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Abstract

During recent years different types of adult stem/progenitor cells have been successfully applied for the treat-
ment of many pathologies, including cardiovascular diseases. The regenerative potential of these cells is consid-
ered to be due to their high proliferation and differentiation capacities, paracrine activity, and immunologic
privilege. However, therapeutic efficacy of the autologous stem/progenitor cells for most clinical applications re-
mains modest, possibly because of the attenuation of their regenerative potential in aged patients with chronic
diseases such as cardiovascular diseases and metabolic disorders. In this review we will discuss the risk factors
affecting the therapeutic potential of adult stem/progenitor cells as well as the main approaches to mitigating

them using the methods of regenerative medicine.

Introduction

Cardiovascular diseases (CVD), particularly coronary
artery disease (CAD), are the most frequent causes of
mortality worldwide, and along with metabolic pathol-
ogies, especially diabetes mellitus type 2 (T2DM), they
approach an epidemic status."”> An ongoing high fre-
quency of CVD is caused both by the progressive
aging of the population and an unhealthy lifestyle asso-
ciated with risk factors such as obesity, hyperglycemia,
hyperlipidemia, and arterial hypertension, which pro-
mote early development of atherosclerosis and progres-
sion of cardiovascular pathologies.’

Aging is characterized by numerous morphological
and functional changes within different tissues and or-
gans. The elasticity of blood vessels declines with age
along with an increase in their stiffness, which prede-
termines the progression of arterial hypertension. As
people age, their adipose tissue mass increases, while
their muscle volume decreases, leading to the develop-
ment of insulin resistance, the most important patho-
genic factor of T2DM. Aging is also associated with
comorbidities, the simultaneous presence of two or
more different diseases, often with chronic long-lasting

progression. The most frequent age-associated comor-
bidities confounding each other are CAD and T2DM
and obesity, arterial hypertension, and T2DM.*?

The target affected by the most CVD risk factors is
the blood vessel wall. Endothelial dysfunction is con-
sidered to be the key pathogenic mechanism of angio-
pathies associated with CAD and T2DM. It should be
noted that endothelial dysfunction develops as a result
of the interaction of different risk factors, such as insu-
lin resistance, hyperglycemia, and dyslipidemia. The
long-term presence of these factors affects endothelial
cells and promotes their apoptosis, which leads to the
nitric oxide (NO) production failure. As a conse-
quence, the vasodilatation and anti-aggregation func-
tions of the endothelium are dysregulated along with
its ability to inhibit smooth muscle cell proliferation.
These factors potentiate atherosclerosis progression,
forming the morphological basis of CAD.

Hyperglycemia is the main pathogenic factor of
T2DM, but it also underlies CVD. First, it accelerates
the progression of atherosclerosis and macroangiopa-
thies; second, it affects the microvasculature network.
This effect is manifested particularly in the disturbance
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of neovascularization processes in different tissues. In
the retina, excessive angiogenesis leads to leaky vessels
and diabetic retinopathy, while in the skeletal muscles
and myocardium, adaptive angiogenesis is insufficient,
which promotes the development of severe ischemia,
persistent trophic ulcers, and amputations.”®

Despite the obvious success in treating CAD and
T2DM, all available therapeutic approaches are intended
to restrict disease progression. A novel promising ap-
proach for the treatment of ischemic diseases is cell-
based therapy using autologous stem/progenitor
cells.”™"* Several types of cells are involved in the neo-
vascularization processes of ischemic tissues. Endothe-
lial cells; their circulating progenitors (endothelial
progenitor cells [EPCs]), which mobilize from the
bone marrow as a response to the ischemia and vessel
damage; and progenitor cells located within the vessel
wall, including multipotent mesenchymal stem/stromal
cells (MSCs), interact with each other and contribute to
vasculature repair and regeneration.'>™"”

MSCs, derived from the bone marrow, adipose tissue
(ADSCs), or other tissues, are considered a promising
tool for cell-based therapy due to their high prolifera-
tive and differential potency, ability to stimulate the
growth of new blood vessels and nerves, and especially
their production of multiple cytokines and growth fac-
tors. These cells also secrete plasminogen activators
and matrix metalloproteases (MMPs), which actively
participate in the remodeling of extracellular matrix
(ECM) and the proteolytic release and activation of
some growth factors sequestered in the ECM. MSCs
serve as a component of the vessel wall in all tissues
and play an essential role in the vasculature network
development and support in both normal and patho-
logical conditions.'®

Many types of stem/progenitor cells, including
MSCs, have already been used in clinical trials of cell
therapy for ischemic pathologies,">™"*'*"** and their
safety and feasibility have been demonstrated, but the
clinical effectiveness of these protocols was relatively
modest and could not corroborate the promising re-
sults of preclinical studies (Table 1). One reason for
the insufficient effectiveness of autologous cell therapy
may be a lack of understanding about stem/progenitor
cells properties in patients with CVD. Most data re-
garding the regenerative potential of these cells were
obtained from cells derived from relatively healthy
young donors. However, aging and disease itself may
negatively affect stem/progenitor cells and their micro-
environment, and impaired stem/progenitor cell func-
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tional properties may diminish the effectiveness of
autologous cell therapy in aged patients with CAD
and metabolic disorders. In this review, we analyze
how aging and chronic diseases such as CAD and
T2DM affect the properties of stem/progenitor cells.

Influence of Aging on Stem/Progenitor Cells

Notion of aging in stem/progenitor cell

compartment

Stem/progenitor cells mediate lifelong physiological re-
newal and regeneration of tissues. Attenuated regener-
ation potential of aged organisms might be caused by
age-associated changes of stem/progenitor cells activ-
ity. Both intrinsic and extrinsic mechanisms as well
as cell response to systemic signals are involved in
the normal and pathological aging of stem/progenitor
cells, including MSCs.**** Inhibition of stem/progeni-
tor cell functional activity might be mediated by telo-
mere shortening and decreased telomerase activity,”’
decline of the proliferation potency, weakening of the
antioxidant protection system and/or presence of oxi-
dative stress,® irreversible protein modification, and
accumulated damage to the DNA repair system and
methylation pattern.”’

It should be emphasized that substantial differences
exist between cellular senescence and organismal aging.
Aging can be defined as “the sum of primary restric-
tions in regenerative mechanisms of multicellular or-
ganisms.”*® This definition highlights the involvement
of stem/progenitor cells in cell replenishment and
thus in influencing lifespan.*® A wide spectrum of age-
associated pathologies exist, including atherosclerosis,
CAD, stroke, oncological diseases, psychiatry disor-
ders, and so forth.

Cellular senescence is the equivalent of replicative
senescence, and it can be defined as “an essentially irre-
versible arrest of cell division,” which underscores the
changes in both function and replicative capacity of
senescent cells. The senescent cell becomes a major
actor of the aging process, among others, by acquiring
a senescence-associated secretory phenotype.*’

Aging markers in stem/progenitor cells

Influence of aging on stem/progenitor cells is well stud-
ied for MSCs. Bone marrow-derived MSCs from aged
donors were shown to have worse proliferation and dif-
ferentiation capacity”®>°~>> and were less effective for
tissue repair after ischemic injury; for example, in an
animal model of myocardial infarction.”” In contrast to
bone marrow-derived MSCs, the number of ADSCs in
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fat tissue, as evaluated by flow cytometry, does not de-
crease with age.*** However, their clonogenic and
proliferation capacity declines*®* as does the differen-
tiation potential®****! and the production of vascular
endothelial growth factor (VEGF).*?

Using the appropriate age markers is important for
the evaluation of aging impact to the properties of
stem/progenitor cells. One marker is the relative telo-
mere length, which indicates the number of cell divi-
sions. Telomere shortening is considered to be the
main causal mechanism for replicative cell senescence
and age-associated telomere damage, and the diminution
of the telomere “capping” function and associated p53
activation have emerged as prime instigators of tissue
stem/progenitor cells functional decline.**** In poorly
differentiated cells, telomere length is maintained due
to the high activity of telomerase. Telomerase also has
some telomere-independent functions. Telomerase ac-
tivity was shown to be the highest in stem and tumor
cells and was detected to a certain degree in many
kinds of progenitor cells.’”** Its activity is repressed as
stem cells start to differentiate.”>>” Age-associated telo-
mere shortening in MSCs has been shown.”*** Accord-
ing to our data, relative telomere length decreases with
age in both murine and human ADSCs.*>*® Interest-
ingly, telomeres in “aged” stem/progenitor cells are still
longer than telomeres in somatic cells from the same tis-
sues,”*” which could be explained by the lower prolifer-
ation activity of stem/progenitor cells or by special
mechanisms of telomere-shortening prevention.

Age-dependent decrease of stem/progenitor cell pro-
liferation activity is considered to be related to higher
expression of cell cycle inhibitors like p16INK4a, p21,
p53, and p19ARF or inhibition of their degradation.”®*
In accord with telomere shortening in ADSCs from aged
patients and old mice, we observed a decrease in prolif-
eration activity of ADSCs with age as well as fewer ac-
tively proliferating cells.*>*°

Because stem/progenitor cells persist in tissues
throughout life, albeit mostly in a quiescent state,
they experience age-related long-term exposure to gen-
otoxic insults from both endogenous and exogenous
sources. Accordingly, accumulation of DNA damage
in aged stem/progenitor cells has been noted in several
studies. The DNA damage response pathways neces-
sary for stabilizing the genomic integrity may have re-
duced activity in stem cells with age. Accumulation of
DNA damage in aged stem cells could cause stem cell
senescence or apoptosis and alterations in stem cell
self-renewal and differentiation.**
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Oxidative stress and its regulators play an important
role in aging of stem/progenitor cells. Increasing pro-
duction of reactive oxygen species (ROS) and weaken-
ing of the antioxidant protective system in cells
promote oxidative damage and lead to the loss of
redox control, which affects ROS-regulated biological
processes such as growth, proliferation, migration, ap-
optosis, differentiation, and so forth.?® Different factors
like hypoxia inducible factor-1 alpha (HIF-1a), ataxia
telangiectasia mutated (ATM) protein, Bmi-1, and
FoxO family factors may change ROS level in the
cells.”” In bone marrow-derived MSCs obtained from
aged patients, the activity of superoxide scavenger (su-
peroxide dismutase) is decreased and the levels of ROS,
NO, and oxidized and glycosylated proteins are in-
creased.” Supporting the hypothesis that ROS genera-
tion may promote stem cell aging, studies of aged
human stem/progenitor cells, including MSCs, neural
stem cells, and others, have found that excessive cellu-
lar ROS concentrations lead to abnormal proliferation,
malignancy, and compromised stem cell self-renewal
and differentiation capacity.”* The role of ROS in
aging-related changes of ADSC properties was also
demonstrated.*®

A direct relationship between mitochondrial dysfunc-
tion and aging has been suggested by many studies,”’
and an age-related deficit of mitochondrial function
leading to respiratory chain dysfunction in stem/pro-
genitor cells is actively being investigated. These effects
are considered to result largely from an accumulation
of mutations in mitochondrial DNA damaged by ele-
vated ROS or other mechanisms.***° Aside from pri-
mary mitochondrial lesions (mitochondrial DNA
mutations), secondary alterations in mitochondrial
function driven by age-related cellular and metabolic
changes may also contribute to the aging process.*’

Age-related changes of stem/progenitor cells
paracrine functions

Paracrine activity of stem/progenitor cells, including
MSCs, changes with age. Interleukin (IL)-6 secretion
by bone marrow-derived MSCs co-cultured with T
cells decreased in aged patients.”> According to our
data, the angiogenic potential of ADSCs is significantly
impaired during aging. We have shown that ADSCs
isolated from old mice (18 months), along with
expressing age markers (shorter telomeres, higher
rate of apoptotic cells, less proliferative capacity, en-
hanced oxidative damage), have an impaired ability
to stimulate blood vessel growth on in vitro and
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in vivo models of angiogenesis compared to ADSCs
from young animals (1-2 months).*> Similar results
were obtained with human ADSCs, including in pa-
tients with cardiovascular pathologies.*® We demon-
strated that the mechanisms of age-associated decline
of ADSC angiogenic activity include decreased produc-
tion of key pro-angiogenic factors such as VEGF, pla-
cental growth factor (PIGF), hepatocyte growth factor
(HGF), angiopoetin-1, and angiogenin.*® It should be
noted that age-associated differences in the expression
of pro-angiogenic factor genes were not found,*® indi-
cating that posttranscriptional mechanisms, such as
regulation by microRNA,*>*° age-associated protein
misfolding, and so forth, could underlie the decreased
secretion of angiogenic factors by ADSCs from aged
patients.

Apart from the angiogenic growth factor effects,
ECM remodeling is crucial for successful angiogenesis.
ECM remodeling and direction of cell migration for
vessel wall formation are regulated by multiple factors
such as urokinase (uPA) and its receptor (uPAR), plas-
minogen activator inhibitor-1 (PAI-1), MMPs, and so
forth. Analyzing the expression of factors involved in
ECM remodeling and vascular cell migration and inva-
sion, we found that mRNA levels of uPA, uPAR, and
PAI-1 as well as uPAR surface expression along with
the activation of MMP-2 and MMP-9 were higher in
ADSCs from aged patients with CAD.*>*' These re-
sults are consistent with those we previously obtained
from ADSCs from young and old mice.** The findings
could reflect the adaptive reaction of stromal cells to
the age-associated ECM changes within the blood ves-
sel wall®* and increasing levels of pro-inflammatory
factors and ROS. Also considering the regulatory role
of the uPA system in growth factor-induced endothe-
lial cell migration and invasion and stimulation of an-
giogenesis in ischemic tissues,’ ? we can speculate that
its activation in ADSCs from aged patients might be
a compensatory response to the reduction of pro-
angiogenic factor secretion.

Aging as a risk factor for autologous cell therapy
Given the total evidence, aging could essentially affect
the properties of stem/progenitors cells, thereby dimin-
ishing the effectiveness of autologous cell therapy. Test-
ing of cell material before use may be required along
with developing effective approaches for pretreatment
or modification of stem/progenitor cells from aged pa-
tients to enhance their therapeutic potential. Some of
these approaches will be discussed below.
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Since MSC are considered to be the components of
vessel wall and take part in its repair after injury, cellu-
lar modifications due to aging can be an important
pathogenic factor of age-related diseases such as ath-
erosclerosis, diabetes, and arterial hypertension."'
Aging is also associated with EPC dysfunction that fur-
ther negatively affects the neovascularization and an-
giogenesis in tissues.”*

We can conclude that organismal aging is a complex
process in which resident stem/progenitor cells are in-
volved both as a cell reservoir for the repair and regen-
eration of tissues and as targets exposed to the multiple
local and systemic stimuli of the aged organism. These
changes should be considered during the development
of cell-based therapy using different types of autolo-
gous stem/progenitor cells.

Influence of Chronic Diseases

on Stem/Progenitor Cells

Stem/progenitor cell quantity and characteristics

in the presence of chronic diseases

During recent years a substantial amount of data have
shown that chronic pathologies, including CAD and
T2DM, affect the properties of stem/progenitor cells.
It should be noted that widespread risk factors associ-
ated with CAD (age, dyslipidemia, obesity, smoking,
arterial hypertension, glucose intolerance) may have
an impact on the decrease in number and/or functional
activity of stem and progenitor cells."®>*>~>” Among the
pathologies affecting the functionality of stem and pro-
genitor cells, autoimmune diseases, such as systemic
sclerosis and systemic lupus, may be included.”®

Numerous studies showed that the number, prolifer-
ation activity, ability for adhesion, migration, and an-
giogenic properties of EPCs are significantly impaired
in patients with CAD>>**"°' and metabolic disorders
including obesity and T2DM.**"®> Van Ark et al.*®
demonstrated that in patients with T2DM both EPCs
and circulating angiogenic cells levels were reduced
and the ratio between EPCs and smooth muscle pro-
genitor cells was disturbed, which may translate into
reduced vascular repair capacity, thereby promoting
macrovascular disease in T2DM.

According to the results of several studies the num-
ber of MSCs is unlikely to be decreased in patients with
cardiovascular diseases, but their regenerative potential
may be attenuated. Thus, Harris et al.>®> showed that the
number of ADSCs obtained from 50 patients with dif-
ferent vascular pathologies was relatively consistent
independent of age and comorbidities like obesity,
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T2DM, and so forth. Similar results were obtained by
Madonna et al.”” in 42 patients with different grades
of cardiovascular risk. However, ADSCs isolated from
adipose tissue of patients with T2DM were shown to
have lower proliferation activity and were less respon-
sive to pro-angiogenic stimuli such as hypoxia.®” In pa-
tients with obesity, impaired differentiation potential of
ADSCs and a decline in their ability to stimulate blood
vessel growth were observed.®® In a study performed by
Vecellio et al.,*” MSCs obtained from the heart tissue of
patients with T2DM were characterized by a reduced
proliferation rate, diminished phosphorylation at his-
tone H3 serine 10 (H3S10P), decreased differentiation
potential, and premature cellular senescence compared
to the control group.

Changes of stem/progenitor cell properties

in patients with CAD and T2DM:

evidence from ADSCs

We analyzed how ADSC properties are changed in pa-
tients with CAD and T2DM.”® We showed that ADSCs
from the patients with CAD (n=32) and CAD+T2DM
(n=28) had similar morphology and immunopheno-
type, preserved adipogenic and osteogenic differentia-
tion potency, and higher proliferation activity, but
shorter telomeres compared to ADSCs from control pa-
tients without established chronic pathologies (n=19).
These findings might reflect the depletion of progenitor
cell compartment in the presence of chronic patholo-
gies such as CAD and T2DM.

Analyzing ADSCs as a tool for therapeutic angiogen-
esis we found that the angiogenic potential of ADSCs
obtained from patients with CAD and with CAD+
T2DM was decreased compared to patients without
established cardiovascular pathologies independent of
such factors as age and sex. We also did not see any sta-
tistically significant evidence that T2DM had an addi-
tional impact on the decline of ADSC angiogenic
activity when combined with CAD. Since a paracrine
mechanism is considered to be the main regulator of
the beneficial effects of ADSCs, we examined the ability
of ADSC to secrete some key angiogenic and anti-apo-
ptotic growth factors. Interestingly, we revealed signif-
icantly higher production of some pro-angiogenic
factors by ADSCs: VEGF and HGF for patients with
CAD and HGF and PIGF for patients with CAD+
T2DM, whereas the angiogenic activity of all products
secreted by ADSCs from patients with both CAD and
CAD+T2DM was significantly decreased compared
to the control group. Absence of an elevation in the
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VEGF level in ADSC-conditioned medium from pa-
tients with CAD +T2DM may be associated with hy-
perglycemia. A high glucose level reduces endothelial
nitric oxide synthase (eNOS) and stimulates inducible
NOS (iNOS) expression that can inhibit HIF-1a gene
expression. The activity of HIF-1a gene expression in its
turn directly mediates VEGF gene expression. Moreover,
by reducing eNOS the high glucose level inhibits the pro-
duction of NO in endothelial and vascular smooth mus-
cle cells, which is known as a downstream mediator of
several angiogenic factors including angiopoietin-1.”"">
The process of angiogenesis depends on the intricate
balance between angiogenic and angiostatic factors. We
speculated that the main cause of impaired angiogenic
potential of ADSCs obtained from patients with CAD
and CAD + T2DM was the increased level of the angio-
genesis inhibitors. Among others we analyzed produc-
tion of endostatin and thrombospondin-1 (THBS1) by
ADSCs and showed that THBS-1 gene expression is
significantly increased in ADSCs from patients with
CAD and CAD+T2DM, but we could not confirm
this finding on the protein level. However, statistical
analysis revealed negative correlation between mRNA
THBS-1 expression and angiogenic activity of sum-
mary products secreted by ADSCs from patients with
CAD and CAD+T2DM. It allows us to assume that
some indirect mechanisms of THSP-1 participation
in the angiogenic effects of ADSCs could be discussed.
As for the factors involved in ECM remodeling, we
found that the mRNA level of PAI-1 as well as its secre-
tion by ADSCs was significantly increased in groups of
patients with CAD and CAD+T2DM. PAI-1 is one of
the primary regulators of the fibrinolytic system, and it
has a crucial effect on cell migration and adhesion. A
high level of PAI-1 was linked with a high risk of
CAD, diabetes, and obesity. PAI-1 can both promote
and inhibit vascular remodeling, but its role in angio-
genesis and tissue regeneration is still controversial.
The balance between these two mechanisms may de-
pend on a disease state. Plasma PAI-1 is closely corre-
lated with such factors as hypoxia, glucose-related
signaling molecules, inflammatory cytokines, triacyl-
glycerol, and insulin.”>”> Acosta et al.”® showed that
ADSCs obtained from patients with T2DM have less fi-
brinolytic ability because they secrete more PAI-1 and
less tissue activator of plasminogen and D-dimer. This
situation led to the development of microthrombotic
complications when these cells were used to treat crit-
ical low limb ischemia. PAI-1 actively interacted with
uPA, an important factor of extracellular proteolysis
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that not only specifically cleaves plasminogen and con-
verts it into plasmin, causing activation of different
MMPs, but also initiates intracellular signaling upon
binding to its receptor on the cell surface. It therefore
plays multiple roles in vascular remodeling and angio-
genesis. We propose that PAI-1 produced by ADSCs
exerts anti-angiogenic effects also through the inhibi-
tion of uPA.

Importantly, we demonstrated that by neutralizing
only one factor in ADSC-conditioned medium—PAI-
1—we could partially restore the angiogenic activity
of ADSCs obtained from patients with chronic dis-
eases. Our data are corroborated by the results obtained
by Tashiro et al.”” who have shown that PAI-1 inhibi-
tion in vivo under ischemic conditions increases the
activity of pro-angiogenic factors such as VEGF-A and
fibroblast growth factor (FGF)-2 and leads to the stimu-
lation of angiogenesis and improved restoration of
tissue perfusion. However, MMP-9 deficiency and
VEGEF-A blockade reversed the PAI-1 inhibitor-
mediated neovascularization within the ischemic niche.
Some experts have suggested that a PAI-1 blockade
and an increase in MMP-9 gene expression under ische-
mic conditions could be promising molecular approach
in the therapeutic angiogenesis.”””® It should be noted
that we did not find significant increase in the MMP-
9 mRNA level in ADSCs from patients with cardiovas-
cular pathologies in our study. Therefore, we assume
that high expression of PAI-1 and insufficient activity
of MMP-9 and, for diabetic patients, VEGF may be
one of the mechanisms of impaired angiogenic potential
of ADSCs from patients with CAD and CAD + T2DM.

Hyperglycemia affects both specialized

and stem/progenitor cells

One of the main adverse factors for cells from patients
with T2DM is hyperglycemia. Several studies have
shown that long-term exposure of vascular cells to a
high level of glucose causes dysfunction and promotes
apoptosis.”” We have previously found that endothelial
cells cultured in hyperglycemia modeling conditions
(25mM of glucose) have an impaired ability for
VEGF- and serum-induced migration as well as form-
ing capillary-like structures on Matrigel in vitro. To re-
veal the possible mechanisms of these effects we
analyzed the expression of VEGF receptors (VEGFR)
on endothelial cells because this growth factor specifi-
cally induced adaptive angiogenesis in ischemic tissues.
We observed fivefold decrease in VEGFRI1 expression
and more than twofold decrease in VEGFR2 expression
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in the endothelial cells cultured in hyperglycemic con-
ditions compared to the standard conditions.*’

We also analyzed the influence of hyperglycemia on
progenitor cells localized in the perivascular niche,
such as MSCs. Culturing of ADSCs in high glucose
(25 mM) medium didn’t affect their proliferation activ-
ity, viability, or migratory properties, but the ability of
the total secreted products of these cells to stimulate
capillary-like tube formation in vitro was significantly
decreased. We evaluated the transcriptome of ADSCs
cultured in the standard conditions or in the presence
of high glucose (25 mM) and found the most significant
changes in gene expression of ephrin receptors, vitro-
nectin, and plexin domain 1 contained protein (de-
creased in hyperglycemic conditions) and leptin,
tumor necrosis factor o (TNFx), plasminogen, and
angiopoetin-like factor 3 (increased in hyperglycemic
conditions). However, we failed to find any significant
changes in gene expression of key angiogenesis-related
factors and their receptors associated with high-glucose
culturing. To explain the decreased angiogenic activity
of ADSC:s cultured in hyperglycemic conditions, we fo-
cused on the elevated level of plasminogen in these
cells. It is known that high expression of plasminogen
in tumors is associated with activation of MMPs that
perform cleave plasminogen to generate angiostatin,
an angiogenesis inhibitor. This mechanism might also
be realized in ADSCs, impairing their angiogenic poten-
tial. A combination of increased expression of TNFu
and angiopoetin-like factor 3 also could affect ADSC
angiogenic activity because these factors stimulate apo-
ptosis of endothelial cells. Taken together, long-term in-
cubation of vascular cells in hyperglycemic conditions
affect both endothelial cells and ADSC functional prop-
erties, which can be one of the reasons for insufficient
adaptive angiogenesis in patients with diabetes.®!

It should be emphasized that EPC number and func-
tional properties are also significantly changed in pa-
tients with metabolic disorders.**® EPCs play a very
important role in the repair of damaged endothelium
and the revascularization of ischemic tissues. T2DM
has been shown to affect EPC mobilization from the
bone marrow, resulting in a lower amount of EPCs in
circulation and a distortion of angiogenesis and normal
repair processes in injured tissues.** This promotes the
progression of ischemic diseases and adversely affects
the prognosis of patients with T2DM.

No consensus exists about the EPC phenotype for
the identification of these cells. In clinical practice, the
most frequently used markers are CD133"/CD34",
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CD133%/CD34"/VEGF-R2", CD133"/VEGF-R2",
CD34" /VEGF-R2*.*>"% However, some investiga-
tors have demonstrated that the subpopulation iden-
tified as CD45~ VEGFR2 " (KDR)CD34 ™" cells consists
of mostly leukocyte progenitors, particularly mono-
cytes.®®®® Contradictory data about the immuno-
phenotype of EPCs is explained by the substantial
overlap of surface markers between the endothelial
and hematopoetic progenitors and differences in the
protocols and flow cytometry analysis.

Given the association of both CAD and T2DM with
endothelial dysfunction and tissue ischemia, EPCs
might serve as biomarkers of severity and prognosis
in patients with such pathologies. We analyzed total
populations of CD34™ cells, including hematopoetic
stem/progenitor cells as well as EPCs in the peripheral
blood of patients with CAD and with CAD+T2DM.
We found that EPC numbers were significantly higher
in the patients with CAD only compared to the healthy
control age- and sex-matched subjects. This increase
could be caused by the stimulated mobilization of
these cells from bone marrow in response to tissue is-
chemia. But in patients with CAD+T2DM, such an
elevation was not observed, suggesting the possible dis-
tortion of EPC mobilization in T2DM.

Analyzing EPC numbers based on the severity of
T2DM, we found that in patients with compensated
and subcompensated diabetes, the level of EPCs was
similar to the normal level, but patients with decom-
pensated diabetes and comparable severity of CAD
had significantly lower numbers of these cells, which
could indicate impaired mobilization of EPCs from
bone marrow. We showed that EPC numbers were
negatively correlated with glucose levels.”® Similar
data were obtained by Churdchomjan et al.**

Altogether ample evidence exists that chronic dis-
eases such as CAD and T2DM severely affect not
only the fully terminated endothelial cells, but also
stem/progenitor cells involved in vascular remodeling
in normal and pathological conditions. Further investi-
gation of the influence of the mechanisms of chronic
diseases on the quantitative and functional characteris-
tics of stem/progenitor cells is important for the devel-
opment of effective methods for diagnosis and
correction of micro- and macroangiopathies.

Perspective of Personalized Approaches

to Autologous Cell Therapy

Taking into account the results of numerous studies
discussed, it is important to know the changes of pa-
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tient’s stem/progenitor cells to develop the methods
of individual pretreatment of autologous cell material
to improve its therapeutic potential ”>®!

Hypoxic preconditioning is one of the most accessi-
ble and widespread approaches to treat stem/progeni-
tor cells before transplantation to enhance their
resistance to the ischemic stimuli and stimulate pro-
duction of angiogenic factors in these cells. Many
studies have shown that hypoxia stimulates angio-
genic properties of bone marrow-derived MSCs and
ADSC.*>277 Thus, culture of bone marrow-derived
MSC in hypoxic conditions before transplantation
improved the survival of these cells in damaged tis-
sues as well as their ability to stimulate blood vessel
growth.”®

In several studies, including our work, even short-
term (2-3 days) exposure of ADSCs to low oxygen
levels (1%-5%) stimulated their proliferation and an-
giogenic activity.” " Moreover, we found that after
hypoxic preconditioning the balance between pro-
and anti-angiogenic factors was shifted to the more
pro-angiogenic profile in ADSCs obtained from both
young and aged donors. The preconditioning enhances
the ability of ADSCs to stimulate angiogenesis and sta-
bilize the newly forming vessels.*>”* Despite the many
advantages of using hypoxic preconditioning as a pre-
treatment procedure for autologous stem/progenitor
cells, length of hypoxia, oxygen level, and number of
hypoxia/reperfusion cycles vary from study to study,
so the optimal pattern of hypoxic preconditioning re-
mains open for discussion.

For some purposes stem/progenitor cells could be
initially differentiated ex vivo using the specific induc-
tion medium'® or sorted by the specific markers like
CD34."°" Several growth factors and chemokines
could be added to the culture medium of stem/progen-
itor cells, such as basic FGF (bFGF), epidermal growth
factor, TNFuw, insulin-growth factor-1, bone morphoge-
netic protein-2, and so forth, to enhance the viability,
proliferation, migratory properties, and therapeutic po-
tential of these cells.'""'%?

Another approach includes modulation of intracel-
lular signal cascades, for example, by pretreating
stem/progenitor cells with statins that activate the
Akt/eNOS pathway within the cells'® or with protein
kinase p38 inhibitor,"”* or by culturing the cells in
the presence of melatonin to increase their viability
and proliferation activity and stimulate angiogenic fac-
tor production and angiogenic potential after trans-
plantation to the ischemic kidney parenchyma.'®’
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FIG. 1. Aging and chronic diseases affect adult stem/progenitor properties and may cause low
effectiveness of autologous cell therapy.
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Lutolf et al.'®® described a novel approach to restore the
regenerative potential of aged stem/progenitor muscle
cells: p38 inhibition combined with bioengineered
modeling of the cell microenvironment.'*

Sun et al.>' have demonstrated that MSCs from old
animals could have their capability for renewal and os-
teogenic potential restored by being cultured on ECM
produced by the cells of young donors. Similarly,

EPCs isolated from old rat peripheral blood recover
their functions in vitro and in vivo after being cultured
in the presence of young animal’s serum.’®

One of the most promising tools for stem/progenitor
cell pretreatment is genetic modification of these cells.
Through the use of different vectors, various genetic
constructions could be efficiently inserted to ADSCs.
ADSCs modified by VEGF and HGF produced

Genetic modification
of cells

Growth factor
pretreatment

Selection of cell
subpopulations

Hypoxic
preconditioning

-

Autologous stem/progenitor
cells

-

Modification of cell
microenvironment

1

Modulation of intracellular

Reprogramming ‘

signal cascades

FIG. 2. Variety of approaches for pretreatment or modification to enhance the therapeutic potential
of stem/progenitor cells from aged patients with multiple comorbidities.




Efimenko, et al.; BioResearch Open Access 2015, 4.1
http://online.liebertpub.com/doi/10.1089/biores.2014.0042

significantly higher amount of these factors and had
enhanced angiogenic activity.”®'*”'® Modification of
stem/progenitor cells with other factors improved
their ability for homing (stromal derived factor-1,
CXCR4), increased viability (Akt, Bcl-2, heat shock
protein-20, hemoxygenase-1, bFGF), and stimulated
paracrine function (angiogenin, angiopoetin-1, IL-18-
binding protein, TNFao receptors 1 and 2).*”"" Several
factors could be combined for modification; for exam-
ple, using MMP-3 tissue inhibitor'®® or telomerase''®
with VEGF to modify MSCs obtained from aged do-
nors allowed significant improvement of cell regenera-
tive potential.

Conclusions

Aging and chronic diseases including CVD and diabetes
substantially affect stem/progenitor cells of adult organ-
ism (Fig. 1). Such conditions could restrict the effective-
ness of autologous cell therapy in aged patients with
CAD, lower limb ischemia, T2DM and other chronic
pathologies, although these patients are some of the
most obvious candidates for cell therapy. These findings
also indicate the necessity of careful testing of autolo-
gous cell material before use as well as developing effec-
tive approaches for pretreatment or modification of
stem/progenitor cells from aged patients with multiple
comorbidities (Fig. 2) to enhance therapeutic potential
and stimulate endogenous regenerative processes.
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Abbreviations Used

ADSC = adipose-derived stem cell
bFGF = basic fibroblast growth factor
CAD = coronary artery disease
CVD = cardiovascular disease
ECM = extracellular matrix
eNOS = endothelial nitric oxide synthase
EPC = endothelial progenitor cell
FGF = fibroblast growth factor
HGF = hepatocyte growth factor
IL=interleukin
iNOS = inducible nitric oxide synthase
MMP = matrix metalloprotease
MSC = mesenchymal stem/stromal cell
NO = nitric oxide
PAI = plasminogen activator inhibitor
PIGF = placental growth factor
ROS = reactive oxygen species
T2DM = type 2 diabetes mellitus
TNFa = tumor necrosis factor
uPA = urokinase
UPAR = urokinase receptor
VEGF = vascular endothelial growth factor
VEGFR = vascular endothelial growth factor receptor
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