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medicine will become the keys to improving life 
quality and increasing human life span.

Overall, there are 2 important goals of regen‑
erative medicine. The first is to employ stem cells 
efficiently and safely in therapies for injured or‑
gans and tissues. It is believed that, in the future, 
the transplantation of the entire organs will be 
largely replaced by the transplantation of a sus‑
pension of stem cells directed to the given organ, 
alone or in combination with organic or synthetic 
scaffolds, which will perform the task of rebuild‑
ing the injured tissues.8 However, there is also 
a second important and parallel goal of regener‑
ative medicine that is widely understood. Since 
stem cells are continuously regenerating our tis‑
sues and playing a crucial role in the replacement 
of senescent and used‑up somatic cells, an impor‑
tant goal is to develop strategies that will improve 

Introduction  Current clinical results with stem 
cell therapies, except in the field of hematopoi‑
etic transplants, remain mostly in the realm of 
wishful thinking. However, evidence has accu‑
mulated that stem cell therapies are moving in 
the right direction, and there is justifiable hope 
that more efficient strategies will be developed in 
the near future. On this basis, therapeutic strat‑
egies employing stem cells have been proposed 
as alternative therapies for a multitude of dam‑
aged organs such as the myocardium after heart 
infarction, brain after stroke, spinal cord after 
mechanical injury, age‑related macular degen‑
eration of the retina, damaged liver, extensive 
skin burns, diabetes, and Parkinson disease.1-7 It 
is believed that technologies leading to optimi‑
zation of the clinical use of stem cells in the new 
and developing clinical discipline of regenerative 
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ABSTRACT

Regenerative medicine is searching for stem cells that can be safely and efficiently employed for regenera‑
tion of damaged solid organs (e.g., the heart, brain, or liver). Ideal for this purpose would be pluripotent 
stem cells, which, according to their definition, have broad potential to differentiate into all types of adult 
cells. For almost 20 years, there have been unsuccessful attempts to harness controversial embryonic 
stem cells (ESCs) isolated from embryos. Induced pluripotent stem cells (iPSCs), generated by genetic 
modification of adult somatic cells, are a more promising source. However, both iPSC and ESCs are 
associated with a risk of teratoma formation. At the same time, various types of more‑differentiated 
adult stem and progenitor cells derived from the bone marrow, umbilical cord blood, mobilized peripheral 
blood, or fat tissue are being employed in clinical trials to regenerate damaged solid organs. However, 
for most of these cells, there is a lack of convincing documentation for successful regeneration of the 
treated organs. Beneficial effects of those cells might be explained by paracrine effects of growth fac‑
tors, cytokines, chemokines, bioactive lipids, and extracellular microvesicles, which are released from 
the cells and have trophic, antiapoptotic, and angiopoietic effects. Nevertheless, there is evidence that 
adult tissues harbor a promising population of very rare dormant stem cells with broad differentiation 
potential. In this review, we will discuss various potential sources of stem cells for regenerative medi‑
cine and the mechanisms that explain some of their beneficial effects as well as highlight the results 
of the first clinical trials.
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(meso-, ecto-, and endoderm) in the case of PSCs 
or from 2 germ layers in the case of MultSCs.10 
Based on encouraging data in experimental an‑
imals, several types of stem cells isolated from 
embryonic and adult tissues hold a more‑or‑less 
justified promise for treating patients. Thus, we 
will discuss the pros and cons for both ESCs and 
nonembryonic sources of stem cells, including in‑
duced PSCs (iPSCs) and stem cells isolated from 
adult tissues.

Pluripotent stem cells derived from embryos  There 
are 2 potential sources of PSCs isolated from em‑
bryos (FIGURE 1), namely, those isolated from sur‑
plus embryos stored in in‑vitro fertilization clin‑
ics or PSCs obtained by employing nuclear trans‑
fer to oocytes in the process of so called thera‑
peutic cloning.1,10-12

ESCs are pluripotent stem cells isolated from 
embryos. As mentioned above, early‑development 
embryonic tissues are a potential source of PSCs, 
and such cells can be obtained from the develop‑
ing morula or blastocyst using, for example, fro‑
zen surplus embryos that are stored in in‑vitro 
fertility clinics (FIGURE 1). By this means, sever‑
al human ESC lines have been established.13 Un‑
fortunately, obtaining PSCs from stored frozen 
human embryos for therapeutic purposes is con‑
troversial, and it is well known that there will be 
differences in tissue histocompatibility between 
stem cells derived from such embryos and poten‑
tial recipients. Specifically, because the embryo 
has inherited a unique set of parent‑derived HLA 
antigens,11 ESCs will differentiate into cells with 
different sets of histocompatibility antigens than 
the potential recipient and will be recognized by 
the immune system of the recipient as allogene‑
ic. Moreover, these cell lines have been demon‑
strated to change their properties over time in 
culture. Also, given the ethical and technical con‑
siderations, it is hard to imagine obtaining such 
embryos on demand for a specific patient from 
biological parents who want to save one of their 
children. Finally, studies in experimental animals 
as recipients of such cells have demonstrated that 
administration of established ESC lines may lead 
to the development of teratomas.14

Pluripotent stem cells obtained as a result of thera‑
peutic cloning  Taking into consideration the eth‑
ical aspects and technical problems in obtaining 
normal human embryos and with the awareness 
that ESCs received from such embryos will differ‑
entiate into tissues that are not histocompatible 
with the recipient’s tissues, an alternative strate‑
gy has been developed for obtaining histocompat‑
ible PSCs in the laboratory as a result of so called 
therapeutic cloning. The strategy of therapeutic 
cloning requires a donor ovum and consists in cre‑
ating a cell in vitro called a clonote (FIGURE 1), which 
is equivalent in developmental potential to a zy‑
gote (fertilized oocyte).11-15 During the creation 
of clonotes, the nucleus is removed from the do‑
nated oocyte, and the cytoplasm of the ovum is 

the quality of life and longevity by improving 
the regenerative potential and proper function‑
ing of adult stem cells residing in various organs.9

In seeking our first goal, we need to identify 
a population of stem cells that will be able to dif‑
ferentiate into all types of adult cells and design ef‑
ficient strategies to reconstruct the 3‑dimensional 
structure of damaged tissue, or, which even to‑
day sounds like science fiction, to grow an entire 
organ in a dish. As another goal, we need to un‑
ravel the mechanisms that effectively maintain 
the population of stem cells throughout life and 
that prevent their senescence and thus their po‑
tentially premature depletion form adult tissues. 
No tissue can regenerate if the stem cells are not 
functioning properly.

In this review, we will first present the cur‑
rent strategies creating or isolating embryonic 
stem cells (ESCs) for the purposes of regenera‑
tive medicine. We will discuss the pros and cons 
of using such cells and explain why these cells are 
not employed in the clinic. Next, we will intro‑
duce the various types of stem cells isolated from 
adult tissues, including some rare populations of 
early‑development stem cells. We will also discuss 
the advantages and disadvantages of using adult 
tissue‑derived cells in regenerative medicine and 
highlight the results of the first clinical trials.

Finally, we will focus on the development of 
preventive and therapeutic strategies to maintain 
the population of adult stem cells in vital organs 
under optimal conditions for tissue and organ 
rejuvenation and regeneration throughout life. 
It is entirely true that a healthy stem cell com‑
partment is required to maintain a healthy body.

Search for a noncontroversial, safe, and efficient 
source of stem cells for regenerative medicine  For 
the purposes of regenerative medicine, the ideal 
stem cells would be pluripotent stem cells (PSCs) 
or multipotent stem cells (MultSCs), which, ac‑
cording to their definition, have a broad potential 
to differentiate into cells from all 3 germ layers 

FIGURE 1  Pluripotent 
stem cells (PSCs) 
obtained from embryos; 
PSCs isolated from 
zygote‑derived 
blastocysts in the normal 
process of fertilization; 
PSCs can also be 
obtained by means of so 
called therapeutic 
cloning, as the result of 
transfer of the nucleus 
from adult somatic cells 
into an enucleated 
oocyte
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Induced pluripotent stem cells  These noncontro‑
versial (from an ethical point of view) stem cells 
are derived by genetic modification of mature 
postnatal somatic cells (FIGURE 2) by their trans‑
formation in vitro using genes encoding key tran‑
scription factors for the development of ESCs 
(Oct‑4, Nanog, Klf4, c‑myc). These genes are intro‑
duced into the somatic cells (e.g., fibroblasts) us‑
ing retroviral vectors.1,11,12 As a result of this strat‑
egy, a transformed cell can be obtained that can 
differentiate into cells derived from all 3 germ 
layers. However, such transformation is relative‑
ly rare because on average 1 cell in several thou‑
sands undergoing the aforementioned genetic ma‑
nipulation yields to transformation (is induced 
to the embryonic stage) and begins to prolifer‑
ate, creating a clone consisting of iPSCs.12 Re‑
cently, some modifications to this strategy have 
been described that employ more limited num‑
bers of genes in the transduction process, mi‑
croRNA (miRNA), or even small molecules.12 Sur‑
prisingly, similar effects have been recently ob‑
tained by stressing somatic cells with a mildly 
acidic bath or even vigorous trituration to gener‑
ate stimulus‑triggered acquisition of pluripoten‑
cy cells.17 However, this process for generating iP‑
SCs is difficult to control, and the cells obtained 
as a result of this strategy, such as ESCs obtained 
from embryos, also create teratomas in experi‑
mental animal models.14 This problem must be 
solved prior to the clinical use of such cells. Fur‑
thermore, the transduction of genes into somatic 
cells as a step in generating iPSCs additionally dis‑
turbs the structure and organization of the DNA, 
which in turn may lead to mutations and growth 
of neoplastic cells.18 It has also been reported 
that iPSCs are potentially immunogenic and re‑
jected by the recipient immune system.19 Never‑
theless, iPSCs have been proposed as an ethical‑
ly acceptable source of PSCs that are an alterna‑
tive to ESCs isolated from embryos. 

The creation of iPSCs is not burdened with 
the problem of obtaining human ova, and, most 
importantly, the cells generated from iPSCs will 
have the same histocompatibility genes as the po‑
tential recipient. In a recent report, iPSCs were 
reported to have a totipotent character similar 
to that of a fertilized oocyte.20 This potential to 
give rise to both the embryo and placenta may 
again raise issues concerning the ethical deriva‑
tion of such normal transformed (induced to to‑
tipotency) cells.

Cells with pluripotent and multipotent stem cell char‑
acteristics isolated from adult postnatal tissues  Cu‑
mulative evidence from several laboratories shows 
that very rare cells that express some early
‑development embryonic markers may reside in 
adult tissues,11 indicating their close relationship 
to the early stages of embryonic development. In 
support of the presence of early‑development 
stem cells in postnatal life, several types of pu‑
tative PSCs/MultSCs have been described and 
isolated, primarily from the bone marrow (BM), 

used as a biochemical incubator to dedifferenti‑
ate the injected patient‑derived somatic cell nu‑
cleus (e.g., from a fibroblast or lymphocyte). Af‑
ter transfer (microinjection) of the somatic cell 
nucleus into the cytoplasm of the ovum, the mi‑
croinjected chromosomes undergo dedifferentia‑
tion. All of this leads to the loosening of chroma‑
tin structure and to the return of developmen‑
tally differentiated DNA derived from the do‑
nor’s somatic cell to the state it had in the fertil‑
ized ovum. These clonotes generated by nuclear 
transfer are, like the fertilized ovum, totipotent, 
and artificially created embryos derived from such 
cells are a potential source of PSCs when the em‑
bryo develops into a morula or blastula. What 
is most important, such cells will be histocom‑
patible with the donor of the nucleus employed 
in therapeutic cloning.11 Thus, this is a potential 
strategy for generating “custom‑made” PSCs for 
therapy. Nevertheless, besides some ethical con‑
cerns, the main obstacles to a broader usage of 
therapeutic cloning are the necessity of obtain‑
ing human oocytes and discouraging observa‑
tions that PSCs derived from clonotes, such as 
ESCs, create teratomas.14

On the other hand, if a clonote is placed in 
the uterus, it can, like a zygote, give rise to a new 
individual. This is the basis for so called reproduc‑
tive cloning, which, at least for human applica‑
tion, is highly dangerous and widely considered 
to be unethical.15,16 Recall that reproductive clon‑
ing employing nuclear transfer was the basis for 
creating Dolly the sheep.

Pluripotent and multipotent stem cells derived from 
somatic postnatal cells  The controversy around 
ESCs has forced scientists to search for other non‑
controversial sources of PSCs. Below, we will dis‑
cuss the strategy for generating iPSCs as well as 
attempts to purify PSCs or MultSCs from adult 
tissues.
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FIGURE 2  Pluripotent 
stem cells (PSCs) 
obtained from postnatal 
tissues; PSCs can be 
obtained by transforming 
somatic cells (e.g., 
fibroblasts) using genes 
that encode embryonic 
transcription factors (e.g., 
Oct‑4, Nanog, Klf‑4, 
c‑myc); PSCs or 
multipotent stem cells 
can also be obtained from 
adult tissues (e.g., very 
small embryonic-like stem 
cells [VSELs])
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considered to exhibit stem cell plasticity, allegedly 
changing their commitment from hematopoiet‑
ic tissue to other types of tissues. This will be ad‑
dressed in the subsequent sections of this review.

Other sources of adult stem cells  For the purposes 
of regenerative medicine, non‑HSCs may also be 
isolated from adipose tissue or expanded ex vivo 
from biopsies of the epidermis, skeletal muscle, 
or even atrial myocardium.1,4 Conversely, owing 
to obvious ethical and technical considerations, 
it is much more difficult to obtain stem cells from 
the myocardium, liver, pancreatic islets, or neu‑
ral tissue of healthy donors compared with stem 
cells isolated from liquid hematopoietic tissues 
(BM, mPB, or UCB).

Therapeutic effects of stem cells isolated from adult 
tissues after the “stem cell plasticity era”  Stem 
cells isolated from adult tissues (BM, mPB, and 
UCB) are currently widely employed in hemato‑
poietic transplants. However, the same cells are 
also employed in trials to regenerate damaged 
nonhematopoietic organs. The beneficial effects 
of these cells in other clinical settings, e.g., heart 
infarct, were based on experimental data in ani‑
mal models and, for many years, were misinter‑
preted. As a result, a few years ago, a concept was 
proposed that HSCs are plastic and may exten‑
sively transdifferentiate into cells from different 
germ layers. These observations initiated sever‑
al clinical trials where cells isolated from hema‑
topoietic tissues, mostly the BM, were employed 
for tissue/organ regeneration.

However, the concept of stem cell plasticity 
has been abandoned, and alternative hypothe‑
ses have been proposed to explain the benefi‑
cial effects of stem cell therapies. First, it is pos‑
sible that some of the beneficial stem cell plas‑
ticity data can be explained by the phenomenon 
of cell fusion.35,36 Specifically, transplanted HSCs 
might undergo fusion (melding) with the cells of 
the injured organs. If so, cells in the injured or‑
gans treated with transplanted HSCs would be 
heterokaryons, expressing double the number of 
chromosomes, and are created as a result of the 
fusion of transplanted HSCs with cells belonging 
to the injured organ. However, cell fusion is ex‑
tremely rare and cannot fully account for the ex‑
tensive positive transdifferentiation/plasticity 
data claimed in several reports.

Importantly, some positive effects of stem cell 
therapies that are beneficial for tissue/organ in‑
juries have been explained by alternative mecha‑
nisms, such as paracrine effects of stem cells em‑
ployed in therapy owing to released growth fac‑
tors, cytokines, chemokines, and extracellular mi‑
crovesicles. Alternatively, it has been proposed 
that BM-, mPB-, and UCB‑derived stem cells em‑
ployed for therapy may, from the beginning, con‑
tain heterogeneous populations of stem cells, in‑
cluding some very rare PSCs or MultSCs. These 
2 alternative explanations of stem cell plasticity 
will be discussed in more detail below.

which are able to give rise to cells from more than 
1 germ layer.11 These cells were isolated by employ‑
ing various strategies such as ex‑vivo expansion 
of partially purified cells by immunomagnetic or 
fluorescence activated cell sorting.21-29 However, 
in most of the expansion cultures, the rare cells 
that were able to initiate expansions and cross
‑germ layer commitment were not characterized 
at the single‑cell level,11 and in most of these cas‑
es, the phenotype of the putative PSCs/MultSCs 
with stem cell‑like properties was described ex 
post facto after phenotyping the clones of already 
differentiated in vitro‑expanded cells.11 Neverthe‑
less, many investigators would agree that if early
‑development stem cells endowed with broad‑
er differentiation potential reside in adult tis‑
sues, they are all probably closely related and ex‑
ist at different levels of tissue specification. Most 
likely, they represent overlapping populations of 
early‑development stem cells that, depending on 
isolation strategy, ex‑vivo expansion protocol, and 
the markers employed for their identification. 
These cells have been given different names, such 
as multipotent adult stem cells,21 mesenchymal 
stem cells (MSCs),22 multilineage‑differentiating 
stress‑enduring (Muse) cells,23 multipotent adult 
progenitor cells (MAPCs),24 unrestricted somat‑
ic stem cells (USSCs),25 marrow‑isolated adult 
multilineage‑inducible cells,25 multipotent pro‑
genitor cells,11 spore‑like stem cells,27 and, as de‑
scribed by my team, very small embryonic‑like 
stem cells (VSELs).28,29

Overall, the  presence of PSCs/MultSCs in 
adult tissues can be explained by the possibil‑
ity that early during embryogenesis not all of 
the earliest‑development stem cells disappear 
from the embryo after giving rise to monopo‑
tent tissue‑committed stem cells (TCSCs), but 
some survive in developing organs as a dormant 
backup population of stem cells.10,11 These cells 
could give rise to TCSCs and thus be involved in 
tissue/organ rejuvenation and in organ regener‑
ation following organ injury. In support of this 
notion, evidence has accumulated that adult mu‑
rine tissues do in fact contain, in addition to rap‑
idly proliferating stem cells, a backup population 
of more primitive dormant stem cells.10,11 These 
cells, expressing primitive phenotypes, are de‑
tected during tissue/organ injuries (e.g., heart 
infarct, stroke, or skin burns) as a population of 
circulating early‑development stem cells in pe‑
ripheral blood.30-33

Other sources of differentiated tissue‑committed stem 
cells isolated from postnatal tissues  From a histor‑
ical point of view, hematopoietic stem cells (HSCs) 
were the first stem cells to be employed in the clin‑
ic, and they have been successfully used for more 
than 40 years. HSCs are an example of already 
differentiated monopotent TCSCs for lympho
‑hematopoietic cells.34 Such cells are relatively 
easily isolated from the BM, mobilized peripher‑
al blood (mPB), or umbilical cord blood (UCB). Of 
note, for several years, HSCs have been wrongly 
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stimulate proliferation of residual remaining cell 
populations or growth factors and cytokines that 
effectively induce angiogenesis. Third, ExMVs de‑
rived from cells cultured in hypoxic conditions 
could be enriched in mRNAs and miRNAs that 
promote angiogenesis. On the other hand, ExMV 
producer cell lines could be enriched for mRNA 
and regulatory miRNA species that, after deliv‑
ery to the damaged tissues, would promote re‑
generation. Finally, we envision that ExMV pro‑
ducer cell lines could be manipulated to be en‑
riched for molecules that would facilitate tro‑
pism of ExMVs to the specific damaged organs 
and tissues.

Heterogenous populations of stem cells in adult tissue  
Finally, it must be considered that cells employed 
for therapy derived from, e.g., hematopoietic tis‑
sues may, from the beginning, contain popula‑
tions of early‑development stem cells, including 
rare PSCs or MultSCs such as VSELs that demon‑
strate a broader differentiation potential.28,29,43  
These cells are most likely responsible for the rare 
events of donor‑derived chimerism after infusion 
of BM, mPB, or UCB cells. VSELs have so far been 
isolated successfully in several laboratories and 
have been demonstrated to give rise to cells of all 
3 germ layers.43-48 However, the fact that VSELs 
are protected from uncontrolled proliferation 
by epigenetic changes affecting insulin/insulin
‑like growth factor signaling (IIS) explains their 
high quiescence and very low incidence of chi‑
merism after transplantation. Therefore, inten‑
sive studies are being conducted in several lab‑
oratories worldwide to modify their imprinting 
and to expand these rare cells for application in 
regenerative medicine.

Similarly, there have been attempts to em‑
ploy in the clinic other types of nonhematopoi‑
etic stem cells isolated from adult tissues that 
are closely related to VSELs, such as Muse cells, 
USSCs, MAPCs, and MSCs. As mentioned above, 
it is most likely that these are all overlapping pop‑
ulations of early‑development stem cells.

Current clinical applications of stem cells  Adult 
tissue‑purified and expanded stem cells have 
been the only stem cells widely employed in 
the clinic so far. What is currently most impor‑
tant is to resolve issues concerning the optimal 
cell type to be employed for regeneration of dam‑
aged tissues, its dosage, and the route and timing 
of administration. Another important aspect is 
to proceed with rigorous, large‑scale, rationally 
designed, randomized clinical trials employing 
cell therapeutics in particular clinical settings. In 
this review, we omit clinical applications of HSCs 
for hematopoietic transplants, because this has 
been a well‑established field for 45 years, and fo‑
cus on the application of stem cells for regener‑
ation of nonhematopoietic organs and tissues. 
Stem cells alone or in combination with scaffolds 
are now employed in their first clinical trials. In 
this review, we will highlight the most important 

Paracrine effects of stem cell therapies  As men‑
tioned above, the positive effects of cell therapies 
might be explained by the involvement of stem 
cell‑derived paracrine effects. We already dem‑
onstrated in the past that stem cells employed in 
therapy are a rich source of growth factors, cy‑
tokines, chemokines, and bioactive lipids that 
may inhibit apoptosis and promote neovascu‑
larization in the damaged tissues.37,38 Paracrine 
signals may also activate local TCSCs. A growing 
body of evidence suggests that paracrine effects 
of cells employed as therapeutics in regenerative 
medicine could be more efficiently exploited to 
optimize cell‑based therapies, which could be 
achieved by ex-vivo manipulation of cells to en‑
hance the secretion of proregenerative factors. 
Theoretically, this could be accomplished by ex‑
posure of cells to hypoxia prior to infusion and 
delivery to the injured organ or by transduction 
of these cells by expression vectors that increase 
the secretion of proangiopoietic factors (e.g., 
vascular endothelial growth factor or fibroblast 
growth factor 2).

In addition to soluble factors secreted by stem 
cell therapeutics, both the function and pheno‑
type of the target cells in the damaged tissues 
may also be modified by the transfer of cell recep‑
tors, cytoplasmic proteins, mRNA, and miRNA 
by extracellular microvesicles (ExMVs)—the 
spherical structures in which a part of the cell 
cytoplasm enriched for these molecules is re‑
leased from the cells encapsulated by the cell 
membrane.38-40 Therefore, ExMVs released from 
the surface of cells employed to regenerate dam‑
aged organs may deliver this biologically impor‑
tant cargo to damaged tissues. Evidence has ac‑
cumulated that ExMV cargo has positive effects 
on cell survival and angiogenesis. Thus, para‑
crine effects associated not only with soluble fac‑
tors released from cells but also associated with 
ExMVs most likely make the major contribution 
to the positive results reported in clinical trials 
employing adult stem cells. Moreover, recent 
data show that ExMVs may replace whole cells 
for therapy. In support of this possibility, MSC
‑derived ExMVs were found to have the same 
beneficial effect of protecting the kidney against 
ischemia reperfusion‑induced acute and chronic 
kidney injury.41,42

Thus, since ExMVs have similar beneficial 
effects in regenerative therapy as the  intact 
cells from which they are derived,41,42 produc‑
ing ExMVs on a large scale and even modifying 
their composition should be considered.40 Sever‑
al possibilities for modifying ExMVs are shown 
in FIGURE 3. First, it should be possible to expand 
ExMV‑producing cell lines that lack genes encod‑
ing histocompatibility antigens to generate HLA 
antigen‑deficient ExMVs. This approach would 
minimize the possibility of cross‑immunization 
with donor HLA antigens. Second, ExMV pro‑
ducer cell lines could be transduced with genes 
that overexpress growth factors that protect tar‑
get cells in damaged organs from apoptosis and 
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based on the lack of convincing evidence show‑
ing new donor‑derived cardiomyocytes derived 
from highly purified BM‑derived stem cells, it has 
been recently proposed that the potential para‑
crine effect of BM‑derived cells play a crucial role 
in the regeneration of damaged myocardium by 
proangiogenic, anti‑inflammatory, and antiapop‑
totic actions.51-53 From a historical point of view, 
the first small nonrandomized clinical trials using 
BM‑derived cells in ST‑segment elevation myo‑
cardial infarction showed a modest but signifi‑
cant improvement of the left ventricular ejection 
fraction (LVEF). More recent trials with magnet‑
ic resonance imaging (MRI) for the assessment 
of the LVEF, including the Polish REGENT trial, 
indicated that while treatment with BM cells did 
not lead to a significant improvement of LVEF or 
LV volumes in patients with AMI and impaired 
LVEF, there was a trend in favor of cell therapy 
in patients with most severely impaired LVEF.52,53 
The most recent meta‑analysis confirmed that 
when the most accurate method of cardiac imag‑
ing is used (MRI), there is no benefit of cell ther‑
apy in patients with AMI.54,55 The long‑term fol‑
low‑up BAMI trial to confirm safety of the cell 
therapy was designed to verify, among others, 
the effect of this treatment on long-term sur‑
vival and potential causes of mortality (NCT01 
569 178). At present, it would be premature to 
use cell therapy in patients with AMI in routine 
clinical practice. In patients with HF, cell thera‑
py has been shown to improve LVEF and remod‑
eling as well as the clinical status. These results 
have to be interpreted as hypothesis‑generating 
and need verification in large randomized clin‑
ical trials with long‑term follow‑up.1,49,56 Also, 
for HF patients with severely impaired LVEF and 
large areas of myocardial scar, new types of cells 
with improved differentiation capacity, such as 
cardiopoiesis‑guided MSC, might be beneficial.57 
In patients with HF, adipose tissue‑derived mes‑
enchymal stem cells are being used, and recent‑
ly so called cardiac stem cells were isolated and 
expanded from small atrium biopsies. However, 
these cells are very poorly defined and recent‑
ly have become the subject of controversy about 
whether they are truly stem cells. Therefore, car‑
diologists still await the development of a stem 
cell population that will be safe and effective for 
use in the clinic. In our opinion, patients with re‑
fractory angina and no possibility of revascular‑
ization might be a population in which the use 
of cell therapy with electromechanical mapping 
to target the viable hibernating myocardial seg‑
ments might prove clinically beneficial (improved 
symptoms and exercise tolerance and better per‑
fusion).58 However, this population is less than 2% 
of patients with coronary artery disease. The cru‑
cial issues to progress the field is to standardize 
the cell product, which would allow to compare 
the results of the trials and to identify the cells 
with the highest reparatory potential.

of those therapies. However, they are all still un‑
der development, often only feasibility studies 
have been performed, and we still need to wait 
for long‑term results to be reported.

Applications of stem cells in clinical cardiology  
Cardiovascular disease continues to be one of 
the main causes of death worldwide, and despite 
improved outcomes of patients with acute myo‑
cardial infarction (AMI), the incidence of heart 
failure (HF) increases. Because AMI leads to a sub‑
stantial and irreversible loss of cardiomyocytes, 
there is clearly a need for new therapies, which 
could restore the myocardial structure and func‑
tion.1,49 Cell therapies have been used in patients 
with AMI, HF, refractory angina, as well as crit‑
ical limb ischemia and claudication. In the past 
13 years, numerous clinical studies have been per‑
formed, in particular in patients with AMI. Sev‑
eral types of cells were used, isolated either from 
the BM or adipose tissue. In the majority of trials, 
a heterogenous population of mononuclear cells 
isolated by Ficoll centrifugation was used, which 
consists of differentiated cells as well as HSCs 
and endothelial progenitor cells. Subsequent‑
ly, some other populations of more purified BM 
stem cells have been employed in the clinic, such 
as CD34+CXCR4+ and CD133+ cells.50 However, 
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FIGURE 3  Two possible scenarios illustrating the beneficial effects of stem cell 
therapies in regenerative medicine in the example of heart infarct. First scenario: cells 
employed for therapy (e.g., cardiac stem cells [CSCs]; hematopoietic stem cells [HSCs]; 
or mesenchymal stem cells [MSCs]) may theoretically transdifferentiate into 
cardiomyocytes. However, if this occurs at all, it is a very rare and random phenomenon 
and is not well substantiated by current experimental data. Second scenario: cells 
employed for therapy (e.g., CSCs, HSCs, or MSCs) do not transdifferentiate into 
cardiomyocytes but secrete several paracrine growth factors (GFs) and shed 
extracellular microvesicles (ExMVs), which inhibit apoptosis in damaged myocardium 
and stimulate angiogenesis. Evidence is accumulating that this is a major effect in 
the currently employed stem cell therapies. 
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Applications of stem cells in ophtalmology  Stem 
cell therapies for retinal disease are underway, 
and several clinical trials are recruiting patients 
to treat diseases such as age‑related macular de‑
generation, Stargardt disease, and retinitis pig‑
mentosa, for which there are currently no cura‑
tive treatments.3,62 In most of these trials, autol‑
ogous BM‑derived HSCs are being employed, and 
a clinical trial has been initiated recently using 
patient‑derived VSELs. Age‑related macular de‑
generation and Stargardt disease are also poten‑
tial targets for ESC‑derived retinal pigment epi‑
thelium cell lines, and stem cell-based treatments 
have already been performed on patients. In con‑
trast to ESC‑derived cell lines, iPSCs cannot be ap‑
plied in patients with Stargardt disease because 
such patient‑derived iPSCs will carry the mutation 
responsible for this disease. Another problem, as 
discussed above, is  that both ESCs and iPSCs car‑
ry the risk of teratoma formation.14

Other clinical applications  In addition to cardio‑
logical, neurological, and ophtalmological appli‑
cations, the field of regenerative medicine is try‑
ing to employ adult tissue‑derived stem cells for 
the treatment of bone, connective tissue, and ar‑
ticular lesions in orthopedics as well as wound 
healing, and new applications are emerging, such 
as the treatment of infertility, liver damage, dia‑
betes, peripheral artery diseases, and even bald‑
ness.1-8 This list of possible applications has been 
expanding over time. However, we again empha‑
size that most of the currently observed effects 
with the available stem cells are due to the para‑
crine effects of such cells in therapy (FIGURE 4).

Potential strategies to increase the robustness of adult 
stem cells in adult tissues  It is known that TCSCs 
in adult tissues work hard throughout the entire 
lifetime of an individual. As examples, it is known 
that the intestinal epithelium is replaced every 
48 to 72 hours, the epidermis every 14 days, and 
granulocytes every few days, whereas erythro‑
cytes have a physical half‑life of 100 to 150 days.11 

Applications of stem cells in neurology  Brain dam‑
age (e.g., stroke) and spinal cord injury as well as 
several neurodegenerative disorders, including 
Parkinson disease, amyotrophic lateral sclero‑
sis, and Alzheimer disease, are potential targets 
for stem cell therapies.4,5 Several preclinical ani‑
mal models indicate the feasibility of such treat‑
ments. Stroke is the third leading cause of death 
and disability in developed countries. Several clin‑
ical trials are currently registered to ameliorate 
the side effects of stroke using autologous HSCs, 
BM‑derived MSCs, and adipose tissue‑derived 
MSCs. Cells are injected into patients intracere‑
brally, intra‑arterially, or intravenously. In par‑
allel, stem cells are also employed in patients af‑
ter spinal cord injury. For this application, au‑
tologous BM‑derived cells or even fetal olfacto‑
ry mucosa‑derived cells are employed. These are 
mostly feasibility studies, and we need to wait for 
long‑term results from these trials. It is also im‑
portant to note that a clinical trial that involved 
ESC‑derived neural cells for spinal cord injury per‑
formed in the United States by the Geron com‑
pany was ended prematurely because the cells 
employed in patient therapy were growing tu‑
mors in experimental mice.4,5,12 Alzheimer dis‑
ease is the most frequent form of dementia, char‑
acterized by memory loss and cognitive decline, 
and there are currently 2 different clinical trials 
to evaluate the paracrine effect of intracerebral 
and intravenous infusion of MSCs derived from 
the human UCB. An important target for stem cell 
therapy is amyotrophic lateral sclerosis, which is 
a fatal neurological disease characterized by de‑
generation of upper and lower motor neurons, 
for which there is currently no clinically impact‑
ful treatment.59 In most of the clinical trials, BM
‑derived mesenchymal stem cells are employed, al‑
though recently, a trial was initiated using spinal 
cord‑derived neural stem cells. At this point, it is 
too early to draw conclusions regarding the long
‑term effects of such therapies.4,5,12,59-61
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FIGURE 4  Different approaches to generating more efficient proregenerative ExMVs in vitro. ExMVs can be harvested from large‑scale in vitro 
cultures of ExMV‑producing cell lines. Such cell lines may be modified to obtain ExMVs that A – do not express HLA antigens, B – are enriched in 
growth factors, cytokines, and chemokines that promote regeneration of damaged organs, C – are enriched in mRNAs and regulatory micro RNAs 
(miRNAs) facilitating regeneration of damaged tissues and/or promoting angiogenesis, and D – display molecules that direct them to the damaged 
tissues.
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misleading information about this topic, has also 
had a negative impact on the field. On the oth‑
er hand, preliminary reports about clinical trials 
are often overoptimistic, which we have recent‑
ly experienced in the case of clinical trials using 
cardiac stem cells.67

In summary, we tried to present the current 
topic of regenerative medicine in an unbiased 
way and explain why stem cell therapies may 
have a positive effect on damaged tissues, even 
if a significant level of donor‑derived chimerism is 
not detected. Despite all the current limitations, 
the era of regenerative medicine is approaching, 
and the next years will bring exciting discover‑
ies, leading to a broader application of stem cells 
in the clinic. Therefore, we should be optimistic 
about the future. We are now at a point of no re‑
turn for stem cell therapies, but the road to the fi‑
nal goal will be bumpy and sometimes difficult.
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SŁOWA KLUCZOWE

komórki macierzyste 
embrionalne, 
klonowanie 
terapeutyczne, 
indukowane komórki 
pluripotencjalne, małe 
komórki macierzyste 
przypominające 
komórki embrionalne, 
efekty parakrynne

STRESZCZENIE

Medycyna regeneracyjna poszukuje komórek macierzystych, które można efektywnie i bezpiecznie 
wykorzystać do  regeneracji uszkodzonych narządów (np. serca, mózgu czy wątroby). Idealne w tym 
celu byłyby komórki pluripotencjalne, które wg definicji mogą się różnicować we wszystkie rodzaje 
dorosłych komórek. Od 20  lat bezskutecznie próbuje się zastosować kontrowersyjne embrionalne ko‑
mórki macierzyste (embryonic stem cells – ESC) izolowane z zarodków. Bardziej obiecującym źródłem 
są tzw.  indukowane komórki pluripotencjalne (induced pluripotent stem cells – iPSC) otrzymywane 
przez genetyczną modyfikację komórek dojrzałych. Niestety zarówno ESC i iPSC niosą ryzyko tworzenia 
potworniaków. Równolegle w badaniach klinicznych próbuje się wykorzystać w regeneracji narządów 
miąższowych komórki macierzyste izolowane z dojrzałych tkanek np. komórki szpiku kostnego, krwi 
pępowinowej, mobilizowanej krwi obwodowej czy tkanki tłuszczowej. Niestety brakuje przekonywu‑
jących dowodów dla większości z tych komórek, że mogą odtwarzać uszkodzone narządy miąższowe. 
Obserwowane niewątpliwie pozytywne efekty tych komórek w terapii można wytłumaczyć wydzielaniem 
parakrynnym szeregu czynników wzrostowych, chemokin, bioaktywnych lipidów oraz mikrofragmentów 
błonowych, które działają troficznie, antyapoptotycznie i proangiopoetycznie. Niemniej jednak istnieją 
dowody, że dorosłe tkanki kryją “uśpione” wczesne rozwojowo komórki macierzyste o szerokim spek‑
trum różnicowania. W niniejszym artykule omówimy różne potencjalne źródła komórek macierzystych, 
które mogą zostać wykorzystane w medycynie regeneracyjnej oraz mechanizmy pozwalające wyjaśnić 
pozytywne efekty ich działania, a także przedstawimy wyniki piewrszych badań.
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