
infarction (Leor et al. 1996; Li et al. 1996). The question
that quickly arose was, what will be the source of cardiomyo-
cytes for patients whose hearts are already damaged or dis-
eased? As new research results emerged showing that bone
marrow mesenchymal stromal cells had many of the proper-
ties of multipotent mesenchymal stem cells, Italian and Japa-
nese scientists demonstrated that mesenchymal stem cells
could differentiate into skeletal or cardiac muscle (Ferrari et
al. 1998; Makino et al. 1999). The bone marrow offered an
attractive cell source owing to its abundance and accessibility
for autologous stem cell therapy. In what was to become a
seminal translational study, Canadian scientists transplanted
bone marrow stem cells into the injured heart of rats and ob-
served improvements in cardiac function (Tomita et al. 1999).
With the start of the 21st century, cardiac cell therapy
merged with regenerative medicine, as Orlic and colleagues
independently confirmed the therapeutic benefit of bone mar-
row stem cell transplantation following myocardial infarction
and detailed the ability of bone marrow cells to regenerate
myocardium (Orlic et al. 2001).

However, before optimization in preclinical models (Li et
al. 2001), and prior to subsequent refutations against the re-
generative mechanisms responsible for the benefits of bone
marrow stem cells (Balsam et al. 2004; Murry et al. 2004),
the first human patient received bone marrow injections into
their myocardium on 30 March 2001, in Germany (Strauer et
al. 2001). Within 5 years, autologous stem cell therapy for
the myocardium reached its peak of hype and hope (Assmus
et al. 2006; Lunde et al. 2006; Schichinger et al. 2006) as
clinicians and scientists settled in to deliver on promises.
The past 10 years of basic and clinical studies have produced
important findings, generated substantial controversy, and
raised new questions for the future of cardiac cell therapy, as
detailed elsewhere (Strauer and Steinhoff 2011). The general
lessons and conclusions that can be drawn from the past dec-
ade are important for the next decade of research.

There is little doubt that significant therapeutic gains were
achieved through the application of stem cell based therapies
compared with the current standard of practice for cardiac in-
terventions (Reffelmann et al. 2009). It is generally acknowl-
edged that unmanipulated bone marrow stem cell populations
are unlikely to differentiate to cardiomyocytes to replace
those lost from a myocardial infarction. However, the hema-
topoietic compartment does contain a variety of regenerative
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cells that can be mobilized from the circulation or directly
transplanted into the myocardium to improve cardiac func-
tion. In lieu of differentiation, bone marrow stem cells pro-
duce humoral factors that increase host cell survival,
promote angiogenesis, reactivate cardiomyocyte proliferation,
or stimulate resident stem cells (Gnecchi et al. 2005; Chi-
menti et al. 2010; Loffredo et al. 2011). Alternatively, or ad-
ditionally, stem cells likely play a reductionist role to buffer
oxidative stress and matrix degradation or attenuate the ef-
fects of negative cytokines in the local microenvironment
(Brunt et al. 2012). Although survival is preferred (Nakamura
et al. 2006; Mouquet et al. 2011), even transplanted stem
cells that die can provide a boost to the host tissue by pass-
ing on additional organelles or substrates and by inflamma-
tory modulation through apoptosomes, microparticles, or cell
fusion (Nygren et al. 2004; Thum et al. 2005; Ankersmit et
al. 2009; Lichtenauer et al. 2011a; Lichtenauer et al. 20115b).
The hematopoietic compartment remains the safest and most
accessible, abundant, and renewable autologous source for
stem cell therapy to date, although skeletal myoblasts,
adipose-derived stem cells, and, more recently, resident
cardiac progenitors are also meritorious.

From long-term follow-up and retrospective meta-analysis,
it has clearly been demonstrated that stem cell therapy pro-
vides significant benefit to patients — just not to all patients.
Some patients did not benefit, some benefited marginally, and
some demonstrated significant benefits, but these nonuniform
outcomes are currently unpredictable. Discord in clinical pro-
tocols can partly explain the early failure to deliver the func-
tional improvements observed in young healthy animals. The
age and the effect of disease on the stem cell source and (or)
the host organ are likely the most significant detractions on
measured outcomes. Clinical studies were engaged before
long-term follow-up and age- and disease-appropriate preclin-
ical studies could be performed. This is an active deficiency
in most clinical trials. Further, even with optimal cell avail-
ability, scarred, failing, old, diseased hearts do not respond
well to stem cell therapy. Very likely, stem cell therapy
alone will be insufficient and will require adjuvants such as
gene therapy, cell-based gene therapy, or tissue engineering
techniques to stimulate and complement the intervention.
The mechanisms responsible for stem cell homing, reten-
tion, survival, integration, and function in normal, aged,
and diseased systems are still not understood. Most investi-
gators agree that the best cells or the best combination of
cells and other therapies has not been identified. Tissue en-
gineering likewise struggles to find its place in cardiac re-
generation owing to the limited knowledge of heart
remodelling. Until these limitations are better understood,
the ability to translate stem cell therapy universally to our
patients is stymied. However, we must not lose sight of the
success gained.

There is a growing focus toward building on the best knowl-
edge to date and establishing standardized, quality-controlled,
good manufacturing processes and protocols for the isola-
tion and reintroduction of cells. This is a critical, but
labour-intensive, process that requires numerous patients
and long-term follow-up. Since it does not generate hype, it
necessitates commitment (funding) from all involved parties
for team-based public and private or philanthropic sector
partnerships across multiple centres (and multiple countries).
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There is growing uncertainty as to whether there are
enough translational scientists with sufficient background in
both the basic and clinical sciences to accomplish these
tasks over the next decade. Alarmingly, there is a depreciat-
ing trend to invest in junior personnel across all disciplines
in both academia and industry. For future research goals to
be reached, significant investment and long-term planning
are needed in the intellectual economy at the university, in-
stitutional, hospital, and industrial levels to recruit, retain,
and encourage young scientists.

Stem cells — back to the future

Given the possibilities of stem cell therapy, expectations
have been raised to superhero proportions (Burns 2009). Is it
realistic to expect stem cell therapies to be successful in re-
generating damaged organs and treating chronic, degenerative
conditions for which we can offer few other options? Per-
haps. But first we must recognize the challenges ahead and
commit to overcoming them (Table 1).

Unlike traditional off-the-shelf therapeutic agents, stem cell
therapy is currently limited by the availability of biological
substrate from the patient. This presents a unique problem,
in that the afflicted patient population could be depleted of
stem cells in the organ most in need of therapy, or in the sys-
temic stem cell reservoir (bone marrow) as a consequence of
chronic disease or age. In addition, with diseases such as
restenosis (Wang et al. 2006) or cancer (Scarlett et al. 2011;
Xiao et al. 2011), a contributing factor or causative pathology
implicates stem cells directly. It is necessary to examine ei-
ther combinations of adjuvants and autologous stem cell ther-
apy or to pursue allogeneic stem cell sources. Adjuvant
therapy can combine stem cells with new pharmacology, bio-
engineering, or gene therapy to enhance the therapeutic util-
ity of stem cells for expansion or function. A system of
standardized protocols for producing or combining stem cells
and adjuvant therapy for clinical intervention could also be
considered based on the specific needs of the individual pa-
tient. Exploring these combinatorial approaches and moving
them toward clinical therapy is an important future direction.
Also, an attractive future option is the use of iPSC sources.
However, establishing the safety and efficiency of inducing
pluripotency in cells from aged and diseased patients under
clinical timelines will require extensive research. An alterna-
tive to pluripotency could be direct cell reprogramming, such
as turning fibroblasts directly into cardiomyocytes while
avoiding a pluripotent stage (Ieda et al. 2010). Alternatively,
we could access and store stem cells in advance from healthy
young donors.

Allogeneic stem cell sources can be obtained either from
healthy adult donors or from pluripotent sources such as
ESCs. An allogeneic source is an attractive option for over-
coming quantity, age, and disease limitations, since stem cells
can be harvested in sufficient quantity in advance and made
available for widespread storage and distribution. A cell bank
of allogeneic stem cells representing the permutation of all
human histocompatibility is attractive and not entirely incon-
ceivable. The issue of tissue compatibility remains one of the
greatest unaddressed challenges. Although undifferentiated
stem cells from embryonic (Swijnenburg et al. 2008a) and
adult (Huang et al. 2010) sources have immune privilege,
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this is lost upon differentiation. As such, more work is
needed to define whether a therapeutic benefit is achievable
before cell differentiation and rejection occur. In considera-
tion of the therapeutic paracrine effects from stem cells, it
may not be necessary for stem cells to differentiate to be ben-
eficial. It may be necessary, however, to either prolong the
immune privilege (adjuvant cloaking device) or perfectly
match histocompatibility profiles between the host and allo-
geneic donor. Since a pluripotent source is capable of nearly
unlimited expansion, these cells could address both quantity
and compatibility issues. However, a prerequisite is that they
be safely produced and free of pluripotent cells before trans-
plantation to avoid teratomas. Depletion of cell populations
using pluripotent markers has been used in this regard (Blin
et al. 2010). Interestingly, autologous sources should, theoret-
ically, provide a rejection-free source of iPSCs, yet this con-
cept was recently challenged (Zhao et al. 2011), suggesting
that reactivation of the embryonic gene program may result
in undesirable genetic “choices” in histocompatibility during
reprogramming. This raises important ethical questions about
reintroducing a patient’s own highly manipulated cells (of
any type), since the reintroduction could produce unforeseen
reactions. It is therefore important for all fields of stem cell
therapy that clinical trials follow substantive preclinical evi-
dence.

A balanced approach in the basic and preclinical sciences
is needed to determine the most effective stem cell source
and protocol for intervention to redress pathologies we still
do not fully understand. Therefore, it is important to ac-
knowledge that the only sure way to know whether a protocol
for stem cell selection and method of delivery is effective is
to conduct a clinical trial. For future successes in stem cell
therapy, it will be important to build broader collaborations
to achieve genuine clinical translation. In the past, attempts
at commercialization of stem cell therapy were unsuccessful.
Leveraging private and public resources to produce off-the-
shelf stem cell sources for clinical protocols is more likely to
succeed and should be embraced more in the future. In addi-
tion, future work will be required to determine the most ef-
fective methods to track stem cell efficacy in real time. An
extensive interaction will be required between disciplines,
such as the engineering and biological sciences, to develop
novel techniques for functional monitoring of stem cells and
the recipient organs. Additionally, biological and epidemio-
logical collaborations could provide a means to predict
whether additional positive outcomes are likely using a pa-
tient’s stem cell health as a guide.

The future of stem cell research and therapy is bright for
young scientists. Over the next decade, it is likely that at
least one or more stem cell therapy protocols will become
the standard of care for cardiac patients. However, there will
be a need over the next 10 years for scientific due diligence
to maximize the efficacy of stem cell therapy and the number
of patients receiving benefit. It is unlikely that pluripotent
stem cell sources will enter standard practice in the cardiac
field in the immediate future. There will be a high burden of
proof to show that a pluripotent source is safe, necessary, or
superior to then current guidelines of autologous cell therapy.
Despite this, work should continue, as autologous therapy is
only effective when there is sufficient cardiac mass remaining
to be recovered. Also, there are several conditions that re-
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Table 1. Comparison of the advantages and disadvantages of stem cells.
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Type Advantages

Disadvantages

References

Embryonic stem cells Pluripotent, unlimited quantity,
heritable gene defect correction,
off-the-shelf product potential,

broad biomedical applications

Induced pluripotent
stem cells

Pluripotent, autologous, pathology-
specific cell production, broad
biomedical applications

Hematopoietic stem Multipotent, paracrine effects,

cells autologous, standardized
isolation, many biomedical
applications
Mesenchymal stem Multipotent, paracrine effects,
cells autologous, standardized
isolation, many biomedical
applications
Endothelial progenitor Unipotent, paracrine effects,
cells autologous, high accessibility,

many biomedical applications

Organ-specific precur-
sors (e.g., CSCs,
NSCs, SkMBs, PSCs)

Unipotent, autologous,
organ-specific applications

Allogeneic rejection, limited accessibility,
complicated differentiation, teratoma
risk

Susceptible to autologous pathology, low
induction efficiency, awaiting standar-
dized production, complicated differ-
entiation, teratoma risk,
methodological oncogenesis, induced
histoincompatability

Susceptible to autologous pathology,
unable to sustain cells ex vivo, limited
number, limited accessibility, limited to
hematopoietic lineage

Susceptible to autologous pathology,
complicated accessibility, low transdif-
ferentiation potential

Susceptible to autologous pathology, low
quantity, undefined or undefinable
immunophenotype, awaiting standardized
isolation

Susceptible to autologous pathology, low
quantity and (or) accessibility,
undefined phenotype(s), awaiting
standardized isolation

Zhang et al. 2002; Rideout et al. 2002;
Swijnenburg et al. 2008a, 2008b; Bel et al.
2010; Lin et al. 2010; Lii et al. 2010; Song et
al. 2010; Dai et al. 2011; Deuse et al. 2011;
Xiong et al. 2011

Mabherali and Hochedlinger 2008; Nelson et al.
2009; Miura et al. 2009; Woltjen et al. 2009;
Blin et al. 2010; van Laake et al. 2010; Bar-Nur
et al. 2011; Mauritz et al. 2011; Pearl et
al. 2011; Narsinh et al. 2011

Nygren et al. 2004; Fujita et al. 2007; Templin
et al. 2008; Ha et al. 2010; Sun et al. 2010;
Li et al. 2010

Miyahara et al. 2006; Hare et al. 2009; Quevedo
et al. 2009; Schuleri et al. 2009; Hatzistergos
et al. 2010; Huang et al. 2010; Lee et al. 2010;
Chong et al. 2011

Werner et al. 2005; Abou-Saleh et al. 2009;
Desai et al. 2009; Frederick et al. 2010; Ach-
neck et al. 2011; Hynes et al. 2011; Richard-
son and Yoder 2011

Andersen et al. 2009; Domian et al. 2009;
Hansson et al. 2009; Lee et al. 2011; Le
Belle et al. 2011; Leri et al. 2011; Smart et
al. 2011; Smukler et al. 2011

Note: CSCs, cardiac stem cells; NSCs, neural stem cells; SkKMBs, skeletal myoblasts; PSCs, pancreatic stem cells.

quire cardiac reconstruction, which is likely to be achieved
only from a pluripotent source. Further, new methods of di-
agnosis and high-throughput therapeutic screening will
emerge with epigenetic or patient-specific pluripotent cell
lines established through standardized production. This will
open new opportunities for pharmacologic screening and a ba-
sic understanding of development, physiology, and pathology.

Beyond the cardiac field, assuming active phase I trials
with ESCs for macular dystrophy, macular degeneration, and
spinal cord injury are safe (ClinicalTrials.gov identifiers
NCT01345006, NCT0134493, and NCT01217008), the num-
ber of clinical trials may grow at an unprecedented rate.
There will be an ethical obligation to pursue these trials, and
they will likely expand the scope of stem cell therapy in trau-
matic injury, type I diabetes, muscular dystrophy, Parkinson’s
disease, or even multiple sclerosis and amyotrophic lateral
sclerosis. There are many lessons from the cardiac field that
will be invaluable. As in the cardiac field, there will be a
need to first initiate preclinical and then clinical trials that ad-
dress and optimize for safety, stem cell procurement, age, dis-
ease, current care, route of administration, dosing, and
timing. A growing number of highly qualified personnel will
be needed in all sectors of government and in basic, clinical,
and industrial science to meet this emerging demand.

Stem cell research and therapy have just begun to provide
clinical deliverables. It required a decade to move from first-
in-man trials to a definitive retrospective conclusion for the
application of autologous stem cell therapy in cardiac recov-
ery. The benefits to health care providers will emerge over a
similar period of time. Should investment grow over the next
decade, we should see translation happen much sooner and
more broadly as we learn from the past. It is important to
communicate and establish standardized protocols early in

preclinical and clinical trials. Age- and disease-appropriate
models are essential and should also consider the type of
therapy (pharmacology) already provided to the patients. In
the electronic information age, conference organizers could
be more focused on standardizing terminology, developing
standards of practice, and communicating active trials. Inves-
ting heavily in young scientists and educating more transla-
tional scientists from both a clinical and basic science
background is important. The concept of expanding the num-
ber of individual clinical scientists could also include clinical
and basic scientist partnerships. Academic researchers should
carefully review alternative approaches to knowledge transla-
tion. More extensive industrial partnership will be necessary
to provide new treatments for all patients requiring therapy.
Effective stem cell therapy relies heavily on multicentre trials
in all phases. It is important to build multicentre and interna-
tional partnerships and collaborations, perhaps through
shared funding opportunities. However, we conclude with
the cautionary fact that we still do not fully understand
many of the diseases we hope to treat. Stem cell therapy
does offer new promise for therapy, but it cannot succeed
without a thorough understanding of our expectations, which
is achievable only through extensive basic science.

Acknowledgments

Keith R. Brunt is a Fellow of the Heart and Stroke Foun-
dation of Canada. Ren-Ke Li holds a Canada Research Chair
in Cardiac Regeneration. This work was supported by a grant
from the Canadian Institutes of Health Research
(MOP102535 to Ren-Ke Li). We extend our sincere appreci-
ation to Kelly Davis for assistance in manuscript preparation
and submission.

Published by NRC Research Press



Can. J. Physiol. Pharmacol. Downloaded from www.nrcresearchpress.com by 198.84.235.119 on 06/09/19
For personal use only.

332

References

Abou-Saleh, H., Yacoub, D., Théorét, J.F., Gillis, M.A., Neagoe, P.E.,
Labarthe, B., et al. 2009. Endothelial progenitor cells bind and
inhibit platelet function and thrombus formation. Circulation, 120
(22): 2230-2239. doi:10.1161/CIRCULATIONAHA.109.894642.
PMID:19917882.

Achneck, H.E., Jamiolkowski, R.M., Jantzen, A.E., Haseltine, J.M.,
Lane, W.O., Huang, J.K., et al. 2011. The biocompatibility of
titanium cardiovascular devices seeded with autologous blood-
derived endothelial progenitor cells: EPC-seeded antithrombotic Ti
implants. Biomaterials, 32(1): 10-18. doi:10.1016/j.biomaterials.
2010.08.073. PMID:20926131.

Andersen, D.C., Andersen, P., Schneider, M., Jensen, H.B., and
Sheikh, S.P. 2009. Murine “cardiospheres” are not a source of
stem cells with cardiomyogenic potential. Stem Cells, 27(7):
1571-1581. doi:10.1002/stem.72. PMID:19544463.

Ankersmit, H.J., Hoetzenecker, K., Dietl, W., Soleiman, A., Horvat,
R., Wolfsberger, M., et al. 2009. Irradiated cultured apoptotic
peripheral blood mononuclear cells regenerate infarcted myocar-
dium. Eur. J. Clin. Invest. 39(6): 445-456. doi:10.1111/j.1365-
2362.2009.02111.x. PMID:19397690.

Assmus, B., Honold, J., Schichinger, V., Britten, M.B., Fischer-
Rasokat, U., Lehmann, R., et al. 2006. Transcoronary transplanta-
tion of progenitor cells after myocardial infarction. N. Engl. J.
Med. 355(12): 1222-1232. doi:10.1056/NEJMoa051779. PMID:
16990385.

Balsam, L.B., Wagers, A.J., Christensen, J.L., Kofidis, T., Weissman,
LL., and Robbins, R.C. 2004. Haematopoietic stem cells adopt
mature haematopoietic fates in ischaemic myocardium. Nature,
428(6983): 668—673. doi:10.1038/nature02460. PMID:15034594.

Bar-Nur, O., Russ, H.A., Efrat, S., and Benvenisty, N. 2011.
Epigenetic memory and preferential lineage-specific differentiation
in induced pluripotent stem cells derived from human pancreatic
islet Beta cells. Cell Stem Cell, 9(1): 17-23. doi:10.1016/j.stem.
2011.06.007. PMID:21726830.

Bel, A., Planat-Bernard, V., Saito, A., Bonnevie, L., Bellamy, V.,
Sabbah, L., et al. 2010. Composite cell sheets: a further step
toward safe and effective myocardial regeneration by cardiac
progenitors derived from embryonic stem cells. Circulation, 122
(11 Suppl.): S118-S123. doi:10.1161/CIRCULATIONAHA.109.
927293. PMID:20837902.

Blin, G., Nury, D., Stefanovic, S., Neri, T., Guillevic, O., Brinon, B.,
et al. 2010. A purified population of multipotent cardiovascular
progenitors derived from primate pluripotent stem cells engrafts in
postmyocardial infarcted nonhuman primates. J. Clin. Invest. 120
(4): 1125-1139. doi:10.1172/JC140120. PMID:20335662.

Boland, M.J., Hazen, J.L., Nazor, K.L., Rodriguez, A.R., Gifford, W.,
Martin, G., et al. 2009. Adult mice generated from induced
pluripotent stem cells. Nature, 461(7260): 91-94. doi:10.1038/
nature08310. PMID:19672243.

Brunt, K.R., Wu, J., Chen, J., Poeckel, D., Dercho, R.A., Melo, L.G.,
et al. 2012. Ex vivo Akt/HO-1 gene therapy to human endothelial
progenitor cells enhances myocardial infarction recovery. Cell
Transplant., In press.

Burns, L. 2009. “You are our only hope”: trading metaphorical
“magic bullets” for stem cell “superheroes”. Theor. Med. Bioeth.
30(6): 427-442. doi:10.1007/s11017-009-9126-0. PMID:
20035405.

Chimenti, I., Smith, R.R., Li, T.S., Gerstenblith, G., Messina, E.,
Giacomello, A., and Marban, E. 2010. Relative roles of direct
regeneration versus paracrine effects of human cardiosphere-
derived cells transplanted into infarcted mice. Circ. Res. 106(5):
971-980. doi:10.1161/CIRCRESAHA.109.210682. PMID:
20110532.

Can. J. Physiol. Pharmacol. Vol. 90, 2012

Chong, J.J., Chandrakanthan, V., Xaymardan, M., Asli, N.S., Li, J.,
Ahmed, I, et al. 2011. Adult cardiac-resident MSC-like stem cells
with a proepicardial origin. Cell Stem Cell, 9(6): 527-540. doi:10.
1016/j.stem.2011.10.002. PMID:22136928.

Chung, Y., Klimanskaya, L., Becker, S., Li, T., Maserati, M., Lu, S.J.,
et al. 2008. Human embryonic stem cell lines generated without
embryo destruction. Cell Stem Cell, 2(2): 113-117. doi:10.1016/j.
stem.2007.12.013. PMID:18371431.

Cohnheim, J. 1877. Vorlesungen iiber allgemeine Pathologie. Ein
Handbuch fiir Arzte und Studirende. Vol 1. Berlin: August
Hirschwald. pp. 634-650, 655-656.

Dai, B., Huang, W., Xu, M., Millard, R.W., Gao, M.H., Hammond,
H.K., et al. 2011. Reduced collagen deposition in infarcted
myocardium facilitates induced pluripotent stem cell engraftment
and angiomyogenesis for improvement of left ventricular function.
J. Am. Coll. Cardiol. 58(20): 2118-2127. doi:10.1016/j.jacc.2011.
06.062. PMID:22051336.

Desai, A., Glaser, A., Liu, D., Raghavachari, N., Blum, A., Zalos, G.,
et al. 2009. Microarray-based characterization of a colony assay
used to investigate endothelial progenitor cells and relevance to
endothelial function in humans. Arterioscler. Thromb. Vasc. Biol.
29(1): 121-127. doi:10.1161/ATVBAHA.108.174573. PMID:
19092138.

Deuse, T., Seifert, M., Phillips, N., Fire, A., Tyan, D., Kay, M., et al.
2011. Human leukocyte antigen I knockdown human embryonic
stem cells induce host ignorance and achieve prolonged xeno-
geneic survival. Circulation, 124(11 Suppl.): S3-S9. doi:10.1161/
CIRCULATIONAHA.111.020727. PMID:21911816.

Domian, LJ., Chiravuri, M., van der Meer, P., Feinberg, A.W., Shi,
X., Shao, Y., et al. 2009. Generation of functional ventricular heart
muscle from mouse ventricular progenitor cells. Science, 326
(5951): 426-429. doi:10.1126/science.1177350. PMID:19833966.

Evans, M.J., and Kaufman, M.H. 1981. Establishment in culture of
pluripotential cells from mouse embryos. Nature, 292(5819): 154—
156. doi:10.1038/292154a0. PMID:7242681.

Ferrari, G., Cusella-De Angelis, G., Coletta, M., Paolucci, E.,
Stornaiuolo, A., Cossu, G., and Mavilio, F. 1998. Muscle
regeneration by bone marrow-derived myogenic progenitors.
Science, 279(5356): 1528-1530. doi:10.1126/science.279.5356.
1528. PMID:9488650.

Frederick, J.R., Fitzpatrick, J.R., 3rd, McCormick, R.C., Harris, D.A.,
Kim, A.Y., Muenzer, J.R., et al. 2010. Stromal cell-derived factor-
lalpha activation of tissue-engineered endothelial progenitor cell
matrix enhances ventricular function after myocardial infarction by
inducing neovasculogenesis. Circulation, 122(11 Suppl.): S107-
S117. doi:10.1161/CIRCULATIONAHA.109.930404. PMID:
20837901.

French, AJ., Adams, C.A., Anderson, L.S., Kitchen, J.R., Hughes,
M.R., and Wood, S.H. 2008. Development of human cloned
blastocysts following somatic cell nuclear transfer with adult
fibroblasts. Stem Cells, 26(2): 485-493. doi:10.1634/stemcells.
2007-0252. PMID:18202077.

Fujita, J., Mori, M., Kawada, H., leda, Y., Tsuma, M., Matsuzaki, Y.,
et al. 2007. Administration of granulocyte colony-stimulating
factor after myocardial infarction enhances the recruitment of
hematopoietic stem cell-derived myofibroblasts and contributes to
cardiac repair. Stem Cells, 25(11): 2750-2759. doi:10.1634/
stemcells.2007-0275. PMID:17690181.

Furth, J., and Makhn, M.C. 1937. The transmission of leukemia of
mice with a single cell. Am. J. Cancer, 31: 276-282.

Gnecchi, M., He, H., Liang, O.D., Melo, L.G., Morello, F., Mu, H., et
al. 2005. Paracrine action accounts for marked protection of
ischemic heart by Akt-modified mesenchymal stem cells. Nat.

Published by NRC Research Press



Can. J. Physiol. Pharmacol. Downloaded from www.nrcresearchpress.com by 198.84.235.119 on 06/09/19
For personal use only.

Brunt et al.

Med. 11(4): 367-368. doi:10.1038/nm0405-367. PMID:
15812508.

Ha, S.P., Klemen, N.D., Kinnebrew, G.H., Brandmaier, A.G., Marsh,
J., Hangoc, G., et al. 2010. Transplantation of mouse HSCs
genetically modified to express a CD4-restricted TCR results in
long-term immunity that destroys tumors and initiates spontaneous
autoimmunity. J. Clin. Invest. 120(12): 4273-4288. doi:10.1172/
JCI43274. PMID:21084750.

Hansson, E.M., Lindsay, M.E., and Chien, K.R. 2009. Regeneration
next: toward heart stem cell therapeutics. Cell Stem Cell, 5(4):
364-377. doi:10.1016/j.stem.2009.09.004. PMID:19796617.

Harary, 1., and Farley, B. 1960. In vitro studies of single isolated
beating heart cells. Science, 131(3414): 1674-1675. doi:10.1126/
science.131.3414.1674. PMID:14399673.

Harary, 1., and Farley, B. 1963. In vitro studies on single beating rat
heart cells. II. Intercellular communication. Exp. Cell Res. 29(3):
466-474. doi:10.1016/S0014-4827(63)80009-9. PMID:13952709.

Hare, J.M., Traverse, J.H., Henry, T.D., Dib, N., Strumpf, R.K.,
Schulman, S.P., et al. 2009. A randomized, double-blind, placebo-
controlled, dose-escalation study of intravenous adult human
mesenchymal stem cells (prochymal) after acute myocardial
infarction. J. Am. Coll. Cardiol. 54(24): 2277-2286. doi:10.
1016/j.jacc.2009.06.055. PMID:19958962.

Hatzistergos, K.E., Quevedo, H., Oskouei, B.N., Hu, Q., Feigenbaum,
G.S., Margitich, I.S., et al. 2010. Bone marrow mesenchymal stem
cells stimulate cardiac stem cell proliferation and differentiation.
Circ. Res. 107(7): 913-922. doi:10.1161/CIRCRESAHA.110.
222703. PMID:20671238.

Huang, X.P., Sun, Z., Miyagi, Y., McDonald Kinkaid, H., Zhang, L.,
Weisel, R.D., and Li, R.K. 2010. Differentiation of allogeneic
mesenchymal stem cells induces immunogenicity and limits their
long-term benefits for myocardial repair. Circulation, 122(23):
2419-2429. doi:10.1161/CIRCULATIONAHA.110.955971.
PMID:21098445.

Hynes, B., Kumar, A.H., O’Sullivan, J., Klein Buneker, C., Leblond,
A.L., Weiss, S., et al. 2011. Potent endothelial progenitor cell-
conditioned media-related anti-apoptotic, cardiotrophic, and pro-
angiogenic effects post-myocardial infarction are mediated by
insulin-like growth factor-1. Eur. Heart J. In press. PMID:
22173909.

Ieda, M., Fu, J.D., Delgado-Olguin, P., Vedantham, V., Hayashi, Y.,
Bruneau, B.G., and Srivastava, D. 2010. Direct reprogramming of
fibroblasts into functional cardiomyocytes by defined factors. Cell,
142(3):  375-386. doi:10.1016/j.cell.2010.07.002. PMID:
20691899.

Kang, L., Wang, J., Zhang, Y., Kou, Z., and Gao, S. 2009. iPS cells
can support full-term development of tetraploid blastocyst-
complemented embryos. Cell Stem Cell, 5(2): 135-138. doi:10.
1016/j.stem.2009.07.001. PMID:19631602.

Le Belle, J.E., Orozco, N.M., Paucar, A.A., Saxe, J.P., Mottahedeh, J.,
Pyle, A.D., et al. 2011. Proliferative neural stem cells have high
endogenous ROS levels that regulate self-renewal and neurogen-
esis in a PI3K/Akt-dependant manner. Cell Stem Cell, 8(1): 59-71.
doi:10.1016/j.stem.2010.11.028. PMID:21211782.

Lee, C.H., Shah, B., Moioli, E.K., and Mao, J.J. 2010. CTGF directs
fibroblast differentiation from human mesenchymal stem/stromal
cells and defines connective tissue healing in a rodent injury
model. J. Clin. Invest. 120(9): 3340-3349. doi:10.1172/1CI143230.
PMID:20679726.

Lee, S.T., White, A.J., Matsushita, S., Malliaras, K., Steenbergen, C.,
Zhang, Y., et al. 2011. Intramyocardial injection of autologous
cardiospheres or cardiosphere-derived cells preserves function and
minimizes adverse ventricular remodeling in pigs with heart failure

333

post-myocardial infarction. J. Am. Coll. Cardiol. 57(4): 455-465.
doi:10.1016/j.jacc.2010.07.049. PMID:21251587.

Leor, J., Patterson, M., Quinones, M.J., Kedes, L.H., and Kloner, R.A.
1996. Transplantation of fetal myocardial tissue into the
infarcted myocardium of rat. A potential method for repair of
infarcted myocardium? Circulation, 94(9 Suppl.): 11332-11336.
PMID:8901770.

Leri, A., Kajstura, J., and Anversa, P. 2011. Role of cardiac stem cells
in cardiac pathophysiology: a paradigm shift in human myocardial
biology. Circ. Res. 109(8): 941-961. doi:10.1161/CIRCRESAHA.
111.243154. PMID:21960726.

Li, R.K., Mickle, D.A.G., Weisel, R.D., Mohabeer, M.K., and Zhang,
J. 1995. Cardiac cell transplantation. /n Mechanisms of heart
failure. Edited by P.K. Singal, LM.C. Dixon, R.E. Beamish, and N.
S. Dhalla. Kluwer Academic Publisher; Boston. pp. 137-147.

Li, R.K,, Jia, Z.Q., Weisel, R.D., Mickle, D.A., Zhang, J., Mohabeer,
M.K., et al. 1996. Cardiomyocyte transplantation improves heart
function. Ann. Thorac. Surg. 62(3): 654—-660, discussion 660-661.
doi:10.1016/S0003-4975(96)00389-X. PMID:8783989.

Li, R.K., Mickle, D.A., Weisel, R.D., Rao, V., and Jia, Z.Q. 2001.
Optimal time for cardiomyocyte transplantation to maximize
myocardial function after left ventricular injury. Ann. Thorac.
Surg. 72(6): 1957-1963. doi:10.1016/S0003-4975(01)03216-7.
PMID:11789777.

Li, B., Cohen, A., Hudson, T.E., Motlagh, D., Amrani, D.L., and
Duffield, J.S. 2010. Mobilized human hematopoietic stem/
progenitor cells promote kidney repair after ischemia/reperfusion
injury.  Circulation, 121(20): 2211-2220. doi:10.1161/
CIRCULATIONAHA.109.928796. PMID:20458011.

Lichtenauer, M., Mildner, M., Baumgartner, A., Hasun, M., Werba,
G., Beer, L., et al. 2011a. Intravenous and intramyocardial
injection of apoptotic white blood cell suspensions prevents
ventricular remodelling by increasing elastin expression in cardiac
scar tissue after myocardial infarction. Basic Res. Cardiol. 106(4):
645-655. doi:10.1007/s00395-011-0173-0. PMID:21416207.

Lichtenauer, M., Mildner, M., Hoetzenecker, K., Zimmermann, M.,
Podesser, B.K., Sipos, W., et al. 2011b. Secretome of apoptotic
periphera blood cells (APOSEC) confers cytoprotection to
cardiomyocytes and inhibits tissue remodelling after acute
myocardial infarction: a preclinical study. Basic Res. Cardiol.
106(6): 1283-1297. doi:10.1007/s00395-011-0224-6. PMID:
21952733.

Lin, Q., Fu, Q., Zhang, Y., Wang, H., Liu, Z., Zhou, J., et al. 2010.
Tumourigenesis in the infarcted rat heart is eliminated through
differentiation and enrichment of the transplanted embryonic stem
cells. Eur. J. Heart Fail. 12(11): 1179-1185. doi:10.1093/eurjhf/
hfq144. PMID:20817694.

Loffredo, E.S., Steinhauser, M.L., Gannon, J., and Lee, R.T. 2011.
Bone marrow-derived cell therapy stimulates endogenous cardio-
myocyte progenitors and promotes cardiac repair. Cell Stem Cell,
8(4): 389-398. doi:10.1016/j.stem.2011.02.002. PMID:21474103.

Lu, S., Li, Y., Gao, S., Liu, S., Wang, H., He, W., et al. 2010.
Engineered heart tissue graft derived from somatic cell nuclear
transferred embryonic stem cells improve myocardial performance
in infarcted rat heart. J. Cell. Mol. Med. 14(12): 2771-2779.
doi:10.1111/5.1582-4934.2010.01112.x. PMID:20586830.

Lunde, K., Solheim, S., Aakhus, S., Arnesen, H., Abdelnoor, M.,
Egeland, T., et al. 2006. Intracoronary injection of mononuclear
bone marrow cells in acute myocardial infarction. N. Engl. J. Med.
355(12): 1199-1209. doi:10.1056/NEJMo0a055706. PMID:
16990383.

Maehle, A.-H. 2011. Ambiguous cells: the emergence of the stem cell
concept in the nineteenth and twentieth centuries. Notes Rec. R.
Soc., 65(4): 359-378. doi:10.1098/rsnr.2011.0023.

Published by NRC Research Press



Can. J. Physiol. Pharmacol. Downloaded from www.nrcresearchpress.com by 198.84.235.119 on 06/09/19
For personal use only.

334

Mabherali, N., and Hochedlinger, K. 2008. Guidelines and techniques
for the generation of induced pluripotent stem cells. Cell Stem
Cell, 3(6): 595-605. doi:10.1016/j.stem.2008.11.008. PMID:
19041776.

Main, J.M., and Prehn, R.T. 1955. Successful skin homografts after
the administration of high dosage X radiation and homologous
bone marrow. J. Natl. Cancer Inst. 15(4): 1023-1029. PMID:
13233946.

Makino, S., Fukuda, K., Miyoshi, S., Konishi, F., Kodama, H., Pan,
J., et al. 1999. Cardiomyocytes can be generated from marrow
stromal cells in vitro. J. Clin. Invest. 103(5): 697-705. doi:10.
1172/JC15298. PMID:10074487.

Martin, G.R. 1981. Isolation of a pluripotent cell line from early
mouse embryos cultured in medium conditioned by teratocarci-
noma stem cells. Proc. Natl. Acad. Sci. U.S.A. 78(12): 7634-7638.
doi:10.1073/pnas.78.12.7634. PMID:6950406.

Mauritz, C., Martens, A., Rojas, S.V., Schnick, T., Rathert, C.,
Schecker, N., et al. 2011. Induced pluripotent stem cell (iPSC)-
derived Flk-1 progenitor cells engraft, differentiate, and improve
heart function in a mouse model of acute myocardial infarction.
Eur. Heart J. 32(21): 2634-2641. doi:10.1093/eurheartj/ehr166.
PMID:21596799.

Miura, K., Okada, Y., Aoi, T., Okada, A., Takahashi, K., Okita, K., et
al. 2009. Variation in the safety of induced pluripotent stem cell
lines. Nat. Biotechnol. 27(8): 743-745. doi:10.1038/nbt.1554.
PMID:19590502.

Miyahara, Y., Nagaya, N., Kataoka, M., Yanagawa, B., Tanaka, K.,
Hao, H., et al. 2006. Monolayered mesenchymal stem cells repair
scarred myocardium after myocardial infarction. Nat. Med. 12(4):
459-465. doi:10.1038/nm1391. PMID:16582917.

Mougquet, F., Lemesle, G., Delhaye, C., Charbonnel, C., Ung, A.,
Corseaux, D., et al. 2011. The presence of apoptotic bone marrow
cells impairs the efficacy of cardiac cell therapy. Cell Transplant.
20(7): 1087-1097. doi:10.3727/096368910X544924. PMID:
21092407.

Murry, C.E., Soonpaa, M.H., Reinecke, H., Nakajima, H., Nakajima,
H.O., Rubart, M., et al. 2004. Haematopoietic stem cells do not
transdifferentiate into cardiac myocytes in myocardial infarcts.
Nature, 428(6983): 664—668. doi:10.1038/nature02446. PMID:
15034593.

Nagy, A., Rossant, J., Nagy, R., Abramow-Newerly, W., and Roder, J.
C. 1993. Derivation of completely cell culture-derived mice from
early-passage embryonic stem cells. Proc. Natl. Acad. Sci. U.S.A.
90(18): 8424-8428. doi:10.1073/pnas.90.18.8424. PMID:
8378314.

Nakamura, Y., Yasuda, T., Weisel, R.D., and Li, R.K. 2006.
Enhanced cell transplantation: preventing apoptosis increases cell
survival and ventricular function. Am. J. Physiol. Heart Circ.
Physiol. 291(2): H939-H947. doi:10.1152/ajpheart.00155.2006.
PMID:16582022.

Narsinh, K.H., Sun, N., Sanchez-Freire, V., Lee, A.S., Almeida, P.,
Hu, S., et al. 2011. Single cell transcriptional profiling reveals
heterogeneity of human induced pluripotent stem cells. J. Clin.
Invest. 121(3): 1217-1221. doi:10.1172/IC144635. PMID:
21317531.

Nelson, T.J., Martinez-Fernandez, A., Yamada, S., Perez-Terzic, C.,
Ikeda, Y., and Terzic, A. 2009. Repair of acute myocardial
infarction by human stemness factors induced pluripotent stem
cells. Circulation, 120(5): 408-416. doi:10.1161/
CIRCULATIONAHA.109.865154. PMID:19620500.

Notta, F., Doulatov, S., Laurenti, E., Poeppl, A., Jurisica, L., and Dick,
J.E. 2011. Isolation of single human hematopoietic stem cells
capable of long-term multilineage engraftment. Science, 333
(6039): 218-221. doi:10.1126/science.1201219. PMID:21737740.

Can. J. Physiol. Pharmacol. Vol. 90, 2012

Nygren, J.M., Jovinge, S., Breitbach, M., Sawen, P., Roll, W.,
Hescheler, J., et al. 2004. Bone marrow-derived hematopoietic
cells generate cardiomyocytes at a low frequency through cell
fusion, but not transdifferentiation. Nat. Med. 10(5): 494-501.
doi:10.1038/nm1040. PMID:15107841.

Orlic, D., Kajstura, J., Chimenti, S., Jakoniuk, I., Anderson, S.M., Li,
B., et al. 2001. Bone marrow cells regenerate infarcted
myocardium. Nature, 410(6829): 701-705. doi:10.1038/
35070587. PMID:11287958.

Pappenheim, A. 1907. Zwei Fille akuter grosslymphozytirer
Leukémie. Fol. Haematol. 4: 301-308.

Pappenheim, A. 1917. Prinzipien der neuen morphologischen
Haematologie nach zytogenetischer Grundlage. Fol. Haematol.
21: 91-101.

Pearl, J.I., Lee, A.S., Leveson-Gower, D.B., Sun, N., Ghosh, Z., Lan,
F., et al. 2011. Short-term immunosuppression promotes engraft-
ment of embryonic and induced pluripotent stem cells. Cell Stem
Cell, 8(3): 309-317. doi:10.1016/j.stem.2011.01.012. PMID:
21362570.

Quevedo, H.C., Hatzistergos, K.E., Oskouei, B.N., Feigenbaum, G.S.,
Rodriguez, J.E., Valdes, D., et al. 2009. Allogeneic mesenchymal
stem cells restore cardiac function in chronic ischemic cardiomyo-
pathy via trilineage differentiating capacity. Proc. Natl. Acad. Sci.
U.S.A. 106(33): 14022-14027. doi:10.1073/pnas.0903201106.
PMID:19666564.

Reffelmann, T., Konemann, S., and Kloner, R.A. 2009. Promise of
blood- and bone marrow-derived stem cell transplantation for
functional cardiac repair. J. Am. Coll. Cardiol. 53(4): 305-308.
doi:10.1016/j.jacc.2008.10.018. PMID:19161877.

Richardson, M.R., and Yoder, M.C. 2011. Endothelial progenitor
cells: quo vadis? J. Mol. Cell. Cardiol. 50(2): 266-272. doi:10.
1016/j.yjmcc.2010.07.009. PMID:20673769.

Rideout, W.M., III, Hochedlinger, K., Kyba, M., Daley, G.Q., and
Jaenisch, R. 2002. Correction of a genetic defect by nuclear
transplantation and combined cell and gene therapy. Cell, 109(1):
17-27. doi:10.1016/S0092-8674(02)00681-5. PMID:11955443.

Scarlett, CJ., Colvin, E.K., Pinese, M., Chang, D.K., Morey, A.L.,
Musgrove, E.A., et al. 2011. Recruitment and activation of
pancreatic stellate cells from the bone marrow in pancreatic
cancer: a model of tumor-host interaction. PLoS ONE, 6(10):
€26088. doi:10.1371/journal.pone.0026088. PMID:22022519.

Schiéchinger, V., Erbs, S., Elsdsser, A., Haberbosch, W., Hambrecht,
R., Holschermann, H., et al. REPAIR-AMI Investigators. 2006.
Intracoronary bone marrow-derived progenitor cells in acute
myocardial infarction. N. Engl. J. Med. 355(12): 1210-1221.
doi:10.1056/NEJM0a060186. PMID:16990384.

Scherer, W.E., Syverton, J.T., and Gey, G.O. 1953. Studies on the
propagation in vitro of poliomyelitis viruses. IV. Viral multi-
plication in a stable strain of human malignant epithelial cells
(strain HeLa) derived from an epidermoid carcinoma of the cervix.
J. Exp. Med. 97(5): 695-710. doi:10.1084/jem.97.5.695. PMID:
13052828.

Schuleri, K.H., Feigenbaum, G.S., Centola, M., Weiss, E.S., Zimmet,
J.M., Turney, J., et al. 2009. Autologous mesenchymal stem cells
produce reverse remodelling in chronic ischaemic cardiomyopathy.
Eur. Heart J. 30(22): 2722-2732. doi:10.1093/eurheartj/ehp265.
PMID:19586959.

Smart, N., Bollini, S., Dubé, K.N., Vieira, J.M., Zhou, B., Davidson,
S., et al. 2011. De novo cardiomyocytes from within the activated
adult heart after injury. Nature, 474(7353): 640-644. doi:10.1038/
nature10188. PMID:21654746.

Smukler, S.R., Arntfield, M.E., Razavi, R., Bikopoulos, G.,
Karpowicz, P., Seaberg, R., et al. 2011. The adult mouse and
human pancreas contain rare multipotent stem cells that express

Published by NRC Research Press



Can. J. Physiol. Pharmacol. Downloaded from www.nrcresearchpress.com by 198.84.235.119 on 06/09/19
For personal use only.

Brunt et al.

insulin. Cell Stem Cell, 8(3): 281-293. doi:10.1016/j.stem.2011.
01.015. PMID:21362568.

Song, H., Yoon, C., Kattman, S.J., Dengler, J., Massé, S.,
Thavaratnam, T., et al. 2010. Interrogating functional integration
between injected pluripotent stem cell-derived cells and surrogate
cardiac tissue. Proc. Natl. Acad. Sci. U.S.A. 107(8): 3329-3334.
doi:10.1073/pnas.0905729106. PMID:19846783.

Soonpaa, M.H., Koh, G.Y., Klug, M.G., and Field, LJ. 1994.
Formation of nascent intercalated disks between grafted fetal
cardiomyocytes and host myocardium. Science, 264(5155): 98—
101. doi:10.1126/science.8140423. PMID:8140423.

Strauer, B.E., and Steinhoff, G. 2011. 10 years of intracoronary and
intramyocardial bone marrow stem cell therapy of the heart: from
the methodological origin to clinical practice. J. Am. Coll. Cardiol.
58(11): 1095-1104. doi:10.1016/j.jacc.2011.06.016. PMID:
21884944.

Strauer, B.E., Brehm, M., Zeus, T., Gattermann, N., Hernandez, A.,
Sorg, R.V,, et al. 2001. Intrakoronare, humane autologe Stamm-
zelltransplantation zur Myokardregeneration nach Herzinfarkt.
Dtsch. Med. Wochenschr. 126(34-35): 932-938. [Intracoronary,
human autologous stem cell transplantation for myocardial
regeneration following myocardial infarction.] [Article in Ger-
man.] doi:10.1055/s-2001-16579-1. PMID:11523014.

Sun, Z., Zhang, Y., Brunt, K.R., Wu, J., Li, S.H., Fazel, S., et al.
2010. An adult uterine hemangioblast: evidence for extramedul-
lary self-renewal and clonal bilineage potential. Blood, 116(16):
2932-2941. doi:10.1182/blood-2010-01-266882. PMID:
20606165.

Swijnenburg, R.J., Schrepfer, S., Cao, F., Pearl, J.I, Xie, X,
Connolly, A.J., et al. 2008a. In vivo imaging of embryonic stem
cells reveals patterns of survival and immune rejection following
transplantation. Stem Cells Dev. 17(6): 1023-1029. doi:10.1089/
s¢d.2008.0091. PMID:18491958.

Swijnenburg, R.J., Schrepfer, S., Govaert, J.A., Cao, F., Ransohoff,
K., Sheikh, A.Y., et al. 2008b. Immunosuppressive therapy
mitigates immunological rejection of human embryonic stem cell
xenografts. Proc. Natl. Acad. Sci. U.S.A. 105(35): 12991-12996.
doi:10.1073/pnas.0805802105. PMID:18728188.

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T.,
Tomoda, K., and Yamanaka, S. 2007. Induction of pluripotent
stem cells from adult human fibroblasts by defined factors. Cell,
131(5): 861-872. doi:10.1016/j.cell.2007.11.019. PMID:
18035408.

Templin, C., Kotlarz, D., Faulhaber, J., Schnabel, S., Grote, K.,
Salguero, G., et al. 2008. Ex vivo expanded hematopoietic
progenitor cells improve cardiac function after myocardial
infarction: role of beta-catenin transduction and cell dose. J.
Mol. Cell. Cardiol. 45(3): 394-403. doi:10.1016/j.yjmcc.2008.06.
010. PMID:18671980.

Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A.,
Swiergiel, J.J., Marshall, V.S., and Jones, J.M. 1998. Embryonic
stem cell lines derived from human blastocysts. Science, 282

335

(5391): 1145-1147. doi:10.1126/science.282.5391.1145. PMID:
9804556.

Thum, T., Bauersachs, J., Poole-Wilson, P.A., Volk, H.D., and Anker,
S.D. 2005. The dying stem cell hypothesis: immune modulation as
a novel mechanism for progenitor cell therapy in cardiac muscle. J.
Am. Coll. Cardiol. 46(10): 1799-1802. doi:10.1016/j.jacc.2005.
07.053. PMID:16286162.

Tomita, S., Li, R.K., Weisel, R.D., Mickle, D.A., Kim, E.J., Sakai, T.,
and Jia, Z.Q. 1999. Autologous transplantation of bone marrow
cells improves damaged heart function. Circulation, 100(19
Suppl.): 11247-11256. PMID:10567312.

van Laake, L.W., Qian, L., Cheng, P., Huang, Y., Hsiao, E.C.,
Conklin, B.R., and Srivastava, D. 2010. Reporter-based isolation
of induced pluripotent stem cell- and embryonic stem cell-derived
cardiac progenitors reveals limited gene expression variance. Circ.
Res. 107(3): 340-347. doi:10.1161/CIRCRESAHA.109.215434.
PMID:20558827.

Wang, C.H., Anderson, N., Li, S.H., Szmitko, P.E., Cherng, W.J.,
Fedak, P.W., et al. 2006. Stem cell factor deficiency is
vasculoprotective: unraveling a new therapeutic potential of
imatinib mesylate. Circ. Res. 99(6): 617-625. doi:10.1161/01.
RES.0000243210.79654.fd. PMID:16931795.

Werner, N., Kosiol, S., Schiegl, T., Ahlers, P., Walenta, K., Link, A.,
et al. 2005. Circulating endothelial progenitor cells and cardio-
vascular outcomes. N. Engl. J. Med. 353(10): 999-1007. doi:10.
1056/NEJMoa043814. PMID:16148285.

Woltjen, K., Michael, I.P., Mohseni, P., Desai, R., Mileikovsky, M.,
Himildinen, R., et al. 2009. piggyBac transposition reprograms
fibroblasts to induced pluripotent stem cells. Nature, 458(7239):
766-770. doi:10.1038/nature07863. PMID:19252478.

Xiao, Y., Li, H., Zhang, J., Volk, A., Zhang, S., Wei, W, et al. 2011.
TNF-a/Fas-RIP-1-induced cell death signaling separates murine
hematopoietic stem cells/progenitors into 2 distinct populations.
Blood, 118(23): 6057-6067. doi:10.1182/blood-2011-06-359448.
PMID:21989986.

Xiong, Q., Hill, K.L., Li, Q., Suntharalingam, P., Mansoor, A., Wang,
X., et al. 2011. A fibrin patch-based enhanced delivery of human
embryonic stem cell-derived vascular cell transplantation in a
porcine model of postinfarction left ventricular remodeling. Stem
Cells, 29(2): 367-375. doi:10.1002/stem.580. PMID:21732493.

Zhang, Y.M., Hartzell, C., Narlow, M., and Dudley, S.C., Jr. 2002.
Stem cell-derived cardiomyocytes demonstrate arrhythmic poten-
tial. Circulation, 106(10): 1294-1299. doi:10.1161/01.CIR.
0000027585.05868.67. PMID:12208808.

Zhao, X.Y., Li, W,, Lv, Z., Liu, L., Tong, M., Hai, T., et al. 2009. iPS
cells produce viable mice through tetraploid complementation.
Nature, 461(7260): 86-90. doi:10.1038/nature08267. PMID:
19672241.

Zhao, T., Zhang, Z.N., Rong, Z., and Xu, Y. 2011. Immunogenicity of
induced pluripotent stem cells. Nature, 474(7350): 212-215.
PMID:21572395.

Published by NRC Research Press




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


