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Abstract

The stem cell pre-treatment approaches at cellular and sub-cellular levels
encompass physical manipulation of stem cells to growth factor treatment, genetic
manipulation, and chemical and pharmacological treatment, each strategy having
advantages and limitations. Most of these pre-treatment protocols are non-
combinative. This editorial is a continuum of Li et al’s published article and Wan
et al’s editorial focusing on the significance of pre-treatment strategies to enhance
their stemness, immunoregulatory, and immunosuppressive properties. They
have elaborated on the intricacies of the combinative pre-treatment protocol using
pro-inflammatory cytokines and hypoxia. Applying a well-defined multi-pronged
combinatorial strategy of mesenchymal stem cells (MSCs), pre-treatment based on
the mechanistic understanding is expected to develop “Super MSCs”, which will
create a transformative shift in MSC-based therapies in clinical settings,
potentially revolutionizing the field. Once optimized, the standardized protocols
may be used with slight modifications to pre-treat different stem cells to develop
“super stem cells” with augmented stemness, functionality, and reparability for
diverse clinical applications with better outcomes.

Key Words: Cell survival; Cell therapy; Preconditioning; Pre-treatment; Stem cells; Super
stem cells
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Core Tip: Stem cell pre-treatment is a promising approach for accentuating their stemness and reparability and improving
their resistance to apoptosis in the harsh microenvironment of the injured tissue. The current stem cell pre-treatment
protocols allow for enhancing their therapeutic efficacy to surmount the limitations of mesenchymal stem cells (MSCs), i.e.,
mobility, survival, engraftment, and paracrine activity. Besides a novel sub-cellular preconditioning strategy, the
combinative preconditioning approach exposing the cells to a proinflammatory milieu under hypoxia improves MSCs’
immunoregulatory potential. Refining a combinatorial pre-treatment protocol using a well-defined mechanistic
understanding may allow the exploitation of the full benefits of the pre-treated “super MSCs” for enhanced stemness,
functionality, and reparability, including immunosuppressive and immunomodulatory properties.

Citation: Haider KH. Priming mesenchymal stem cells to develop “super stem cells”. World J Stem Cells 2024; 16(6): 623-640
URL: https://www.wjgnet.com/1948-0210/full/v16/i6/623 .htm
DOI: https://dx.doi.org/10.4252/wjsc.v16.16.623

INTRODUCTION

The restorative and reparative potential of stem cell-based therapy renders cell-based therapy superior to the existing
treatment approaches, which merely provide symptomatic relief and, at best, slow down the disease process. Incidentally,
from among the embryonic, extraembryonic, and adult tissue-derived stem cells, mesenchymal stem cells (MSCs) have
progressed to the advanced phases of clinical assessment after extensive characterization in experimental and transla-
tional settings. The extent of interest in MSCs can be gauged from the astonishing 91636 and 1631 searches retrieved from
PubMed and Clinicaltrials.gov, respectively, after using the term “mesenchymal stem cell” as of 22" March 2024 during
the writing up of the editorial.

Mesodermal in origin, MSCs are non-hematopoietic, multipotent, and constitute a heterogeneous population. They are
primarily characterized by their fibroblastic morphology, preferential plastic adherence, trilineage differentiation
potential, and surface marker expression of CD44, CD73, CD90, CD105, efc., albeit without hematopoietic stem cell-
specific markers, i.e., CD45, CD34, CD14, CD11b, efc. according to the minimal criteria defined by the International
Society for Cellular Therapy[1]. They can be isolated and purified from several organs and tissues, i.e., adipose, muscle,
placenta, efc., and hence, diverge in their characteristics, such as proliferation rate, self-renewal, paracrine activity, and
differentiation potential[2]. For instance, umbilical cord-derived MSCs (UC-MSCs) have a higher propensity of primitive
cell population than their counterparts derived from the bone marrow (BM-MSCs). Similarly, adipose tissue-derived
MSCs (Ad-MSCs) differ in their immunoregulatory characteristics from their counterparts in BM-MSCs. However, based
on their cell biology, superior paracrine behavior, and anti-inflammatory and immunomodulatory characteristics, MSCs
isolated from the bone marrow and umbilical cord remain the most well-studied cells in clinical studies[3].

Despite encouraging data from experimental and clinical studies[3,4], massive donor cell death primarily influences
the efficacy of cell-based treatment, poor engraftment rate, and low differentiation rate. Some studies have reported that
as high as 99% of donor cells undergo apoptosis and necrosis during the acute post-transplantation phase[5,6]. The
drastic diminution in the number of surviving donor cells has a three-pronged effect on the intervention outcome; firstly,
dead cell debris accentuates the acute phase inflammatory response at the injury site. Secondly, reducing the number of
surviving donor cells lowers the reparability and paracrine activity of the transplanted cells. Lastly, extensive cell death
necessitates a larger cell dose for optimal therapeutic outcomes, thus raising logistic implications. Hence, donor cell
survival post-transplantation remains a significant determinant of the efficacy of the cell-based intervention. The issue
may be addressed by augmenting the tissue microenvironment by manipulating it to favor the donor cells or priming
them to become more resistant to apoptosis and ferroptosis[7,8]. The editorial by Wan et al[9] elegantly delves into
strategies to pre-treat MSCs to enhance their stemness, biology, and reparability characteristics. We have previously
reported different strategies encompassing physical, chemical, pharmacological, or genetic manipulation of MSCS to
develop ‘super stem cells” that are primed to endure the harsh microenvironment in the injured tissue, resist apoptosis,
and undergo differentiation besides expressing a plethora of bioactive molecules as part of their paracrine activities[10].
Our editorial delves into the pretreatment approaches of MSCs to enhance their survival, stemness, and functional
characteristics, as summarized in Figure 1.

PRETREATMENT APPROACHES OF MSCS

Pretreatment approach using physical methods

Physical manipulation protocols constitute the most prevalent methods to pre-treat stem cells for their improved survival
and functionality post-transplantation in the harsh microenvironment of injured tissues. One of these approaches is to
expose the MSCs to hypoxic culture conditions as part of hypoxic preconditioning that successfully initiates pro-survival
signaling downstream of hypoxia-inducible factor (HIF)-1a activation[11]. The level of hypoxia used ranges from 1% to
5% oxygen in various studies, simulating the condition of their natural habitat and that of the ischemic injured tissue
microenvironment[12]. These hypoxic priming protocols, either continuous exposure to hypoxia from a few hours to 1-3
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Figure 1 Summary of mesenchymal stem cell priming strategies to develop “super mesenchymal stem cells” with enhanced stemness,
biology, and functionality. AD: Adrenomedullin; An: Anoxia; Cytok: Cytokine; GF: Growth factor; Hypo: Hypoxia; IL: Interleukin; MSC: Mesenchymal stem cell;
PCM: Preconditioning mimetics; Pharma: Pharmacological; Pro-S: Pro survival; Scaf: Scaffold; Sec: Secretome; Therm: Thermal.

d[13-15] or intermittent hypoxia and reoxygenation cycles[16], have been shown to enhance their in vitro proliferation,
paracrine activity, differentiation potential, and alleviation of senescence. There is no consensus regarding the level of
hypoxia or the duration of exposure. Elucidating the molecular mechanisms, these studies have revealed activation and
involvement of multiple signaling pathways and induction of pro-survival of molecules, including Akt, B-cell lymphoma-
2 (Bcl-2), Bel-X1, BAG-1, Pim-1, efc., and inhibition of pro-apoptotic molecules Bad, Bax, efc. Besides, hypoxia-induced
priming also increases the higher expression of chemokine receptors, i.e., C-X-C chemokine receptor type 4 (CXCR4),
CXCRY?, etc., contributing to their emigrational and homing activity.

In one of the elegant studies from Haider’s group, repeated short intermittent cycles of the anoxia-reoxygenation-based
preconditioning protocol were optimized to address the issue of poor cell survival[17]. Mechanistic studies revealed the
activation of Akt(ser473) and Erk1/2(Thr202/Tyr204), which also involved HIF-1a nuclear translocation with the
concomitant activity of hypoxemic, i.e., miRNA-210[17]. Furthermore, real-time polymerase chain reaction array for rat
apoptotic genes, computational target gene analyses, and luciferase reporter assay identified FLICE-associated huge
protein/caspase-8-associated protein-2 suppression in the preconditioned cells as the downstream target gene of miRNA-
210 that was responsible for cytoprotective effects of preconditioning. The same research group further analyzed the
significance of hypoxamir-107 in cytoprotection and its simultaneous induction with miRNA-210 in MSCs to mimic
cytoprotection by ischemic preconditioning[18]. In one of the well-designed studies, Kim et al[19] genetically modified
BM-MSCs for miRNA-210 expression to mimic the ischemic preconditioning effects for their improved survival post-
engraftment in the experimentally infarcted myocardium. Interestingly, MSCs delivered miRNA-210 to the host
cardiomyocytes through gap junctions to contribute to the functional recovery of the ischemic myocardium. To validate
this observation in vitro, the transfer of miRNA-210 from MSCs to the co-cultured cardiomyocytes was abrogated by
heptanol pre-treatment. A recent study has reported that hypoxic pre-treatment of MSCs significantly alters their
derivative exosomal payload and accentuates their efficacy[11]. Molecularly, these exosomal payload changes have been
attributed to HIF-1a induction, which modulates the expression of multiple genes regulating cell biology and functions.
Put together, hypoxic/anoxic preconditioning is considered the most favored and extensively studied preconditioning. It
is safe and has the potential to be safely advanced to clinical applications.

Other physical methods used for priming include electrical stimulation, stretch pre-treatment, thermal and laser pre-
treatment, and, more recently, 3D culture, which incidentally simulates the natural niche condition of MSCs. Electrical
stimulation protocol conditions MSCs to enhance their proliferation, migration, differentiation, and scaffold adherence
[20]. The effect of physiological level electrical stimulation has been shown to impact slowly; three days of culture has
little effect compared to seven days and fourteen days to stimulate osteogenic, chondrogenic, and neural differentiation of
the MSCs[21,22]. Similarly, the impact of electric stimulation is also determined by whether it is continuous or pulsed.
One of the exciting applications of electrical stimulation has been to acclimatize MSCs to the cardiac environment for
myocardial repair and regeneration[23]. Molecular studies showed that electrical stimulation enhanced phosphorylation
of Akt, focal adhesion kinase, glycogen synthase kinase, and abrogated caspase-3 cleavage. Interestingly, inhibition of
AKT or focal adhesion kinase abolished the pro-survival effects of electrical stimulation. The connective tissue growth
factor was cytoprotective, promoting cell adhesion to support cell survival.
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Akin to electrical stimulation, mechanical stretch, and other mechanics, including compressive and hydrostatic
pressure, cell biology and characteristics, such as cell survival, migration, proliferation, differentiation, etc., are influen-
ced. The underlying principle is that mechanical forces experienced by the cells are converted into signals leading to
specific biological responses. For example, the effects of mechanical stretch differ in 2D and 3D culture conditions[24].
One study showed cyclical mechanical stretch-induced HIF-1o-mediated osteogenic differentiation of BM-MSCs in 2D
culture conditions[25]. On the other hand, human MSCs cultured in 3D extracellular matrix-like fibrous structures
significantly enhanced collagen and mineral deposition, thus increasing the rate of osteogenesis[26]. It has been reported
that 5%-10% mechanical strain increased collagen synthesis without changing the surface marker changes. On the
contrary, 5%-15% strain for three days significantly enhanced their proliferation[27]. Microscopically, cyclical mechanical
stretch aligns the cells perpendicular to the stretch axis and remains aligned, modifying their cytoskeletal orientation.
Some more relevant studies have been included in Table 1, along with their summary of results.

These data from the physical pre-treatment of MSCs show that the potential of optimizing these strategies is
undoubtedly there. Still, a standard protocol for each one of the strategies needs to be optimized before any of these
approaches can be used in clinical settings. However, the pre-clinical studies have proven their therapeutic efficacy and
safety, with hypoxia pretreatment leading the race and set for use alone or in combination with other strategies. Some
typical studies using physical manipulation of MSCs with respective salient findings have been summarized in Table 1.

Pretreatment approach using chemicals and drugs

Since the publication of early reports about organ preconditioning with cyclical intermittent ischemia-reperfusion
protocol[54] and the subsequent use of preconditioning mimetics[55,56], the preconditioning approach has been
successfully extrapolated to cellular and sub-cellular priming of stem cells[7]. An ever-expanding list of chemicals,
preconditioning mimetics, and pharmacological agents have been reported to prime MSCs successfully for in vitro
mechanistic studies and in vivo studies in different experimental animal models to elucidate their safety and efficacy.
Some typical examples of these chemical and pharmacological priming agents for MSCs have been listed in Table 2.

Although using chemicals is considered a simple and preferred approach for MSC priming, approved drugs are
advantageous because they are safe for human use and can be used for stem cell priming in clinics. Amongst the list of
priming agents mentioned above, statins are gaining popularity[57]. Statins are a group of 3-hydroxy-3-methylglutaryl-
CoA reductase inhibitors approved for cholesterol lowering. The commonly reported statins used as pre-conditioning
mimetics, including lovastatin, simvastatin, atorvastatin, rosuvastatin, etc., have been successfully used for MSCs priming
to accentuate their stemness and functionality. For example, atorvastatin-primed MSCs survived better in the infarcted
porcine heart and improved myocardial function and morphology of the infarcted heart via activation of endothelial nitric
oxide synthase[58]. The primed MSCs also reduced cardiomyocyte apoptosis and suppressed the acute-phase inflam-
matory response in the ischemic myocardium[59]. Similar data have also been reported with the use of other members of
the statin group, such as simvastatin[60].

Niagara et al[61] effectively primed skeletal myoblasts with diazoxide, a known mitochondrial ATP-sensitive
potassium channel opener, to enhance their resistance to apoptosis under oxidative stress by stabilizing mitochondrial
and cellular functions and improving their viability post-engraftment in the infarcted myocardium. Molecular studies
showed the activation of Akt and interleukin (IL)-11/Stat3 signaling pathways with a critical role for miRNA-21 as the
underlying mechanism of diazoxide-based cell priming[61-63]. The primed cells also secreted copious paracrine
secretions, thus contributing to angiomyogenic repair of the infarcted myocardium. These data were consistent with the
group’s published data on diazoxide priming of other cell types, wherein the cell survival was attributed to the activation
of PI3K/Akt/nuclear factor kappa B signaling[41,64]. After the publication of these initial studies, pharmacological
agents belonging to diverse drug groups have been successfully used for MSC priming, especially for experimental
animal studies. Tadalafil is an essential preconditioning mimetic for priming stem cells[65], One-time treatment of MSCs
with tadalafil has been shown to protect the cells for 36 h due to enhanced 3’,5"-cyclic guanosine monophosphate activity
and activation of protein kinase G1. The primed cells showed a significant increase in cell proliferation and post-
engraftment survival in experimentally infarcted rat hearts. The tadalafil-primed cells have also been shown to home into
the ischemic myocardium and neurological recovery in ischemic heart and embolic stroke animal models, respectively[66,
67]. A recently published review comprehensively describes the therapeutic potential of tadalafil-based priming of the
cells and the underlying mechanism[68].

An exciting application of the MSCs priming strategy has been using trace elements with Zinc due to its significant role
in cell growth and proliferation. Sahibdad et al[69] have reported that pre-treatment of MSCs at lower concentrations had
pro-proliferative actions besides cell adhesion. Still, at higher concentrations, it showed concentration-dependent
cytotoxicity[69]. Elucidating the molecular mechanism, they found upregulation of multiple cell cycle regulating genes,
i.e., CDC20, CDK1, CCNA2, CDCA2, besides the induction of HIF-1a and genes involved in self-renewal, i.e., Oct4, Sox2,
Nanog, etc. For further reading, please refer to the literature review published by Noronha et al[70].

Pre-treatment with growth factors, cytokines, and other bioactive molecules

Pre-treatment of MSCs with bioactive molecules encompassing growth factors, cytokines, interleukins, interferon (IFN),
hormones, vitamins, etc., is commonly used to prime the cells. A list of widely used bioactive molecules reported by
different research groups, including, among many, as listed in Table 2. These bioactive molecules are used either alone or
in combination, leading to the induction of diverse signaling molecules, i.e., Akt/ERK1/2, MAPK, elF4E, p44, p70S6K,
elF48, p44/42, mechanistic target of rapamycin, S6RP, etc. Induction of these signaling molecules contributes to functional
changes ranging from altered metabolism to cell proliferation, survival, migration and homing, differentiation, paracrine
activity changes, angiogenesis, etc.
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Table 1 Typical pre-clinical and clinical studies involving mesenchymal stem cells primed using different strategies

Ref. Model type

Cell source and pre-treatment

Main findings

Pre-treatment of MSCs by physical manipulation

Kim et al[17],2009  In vitro studies

Fang et al[24],2019  In vitro study

Bianconi et al[28], A femur defect rat model
2023

Li et al[29], 2023 In vitro study

Liu et al[30], 2021 Mice model of ICH-induced
brain injury using
collagenase IV

Dong et al[31], 2021  In vitro study

Romanek et al[32],  In vitro study
2018

Hu et al[33], 2016 In vitro and in vivo study

Sun et al[34], 2016 In vitro study

Bienideng>  VVISC | https://www.wjgnet.com

BM-MSCs pre-treated with IP (with
two cycles of 30 min
anoxia/reoxygenation)

Stretch pre-treatment of AD-MSCs

ElecS in 2D and 3D cultures

UC-MSCs pre-exposed to (2% O,)
hypoxia + treatment with IL-1p,
TNF-o0, INF-y for 24 h

Hypoxic OM-MSCs treated with
hypoxia (3% O,) for 48 h

Macrophages co-cultured with BM-
derived MSCs with mechanical
stretch

Porcine MSCs under HHP of 20, 30,
40, 50, or 60 MPa (1 h at 24 °C)

Cynomolgus monkey MSCs were
exposed to 0.5% oxygen for 24 h

BM-derived MSCs and ligament
tissue-derived fibroblast under the
uniflex/bioflex culture system

627

IP significantly reduced apoptosis in MSCs through activation
of Akt [Ser(473)] and ERK1/2 [Thr(202)/Tyr(204)] and nuclear
translocation of HIF-a. There was simultaneous induction of
miR-210 in the IP MSCs. RT-PCR array for rat apoptotic genes,
computational target gene analyses, and luciferase reporter
assay identified FLICE-associated huge protein/caspase-8-
associated protein-2 in (PC)MSCs as the target gene of miR-210,
responsible for improved cell survival

Human ADSCs were subjected to cyclic stretch stimulation,
significantly promoting their proliferation, adhesion, and
migration. It also reduced cellular apoptosis but inhibited
adipogenesis and increased osteogenesis. Long-term stretch
promotes cell aging but without any size or morphological
changes. Stretching also caused the induction of PI3K/AKT and
MAPK pathways

A femur defect rat model was used to assess the healing effects
of MSCs pre-treated by ElecS in 2D and 3D cultures for one
hour/day for seven days. The bone healing effect was evaluated
at one, four-, and eight weeks post-surgery. In all groups, the
percentage of new bone increased, while fibrous tissue and
CD68+ cell count were reduced. However, these and other
healing features, like mineral density, bending stiffness, the
amount of new bone and cartilage, and the gene expression of
osteogenic markers, did not significantly differ between groups

Combined pretreatment with hypoxia and inflammatory factors
changed UC-MSC morphology without changing viability,
proliferation, or size. Also, pretreatment did not alter surface
marker expression or mitochondrial function and integrity.
However, pretreatment promoted UC-MSC apoptosis and
senescence. Interestingly, immune regulation-related genes and
protein expression significantly increased. These molecular
changes increased peripheral blood mononuclear cell and NK
cell proliferation and reduced NK cell-induced toxicity

This study investigated the neuroprotective effects of hypoxia-
preconditioned OM-MSCs in treating ICH in mice. Hypoxia-
pretreated OM-MSCs reduced microglial activation and IL-1p
and TNF-o. Also, there was a significant reduction in pyroptosis
and pyroptosis-associated proteins in peri-hematoma brain
tissues. Molecular studies showed reduced microglial NLRP3
expression, caspase-1, and reduced membrane pores on
microglia after ICH

Macrophages co-cultured with MSCs with mechanical stretch
efficiently induced osteogenic differentiation of MSCs. Cyclical
stretch caused macrophages to be polarized to the anti-inflam-
matory M2 phenotype, inducing IL-10 and TGF-p expression.
YAP activation and nuclear translocation also caused BMP2
expression to facilitate MSC osteogenesis

Porcine BM-MSCs were cultured in vitro and, before cryopreser-
vation, subjected to HHP, i.e., 20, 30, 40, 50, or 60 MPa for 1 h at
24 °C. Immediately after thawing and on day 8, the cells were
assessed for survival and proliferation. MSCs subjected to 40, 50,
and 60 MPa showed improved survival vs the control, while
cells exposed to 40 MPa HHP had higher proliferation than the
control group after eight days of culture

MSCs were exposed to 0.5% oxygen (HP-MSCs) for 24 h and
later used to treat MI in cynomolgus monkeys. Hypoxia
pretreatment increased the expression of pro-survival/pro-
angiogenic factors in vitro. Post-transplantation, they reduced
the infarct size and LVEF on day 90 after treatment compared to
the control group. This was also accompanied by higher
cardiomyocyte proliferation, blood vessel density, myocardial
glucose uptake, and engraftment of the transplanted cells. There
were no arrhythmogenic changes

The cells were uniaxially or radially stretched under 5%, 10%,
and 15% strains at 0.1, 0.5, and 1.0 Hz. Exposure to uniaxial
stretch (15% at 0.5 Hz; 10% at 1.0 Hz) increased proliferation
and collagen production in fibroblast. On the other hand, the
uniaxial strains (5%, 10%, and 15%) at 0.5 Hz and 10% strain at
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Wang et al[35], 2013 In vitro study

Cyclical compressive stress on rat
BM-derived MSCs

Pre-treatment with chemicals and pharmacological agents

Qazi et al[36], 2022

Aslam et al[37],
2020

Li et al[38], 2015

Liu et al[39], 2014

Shinmura et al[40],
2011

Suzuki et al[41],
2010

Rat model of MI

In vitro studies

Rat model of AMI

Rat model of AMI

Nude rat model of AMI

In vitro studies

3D-cultured rat BM-MSCs and
treated with zebularine

UC-MSCs pre-treated with TH

Atorvastatin-treated rat BM-MSCs

HIF-a prolyl hydroxylase inhibitor
DMOG

Pioglitazone pre-treated human
MSCs

Diazoxide pre-treated BM-MSCs

Pre-treatment of MSCs with cytokines and growth factors

Chen et al[42], 2023

Chen et al[43], 2023
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In vitro studies

In vitro studies

hUC-MSCs pre-treated with IFN-y
& TNF-o alone or combined in a
colitis mice model

Rat BM-MSCs treated with SDF-1a,
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1.0 Hz were favorable for MSCs. Radial strain did not affect
fibroblast, but radial strains 5%, 10%, and 15% at 0.1 Hz increase
MSC proliferation. The data supported the differential response
of the cells depending on cell type under different types of
mechanical stress

Dynamic cyclical compressive stress remarkably increased
MSCs quantity and viability during early chondrogenesis,
increasing cyclin D1, CDK4, and Col201. MEK/ERK and p38
MAPK were not activated, but BMP signaling was activated in
mechanotransduction for chondrogenic proliferation

MSCs were cultured on a collagen scaffold and, after treatment
with zebularine for cardiac differentiation, were used to treat
the rat MI model. Compared to the MI control, there was a
significant improvement in cardiac function in the zebularine-
treated scaffold-cultured group. A significant reduction in a
fibrotic scar and an improvement in LV wall thickness
preserved LV remodeling. Blood vessel density in and around
the infarct area was also improved

The scratch assay showed a decreased scratch area in the case of
IH-treated MSCs at 24 h, extending to complete closure of the
scratch area at 48 h. Histological analysis showed reduced
inflammation and completely remodeled epidermis and dermis
without scar formation. There was a time-dependent reduction
in IL-1B and IL-6. There was a simultaneous increase in Bcl-2
and TGEF-B, VEGEF, Bcl-2, and MMP-9, with increased
angiogenesis and reduced inflammation and apoptosis

Atorvastatin pretreatment induced CXCR4 expression in MSCs
and supported their emigrational potential. When delivered
intravenously in a rat model of AMI, the cells homed into the
infarcted myocardium, participated in myocardial repair, and
preserved global cardiac function

DMOG pre-treatment of BM-MSCs significantly enhanced the
expression of pro-survival and pro-angiogenic factors, including
HIF-1a, VEGF, glucose transporter 1, and phospho-Akt. DMOG-
treated MSCs also survived better than naive MSCs post-
engraftment in the rat model of AMI, in addition to increasing
blood vessel density in and around the infarcted myocardium

MSCs pretreated with pioglitazone were injected two weeks
after MI. Pretreatment with pioglitazone significantly improved
change in LVFS. Immunohistochemistry showed increased
cardiomyogenic transdifferentiation of the transplanted cells
and improved global cardiac function

Treatment of MSCs with DZ (200 pM) induced NF-xB-
dependent miR-146a expression to support cell survival.
Abrogation of miR-146a expression using an antisense miR-146a
inhibitor abolished DZ-induced cytoprotective effects. The
computational analysis demonstrated a consensus putative
target site of miR-146a in the 3’ untranslated region of Fas
mRNA regulating cell apoptosis. A Luciferase reporter assay
revealed forced expression of miR-146a downregulated Fas
expression

Treatment with IFN-y alone increased PD-L1 in hUC-MSCs,
while TNF-a alone did not. Co-treatment with IFN-y and TNF-a
increased PD-L1 expression. IFN-y also activated the
JAK/STAT1 signaling pathway, increased the IRF1 transcription
factor, promoted the binding of IRF1 and the PD-L1 gene
promoter, and finally increased PD-L1 mRNA. TNF-a
significantly enhanced IFN-y-induced JAK/STAT1/IRF1
activation. TNF-o increased IFN-y receptors via the NF-xB
signaling pathway, significantly enhancing IFN-y signaling.
Finally, co-treatment inhibited lymphocyte proliferation,
reduced mucosal damage, inflammatory cell infiltration, and
up-regulation of inflammatory factors in colitis mice

CXCR4 expression was observed on BM-MSCs by immunofluor-
escence staining. Treatment with SDF-1a increased collagen X
and MMP13 expression during cartilage differentiation but with
no change in collagen II or aggrecan. SDF-1a treated MSCs were
validated in primary chondrocytes. SDF-1a increased p-GSK3p
and B-catenin in MSCs. Abrogation of this pathway using ICG-
001 (5 pmol/L) abrogated the SDF-1o-mediated up-regulation of
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Esmaeili et al[44],
2021

Lu et al[45], 2009

Rat model of AMI

In vitro studies and Rat
model of AMI

Hahn et al[46], 2008 Rat model of AMI

Pre-treatment of MSCs by genetic manipulation

Li et al[47], 2018

Gomez-Mauricio et

al[48], 2016

Gnecchi et al[49],
2009

Haider et al[50],
2008

Isoproterenol-induced heart
failure model in rats

Porcine heart model of MI

Rat model of acute MI

Rat model of acute MI

Pre-treatment of stem cells in clinical trials

Bartunek et al[51],
2013

Bartunek et al[52],
2016

Qayyum et al[53],
2017
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C-CURE Clinicaltrial.gov
ID: NCT00810238

CHART-1 Clinicaltrial.gov
ID: NCT01768702

MyStromalCell trial. Clinic-
alTrials.gov ID:
NCT01449032

Rat BM-MSCs overexpressing
VEGF and pre-treated with SDF-1a

BM-derived Sca-1+ cells exposed to
OGD and pre-treatment with IGF-1

Rat BM-MSCs pre-treated with
FGF-2 and IGF-1

MSCs overexpressing ADM

Porcine adipose tissue-derived
MSCs genetically modified for
HGF-1 and IGF-1

MSCs overexpressing Aktl

Rat BM-MSCs overexpressing IGF-
1

hBM-MSCs pre-treated with a
cocktail of bioactive molecules

Cardiopoietic MSCs C3BS-CQR-1

VEGF-A165-stimulated adipose-
derived stromal cells ASCs
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collagen X and MMP13 expression in MSCs

SDF-1a pre-treatment significantly reduced LDH release in
MSCs, significantly thus increasing their survival more than the
naive control MSCs. The LVEF was improved considerably with
a concomitant reduction in the infarct size in the animals in
SDF-1a pretreated cells compared to the other treatment groups
of animals

Exposure to OGD for up to 12 h activated Erk1/2 in Sca-1(+)
cells. Moreover, higher intracellular calcium with simultaneous
PKC activation was also observed. Pretreatment with nifedipine
or dantrolene reduced cellular calcium, abrogated PKC, and
Erk1/2 activation. Pretreatment with 100 nM IGF-1 increased
cell resistance to ischemia via Erk1/2 activation to improve their
survival under OGD and post-engraftment of the infarcted heart

Pre-treatment of MSCs with bFGF + IGF1 increased the
expression of cardiac transcription factors and survival.
Transplantation of the pre-treated cells in a rat myocardial
infarction model reduced infarct size and improved global
cardiac function compared to untreated MSCs. Pre-treatment
with growth factors enhanced gap junction formation in the
transplanted MSCs without any arrhythmias

Transplantation of ADM-MSCs significantly improved heart
function and reduced the size of the fibrotic area. Fluorescence
microscopy revealed that ADM-MSCs survived considerably
better in the heart. ADM-MSC treatment also improved heart
function through enhanced antifibrotic activity

I/M delivery of MSCs with IGF-1 and HGF-1 was safe. Inflam-
mation was significantly reduced in some myocardial sections
analyzed. There was a significant increase in blood vessel
density in ischemic tissue. Although cardiac function
parameters were not significantly improved, cell retention and
IGF-1 overexpression were confirmed within the myocardium.
Concomitant IGF-1- and HGF overexpression promoted a
synergistic effect

Akt-MSCs, or PBS, were used to treat rats with experimental MI.
High energy metabolism and basal 2-DG uptake were evaluated
on isolated hearts using phosphorus-31 NMR 72 h and two
weeks after MI. Treatment with Akt-MSCs increased 2-DG
uptake in the residual intact myocardium vs PBS or the naive
MSC treatment. Also, Akt-MSC-treated hearts had normal pH
and functional recovery after MI, thus showing that Akt-MSCs
preserved normal metabolism and pH in the surviving
myocardium

Overexpression of IGF-1 led to enhanced phosphoinositide 3-
kinase, Akt, and Bcl-xL and inhibition of glycogen synthase
kinase 3beta besides the release of SDF-1a in BM-MSCs.
Intramyocardially transplantation of IGF-expressing MSCs of
the transplanted MSCs with massive mobilization and homing
of ckit(+), MDR1(+), CD31(+), and CD34(+) cells into the
infarcted heart. Infarction size was significantly reduced vs
control. There was extensive angiomyogenesis in the infarcted
heart and improved LVEF

In 100% of cases, treatment using MSCs pre-treated with a
cardiopoietic cocktail was without complications. Cardiopoietic
cell therapy did not induce systemic toxicity. LVEF was
significantly improved compared to the standard therapy
without cell treatment. Cell therapy also increased the 6-min
walk distance, improving the New York Heart Association
functional class, quality of life, and physical performance

Patients (n = 351) with symptomatic advanced HF with reduced
LVEEF (< 35%) were randomized to receive C3BS-CQR-1 or a
sham procedure. Treatment with C3BS-CQR-1 resulted in a
significant progressive reduction in LVEDV and LVESV during
a 52-wk follow-up. Interestingly, the most considerable reverse
remodeling was observed in the patients receiving moderate
injections (< 20)

The MyStromalCell trial is a randomized, double-blind, placebo-
controlled study in sixty patients with refractory angina,
CCS/NYHA class II-III, LVEF > 40%, and at least one significant
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coronary artery stenosis. ASCs were culture-expanded and
primed with VEGF-A165. Six months of follow-up showed that
the treatment was safe and improved exercise tolerance
compared to placebo

HIF: Hypoxia-inducible factor; ADM: Adrenomedullin; ASCs: Adipose-derived stromal cells; DMOG: Dimethyloxalylglycine; ElecS: Electrical stimulation;
IL-1p: Interleukin-1p; HGF-1: Hepatocyte growth factor-1; hUC-MSCs: Human umbilical-cord-derived mesenchymal stem cells; ICH: Intracerebral
hemorrhage; IGF-1: Insulin-like growth factor-1; INF-y: Interferon-y; IP: Ischemic preconditioning; HHP: High hydrostatic pressure; LDH: Lactate
dehydrogenase; LVEF: Left ventricular ejection fraction; NK cells: Natural killer cells; NLRP3: Nod-like receptor family protein 3; OM-MSCs: Olfactory
mucosa mesenchymal stem cells; SDF-1a: Stromal cell-derived factor-1a; UC-MSCs: Umbilical cord mesenchymal stem cells; VEGF: Vascular endothelial
growth factor; TGF-B: Transforming growth factor-p; TNF-o: Tumor necrosis factor-o; IH: Isorhamnetin; IRF1: Interferon regulatory factor 1, OGD: Oxygen
and glucose deprivation; PBS: Phosphate-buffered saline; 2-DG: 2-deoxy-glucose; MSC: Mesenchymal stem cell; BM-MSC: Bone marrow-derived
mesenchymal stem cell; RT-PCR: Real-time polymerase chain reaction; FLICE: FADD-like interleukin-1p-converting enzyme; AD-MSC: Adipose tissue-
derived mesenchymal stem cell; MMP: Matrix metalloproteinase; Bcl-2: B-cell lymphoma-2; CXCR4: C-X-C chemokine receptor type 4; MI: Myocardial
infarction; NF-kB: Nuclear factor kappa B; PD-L1: Program death ligand-1; GSK: Glycogen synthase kinase; FGF-2: Fibroblast growth factor-2; ADM:
Adrenomedullin; HF: Heart failure; HIF: Hypoxia-inducible factor; LVEDV: Left ventricular enddiastolic volume; LVESV: Left ventricular endsystolic

volume.

Table 2 Typical examples of growth factors, bioactive molecules, chemicals, and pharmacological agents used to pre-treat

mesenchymal stem cells

GF, cytokines, & other bioactive molecules

Transgenes for genetic modulation of MSCs

Chemicals and pharmacological agents

Adrenomedullin
Angiopoietin-1
Angiotensin-II

Basic fibroblast GF
Epidermal GF

GCSF

Hepatocyte GF-1
Insulin-like GF-1
Interferon-y
Interleukinl-f
Interleukin 6

Melatonin

Oxytocin
Platelet-derived GF
Stromal cell-derived factor 1a
Thymosin B4
Transforming GF-
Tumor necrosis factor-o
Vascular endothelial GF

Vitamin E

Adrenomedullin

Akt

Akt + angiopoietin

Bcl2

CXCR4, CXCR7

GATA4

Focal adhesion kinase
Hepatocyte GF-1
Hypoxia-inducible factor
Insulin-like GF-1

Integrin subunit-alpha4
Kallikerin-1

cMyc

Oct4

Protein kinase C

Sox2

Stromal cell-derived factor 1o
Tumor necrosis factor-a receptor
Vascular endothelial GF

Various microRNAs

Cobalt chloride
2,4-dinitrophenol
Aliskiren

Atorvastatin
Diazoxide
Deferoxamine
Dimethyloxalylglycine
Glucagon-like protein-1
Hydrogen peroxide
Lipopolysaccharide
Nicorandil
Pioglitazone
Salvianolic acid
Simvastatin
Sevoflurane

Sodium butyrate
Tadalafil
Trimetazidine

Trace elements like Zn

Valproic acid

Bcl2: B-cell lymphoma-2; CXCR4: C-X-C chemokine receptor type 4; GCSF: Granulocyte colony-stimulating factor; GF: Growth factor; GATA4: GATA-

binding protein 4; MSC: Mesenchymal stem cell.

For example, with specific receptors on the MSCs’ surface membrane, oxytocin hormone has been used to pre-treat

them to improve their functionality[71]. Functional and molecular studies revealed phosphorylation of Akt/ERK1/2
proteins for their role in migration, proliferation, and cytoprotection in pre-treated cells subjected to hypoxia and serum
deprivation insults. There was also a significant increase in the proangiogenic and anti-apoptotic proteins. Similarly,
Zhang et al[72] used IFN-y for priming MSCs to attenuate experimental liver injury via induction of indoleamine 2,3-
dioxygenase, which enhanced the protective autophagy mechanistic target of rapamycin pathway inhibition and
activation of the AMPK pathway. On the same note, adipocytokines, including the proinflammatory interleukins, have
been shown to contribute significantly to bone homeostasis[73]. These examples illustrate the role of a diverse array of
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bioactive molecules studied in experimental settings.

Encouraged by the cellular preconditioning data, Suzuki et al[41] observed a dual role for connexin-43 during insulin-
like growth factor (IGF-1)-based priming of BM-derived Sca-1+ cells. Treatment of Sca-1+ cells not only improved their
rate of cardiogenic differentiation, but it was also cytoprotective due to the induction and translocation of connexin-43
onto the mitochondrial inner membrane in the preconditioned Sca-1+ cells[41]. Based on these novel findings, they
designed the protocol for subcellular preconditioning via mitochondria-specific targeting of transgenic connexin-43 in
Sca-1+ cells[74,75]. It was observed that Sca-1+ cells with mitochondria-specific connexin-43 overexpression were
resistant to glucose-oxygen deprivation due to reduced accumulation of cytosolic cytochrome-c in the cytoplasm and
lower caspase-3 activity, thus leading to their improved survival. Computational analysis revealed a Bcl-2 homology
domain-3 motif in Cx-43 with a conserved pattern of amino acids akin to the Bcl-2 family, the inhibitors of cytochrome-c
release from mitochondria into the cytoplasm. These data were later supported with in vivo assessment of subcellular
preconditioning for successfully protecting the transplanted cells post-engraftment in a rodent model of acute myocardial
infarction[76]. It was observed that cell-based therapy using sub-cellularly preconditioned cells successfully reduced
infarct size and preserved global cardiac function.

Priming of MSCs by genetic modification

Due to the robust nature of MSCs, they can withstand the rigors of genetic modulation protocols without altering their
stemness and differentiation potential. Hence, they are considered one of the best candidate cell types for combining cell
therapy and gene therapy to exploit the best of the two therapeutic strategies. This combinatorial approach also allows
stem cell priming via transferring a transgene or a set of genes of interest into the MSCs for transient or long-term
expression[77]. The genetically modified cells then serve as “tiny little factories” that transiently or persistently release the
gene expression product as a part of the releasate or the secretome. The releasate is rich in bioactive molecules, dominated
by the transgene expression product, and may act in a paracrine or autocrine manner to initiate cell signaling, impacting
the cell’s stemness and functionality. One of the limiting factors in this approach of MSC priming is the availability and
propensity of the specific receptors on the effector cells. The use of receptor-engineered cells can overcome this limiting
factor. Also, diverse protocols based on viral and non-viral vectors have been optimized to transfer the transgene with
their respective advantages and limitations[78], with significant advancements for clinical applications[79].

Genetic modulation of MSCs induces and amplifies the temporospatial expression of different proteins and soluble
factors with diverse uses, such as growth factors, cytokines, chemokines, transcription factors, enzymes, and microRNAs,
which enhance the regenerative potential of MSCs[80]. A long list of transgenes has been reported for genetic modulation
of MSCs, encompassing pro-survival molecules to the ones supporting vasculogenic and myogenic differentiation of the
cells (Table 2). Besides broadening their therapeutic capabilities, it enhances their survival post-engraftment, a problem
that significantly impacts the therapeutic outcome[81].

The protocol of genetic modulation generally involves ex-vivo manipulation of in vitro expanded cells. The transgenes/
s selection for the genetic modulation is made based on the desired outcome. Some typical examples of MSCs’ genetic
modulation for experimental and clinical studies have been given in Table 1 with a summary of the results. Meanwhile,
non-viral delivery vector-based genes will remain episomal, yielding transient and low-level expression. On the contrary,
viral delivery vectors, i.e., lentivirus and retrovirus, are considered more efficient and yield long-term expression due to
integrating the delivered genes with the host genome[82].

One of the most significant applications of genetic modulation has been reprogramming somatic cells to pluripotency,
which has revolutionized cell-based therapy[83]. The reprogramming protocol has also successfully reprogrammed MSCs
to develop induced pluripotent stem cells to treat infarcted myocardium[84]. The reprogrammed cells are considered
surrogate embryonic stem cells and are fast-emerging for theragnostic applications and disease modeling. Another
important application of genetic modulation of MSCs is loading specific cargo of the transgene expression product in
their derivate exosomes[85]. It has been observed that the exosomes released from the genetically modulated cells are rich
in the gene expression product. Hence, genetic priming of MSCs is becoming an excellent tool to engineer the derived
exosomes the cells release as the insoluble fraction of their paracrine activity.

Combinatorial approaches in pre-treatment of MSCs

Unlike the strategies mentioned above, Li et al[29] in this issue report a preconditioning protocol that employs a combin-
atorial approach of culturing UC-MSCs in a pro-inflammatory milieu including a cocktail of IL-1p, tumor necrosis factor-a
(TNF-a), and INF-y, under hypoxia (2% O,) for 24 h. The authors report improving the preconditioned cells” immunoreg-
ulation-related gene and protein profiles, thus enhancing their immunoregulatory properties compared to the naive (non-
preconditioned) UC-MSCs. More importantly, the preconditioned UC-MSCs” immunoregulatory properties were
accentuated without conceding their biological characteristics, i.e., surface marker expression, proliferation, mitochondrial
integrity, etc. The conditioned medium from the preconditioned cells is rich in soluble immunomodulatory factors, i.e.,
indoleamine 2,3-dioxygenase, prostaglandin E2, transforming growth factor (TGF)-p1, TNF-stimulated gene-6, and IL-10.
The data from co-culture experiments involving natural killer cells or peripheral blood mononuclear cells with precondi-
tioned UC-MSCs is intriguing and depicts significantly reduced activity of pro-inflammatory cells. These data are
consistent with the prior studies, which used a similar approach to precondition BM-MSCs and Ad-MSCs. For example,
using a proinflammatory milieu akin to the one used by Li et al[29], Rodriguez et al[86], they reported upregulation of
anti-inflammatory genes in the preconditioned cells cultured under normoxia in a pro-inflammatory milieu for 48 h
showed robust suppression of T-cell activity. On the same note, Gorgun et al[87] supplemented a mix of TNF-a and IL-1f
(without IFN-y) to the medium under 2% O, culture conditions to study the proangiogenic activity of extracellular
vehicles (EVs) derived from preconditioned Ad-MSCs[87]. Analyzing the payload of EVs, the authors have proposed
their use for anti-inflamaging. Interestingly, Ragni et al[88] used only IFN-y to create an inflammatory milieu under
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normoxia to precondition Ad-MSCs; payload profiled their derived EVs and reported their anti-inflammatory effects on
the synovial fluid macrophages[88]. In summary, the common feature of these studies is the inflammatory milieu-based
preconditioning protocol, either in the presence or absence of hypoxia, to accentuate their immunosuppressive potential.

Despite the combinatorial preconditioning approach reported by Li et al[29], which has provided exciting and clinically
relevant data, the study has limitations. For example, no rationale is offered to use a cocktail of three pro-inflammatory
molecules under hypoxia, unlike the prior reports. It would have been prudent to compare the effect of each pro-inflam-
matory molecule under normoxia and hypoxia for preconditioning to appreciate how adding each molecule to the
cocktail adds to the priming efficiency of the inflammatory milieu with and without hypoxia. Secondly, an attempt must
be made to elucidate the molecular mechanism and recognize the signaling pathways underlying the combinatorial
preconditioning strategy. Understanding the molecular mechanism will go a long way in refining the preconditioning
protocol besides discriminating the individual contribution of each pro-inflammatory cytokine in the cocktail in the
presence and absence of hypoxia. It will also be interesting to compare the combinatorial preconditioning protocol with
either of the non-combinative protocols, especially sub-cellular preconditioning[74,76], in a parallel set of experiments.
Intriguingly, authors have reported that preconditioning increased apoptosis and senescence in the preconditioned cells;
however, their anti-apoptotic capacity was increased. The authors did not attempt to elucidate whether the precondi-
tioned cells could resist apoptosis upon subsequent exposure to oxidative stress.

There have been other similar combinatorial priming approaches using growth factors reported using growth factors
and hypoxia. For example, Caroti et al[89] pre-treated MSCs with 10 ng/mL basic fibroblast growth factor (bFGF)
followed by hypoxic culturing. The combined treatment with bFGF and hypoxic culture led to a 2.8 times higher prolif-
eration rate and reduced senescence while maintaining their multipotentiality for up to 11" passage. In another study
adopting a combinatorial strategy, Tu et al[90] treated MSCs with IFN-y and TNF-a, which increased factor H, an
inhibitor of complement activation, secretion in the pre-treated cells. Furthermore, the primed MSCs4 caused an anti-
inflammatory response by promoting M1 to M2 macrophage transition in 2D culture. The same priming strategy in 3D
culture for four days suppressed the release of indoleamine 2,3-dioxygenase, TGF-p, and IL-6 with a concomitant increase
in their anti-inflammatory and immunomodulatory activity[91].

Priming MSCs from the clinical perspective

Another significant area for improvement in MSCs’ pre-treatment strategies to develop super stem cells is the paucity of
in vivo data on whether the priming of stem cells enhances their efficiency after delivery to patients in clinical settings
[92]. The extrapolation of translational data is a prerequisite to observing the in vivo behavior of the cells that may or may
not withstand the “in vivo hazards” of the human biological system, an aspect of cell-based therapy that is challenging to
approximate during in vitro experimentation and experimental animal modeling. Hence, many position papers are being
published to stress the need to move pre-treatment strategies to clinical settings for enhanced stemness features and
reparability of MSCs[93,94]. On the practical side, some clinical trials have reported using pre-treated “primed” cells for
based therapy. Bartunek et al[51] were the first to implement the paradigm of lineage guidance in clinical trials. They
reported a multicenter, randomized trial C-CURE (Cardiopoietic stem Cell therapy in heart failure; ClinicalTrials.gov
Identifier: NCT00810238) in 240 heart failure patients[95]. Extrapolating their translational study data to support
cardiomyogenic lineage commitment using a cocktail of cardiopoietic factors, including TGF-p1, bone morphogenetic
protein-2/4, FGF-2/4, IL-6, IGF-1/2, vascular endothelial growth factor A (VEGF-A), EGF and activin-A (which
promoted nuclear translocation of cardiac transcription factors, i.e., Nkx2.5, Gata4, etc.), the clinical trial used the
cardiomyogenic lineage committed MSCs. More importantly, the pre-treatment strategy with bioactive molecules showed
no evidence of increased cardiac or systemic toxicity, while their reparability was significantly improved.

A subsequent CHART-1 study (Clinicaltrials.gov ID: NCT01768702 and EudraCT ID: 2011-001117-13) was conducted
by the same research group on a larger cohort of patients with symptomatic advanced heart failure with reduced left
ventricular ejection fraction (LVEF) (< 35%)[52]. Follow-up results at 39 wk from 271 patients (n = 120 C3BS-CQR-1, n =
151 sham) revealed that the primary outcome was neutral. At the same time, exploratory analyses showed the benefit of
cell treatment on the primary composite in patients with baseline LV end-diastolic volume in 60% of patients[96]. There
was no difference in serious adverse events. A 52-wk follow-up after treatment with C3BS-CQR-1 resulted in a significant
progressive reduction in left ventricular end-diastolic and left ventricular end-systolic volumes[97]. Interestingly, the
most considerable reverse remodeling was observed in the patients receiving moderate injections (< 20).

Sponsored by Inbo Han, CHA University, Republic of Koreas, another phase I/II study was registered (Clini-
calTrials.gov ID: NCT05011474) entitled “Safety and Efficacy Study of Matrilin-3 Pretreated Autologous Adipose-Derived
Mesenchymal Stem Cells Implantation in Chronic Low Back Pain Patients with Lumbar Intervertebral Disc Degeneration
(MANT3_ASC)”. The Matrilin-3 treatment was expected to enhance spheroid formation, and treatment was expected to
reduce low back pain and improve disability in the patients. The expected completion was in 2022, but no results have
been posted as yet.

Qayyum et al[53] used pro-angiogenic VEGF-165 to prime adipose tissue-derived stromal cells (ASCs) for use during
the MyStromalCell trial (ClinicalTrials.gov ID: NCT(01449032), a randomized double-masked placebo-controlled study.
The trials involved sixty patients with unstable angina, CCS/NYHA class II-III, LVEF > 40%, and at least one significant
coronary artery stenosis. A six-month follow-up showed that VEGF165 primed ASC-based treatment was safe with
enhanced exercise capacity vs placebo. A three-year follow-up revealed that the exercise performance remained
unchanged in VEGF165-primed ASCs-treated patients, while it declined in the placebo-treated patients[98].

Another study was sponsored by the Federal Research Clinical Center of the Federal Medical & Biological Agency,
Russia, entitled “Clinical Study of the Efficacy and Safety of the Application of Allogeneic Mesenchymal (Stromal) Cells
of Bone Marrow, Cultured Under the Hypoxia in the Treatment of Patients With Severe Pulmonary Emphysema” was
designed and registered (Clinicaltrial.gov ID: NCT01849159). The treatment group received an intravenous infusion of
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MSCs pre-conditioned under 1% oxygen. Infusions were performed every two months for one year. However, the study
was later withdrawn. On the same note, a clinical study is anticipated to involve 200 patients with ischemic heart disease
(ClinicalTrials.gov Identifier: NCT02504437). The study entitled “Therapy of Preconditioned Autologous BMMSCs for
Patients With Ischemic Heart Disease (TPAABPIHD)” was designed to use hypoxia pre-treated and endothelial-induced
BM-MSCs and was expected to be completed in 2017. However, no results are available as no data from the study were
published.

CONCLUSION

After more than two decades of extensive cell-based therapy efforts, searching for an ideal stem cell type is still in
process. Embryonic, extraembryonic, and adult tissue-derived stem cells have been used for cell-based therapy, but each
has some limitations. These limitations have been further exposed when used to treat pathological conditions with
complex underlying mechanisms. Induced pluripotent stem cells have given new impetus to cell-based therapy but suffer
from safety issues, which hamper their progress in the clinic[99]. Therefore, despite progressing to advanced phases of
clinical trials, the reported safety and efficacy parameters have been encouraging but modest at best[4]. This may be
attributed to many challenges and unanswered questions, mainly centering on stem cells lacking the desired features.
Living bio-drugs are different from ordinary pharmaceuticals and biopharmaceuticals and, hence, need to be optimized
for their biology, stemness, and functionality. One of the strategies to overcome these limitations and to impart the
desired characteristics, MSCs need to be modulated with one or more priming strategies to develop “super stem cells”
with enhanced stemness, better survival, superior cell biology, accentuated paracrine activity with specific secretome
composition and exosomal cargo, and higher differentiation potential. Huang et al[100] and Jaukovi¢ et al[101] have
provided a comprehensive account of the literature to show the significance of shear stress and treatment with soluble
mediators in priming MSCs. These priming strategies, together with other physical methods, genetic manipulation,
pharmacological pre-treatment, growth factor preconditioning, 3D-culturing, etc. (Figure 1 and Table 1), may lead to the
development of “super MSCs” that will be the next-generation cells to advance the field of regenerative medicine[102].
For further reading on the physical and genetic methods, the readers can refer to the studies in Table 3. Additionally, the
priming of MSCs may contribute to manipulating their derivative exosomes in terms of their payload profile and surface
modification for targeted delivery of exosomes with well-defined payloads as part of the cell-free therapy approach. It is a
fast-emerging field with potential for clinical usage, but it is out of the scope of this editorial. For further reading on this
topic, it has been reviewed in-depth by Choi et al[117].

More interesting is the emerging strategy of gene manipulation of exosomes and loading them with pharmacological
agents for targeted delivery to the recipient tissues and organs in the body for cell-free therapy[118-120]. All these
strategies have already been used and assessed in the preclinical and translational experimental models[121]. The time is
now ripe to take a leap and advance them to the next step in the clinics. These functionally revamped cells will hold more
incredible promise than their naive cell counterparts.

Table 3 Studies for further reading on physical manipulation and genetic priming strategies

Cell source and pre-

105 treatment

Model type Main findings

Pre-treatment of MSCs by physical manipulation

Izadpanah et al[103], 2022 In vitro 5-Aza treatment + static and
microfluidic cell culture

systems

5-Aza induced cardiac-specific markers in MSCs, but this
induction was significantly increased after exposure to both 5-
Aza and shear stress, showing their synergistic effects vs 5-Aza
or in shear stress-only groups. These results demonstrated that
MSCs’ exposure to 5-Aza and shear stress is required for high-
level cardiac gene expression

Manjua et al[104], 2021 In vitro/in vivo models
for angiogenesis

MSCs exposed to magnetic
pre-treatment

MSCs cultured on polyvinylalcohol and gelatin-based scaffolds
containing iron oxide nanoparticles were exposed to a magnetic
field. The cells showed significantly increased VEGF-A
production and altered their morphology and alignment. MSCs’
angiogenic potential was observed by the increase in angiogenic
response using conditioned media in vitro and in vivo

In vitro

Helms et al[105], 2020

Vaez et al[106], 2018
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AD-SCs pre-treated with TSB
or mechanical stimulation or
their combined action

BM-MSCs in static 2D and
microfluidic cell culture

633

The study was intended to show if mechanical stimulation can
support or replace TSB-induced differentiation of Ad-SCs. ASC
or pre-differentiated SMC exposed to pulsatile perfusion for ten
days with or without TSB resulted in collagen-I expression and
circumferential orientation of the cells around the lumen.
Molecular studies showed upregulation of tsSMA and calponin
expression. On the other hand, contractility and smoothelin
expression required both mechanical and TSB stimulation

There was a clear but insignificant difference between the
beating rate of APCs and CNCs in both 2D and the microfluidic
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Popa et al[107], 2016

Shi et al[108], 2011

Liu et al[109], 2011

Kasten et al[110], 2010

In vitro

In vitro

In vitro

Pre-treatment of MSCs by genetic manipulation

Li et al[111], 2023

Yu et al[112], 2023

Singh et al[113], 2018

Konoplyannikov et al[114],
2013

Jiang et al[115], 2006

In vitro and mice model
of PD

In vitro and in vivo mice
model of alkali-burned
cornea

In vitro

In vitro and in vivo in rat
model of MI

In vitro and in vivo
study in rat model of
MI

Bienideng>  VVISC | https://www.wjgnet.com

systems

hAD-SCs pre-treated by
MNPs integrated in xC
hydrogels

MSCs’ exposure to CCMT

hMSCs under perfusion
culture system to produce
ESS)

BM-MSCs subjected integrin
integrin-induced and
inhomogeneous magnetic
force exposure

hMSCs overexpressing
VEGF189

AD-MSCs overexpressing
IGF-1

Pharmacological and genetic
manipulation of MSCs to
enhance survivin

Simultaneous overexpression
of IGF-1, VEGF, sSDF-1a,
HGEF-1 in SKM

Rat BM-MSCs are co-overex-
pressing Ang-1 and Akt

634

system during 30 d. Data from RT-PCR showed GATA4,
Nkx2.5, CX43, cTnl, cTnT, and B-MHC induction during four
weeks more in microfluidic chips than those co-cultured in 24-
well plates. Combined shear stress and co-culture with
cardiomyocytes significantly enhanced the differentiation rate
vs co-culture alone

The MNP concentration in the xC hydrogels significantly
influenced the cell viability, cell content, and metabolic activity.
The optimal MNP concentration was 5% in xC. Exposure to
magnetic actuation further altered their gene expression profile,
favoring chondrogenic phenotype induction

RhoA activity after CCMT stimulation was reduced. Pre-
treatment of CCMT-stimulated MSCs with LPA, a RhoA
activator, recovered ALP activity and Runx2 expression. In
contrast, pre-treatment with C3 toxin, a RhoA inhibitor, reduced
ALP activity with a concomitant reduction in Runx2. These
results showed inhibition of Runx2 expression after the RhoA-
ERK1/2 pathway mediates CCMT stimulation

hMSCs subjected to a perfusion culture system to produce FSS,
which activated ERK1/2. The pre-treatment enhanced the pro-
osteogenic gene expression profile in the cells via activating NF-
kB and BMP. FSS inducing the osteogenic differentiation of
hMSCs will provide new targets for osteoporosis and related
bone-wasting diseases

Exposure to inhomogeneous magnetic forces increased Sox 9 (a
marker of chondrogenesis) and decreased ALP expression.
Molecular studies showed that VEGF induction induced by
physical forces involved Akt activation. The results showed that
the biological functions of MSCs can be stimulated by
pretreatment with integrin-mediated mechanical forces and
inhomogeneous magnetic field exposure

hMSC overexpressing VEGF189-GFP significantly increased
VEGEF expression and slightly increased viability of the cells vs
naive cells. Transplantation of VEGF expressing MSCs
significantly improved mechanical allodynia and inhibited the
site’s TRPV1 expression. TRPV1 agonists could partially block
such pain relief effects. There was no tumorigenicity or neuron
degeneration in hMSCs expressing VEGF189-GFP

Treatment with MSCs overexpressing IGF-1 significantly
recovered corneal morphology and function vs control and IGF-
1 protein eyedrops. The healing of corneal epithelium and
limbus, the inhibition of corneal stromal fibrosis, angiogenesis,
and lymphangiogenesis, and the repair of corneal nerves were
observed. In vitro experiments showed that MSCs with IGF-1
promoted trigeminal ganglion cell activity and maintained
limbal stem cells’ stemness

Induction of survivin is essential for MSC survival, expansion,
lineage commitment, and migrational potential. On the other
hand, pharmacological or genetic blockade of survivin
expression in mouse and human BM-MSC increased caspase 3
and 7 expression and reduced proliferation, resulting in fewer
MSC and clonogenic colony-forming unit-fibroblasts, growth
factor (i.e., b-FGF or PDGF)-mediated survivin modulation
represents a novel therapeutic strategy

Overexpression of four growth factors led to the induction of
multiple angiogenic and pro-survival factors, including secreted
frizzled-related protein-1,2,4,5, matrix metalloproteinases-3 and
9, connexin-43, netrin-1, Nos-2, Wnt-3, Akt, MAPK42/44, Stat3,
NFkB, HIF-1q, and protein kinase C. Transplantation of the
genetically modified cells causes extensive neomyogenesis and
angiogenesis in the infarcted heart, attenuating infarct size and
improving global heart function at eight weeks vs control
animals. There was also massive mobilization and homing of
stem/ progenitor cells from the peripheral circulation, the bone
marrow, and the heart for participation in infarcted
myocardium repair

MSCs co-overexpressing Ang-1 and Akt survived better under
anoxia vs naive MSCs. At two weeks after cell transplantation,
MAAS survived significantly more than the naive MSCs in the
infarcted heart. The heart function indices were significantly
improved LVEF and fractional shortening vs control
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Ye et al[116], 2005 In vitro and in vivo SKMs genetically modulated = The genetically modified cells expressed copious amounts of
using a rat model of to overexpress VEGF VEGEF. Transplantation of the cells into the infarcted heart
acute MI significantly increased blood vessel density compared to control

animals. LVEF and fractional shortening were improved consid-
erably compared to control-treated animals, and regional flow
improved

5-Aza: 5-azacytidine; AD-MSC: Adipose tissue-derived mesenchymal stem cell; AD-SC: Adipose tissue-derived stem cell; ALP: Alkaline phosphatase; Ang-
1: Angiopoietin-1; APC: Almost pure cardiomyocytes; ASC: Adipose tissue-derived stromal cell; b-FGF: Basic fibroblast growth factor; BM-MSC: Bone
marrow derived-stem cells; BMP: Bone morphogenetic protein; CCMT: Cyclic mechanical tension; CNC: Cardiac niche cell; FSS: Fluid shear stress; GATA4:
GATA-binding protein 4; hAD-SC: Human adipose tissue-derived stem cells; HGF-1: Hepatocyte growth factor-1; HIF: Hypoxia-inducible factor; hMSC:
Human mesenchymal stem cells; IGF-1: Insulin-like growth factor-1; LPA: Lysophosphatidic acid; LVEF: Left ventricular ejection fraction; MAA:
Mesenchymal stem cells co-overexpressing angiopoietin-1 and Akt; MI: Myocardial infarction; MNP: Magnetic nanoparticles; MSC: Mesenchymal stem
cell; NF-kB: Nuclear factor kappa B; PD: Parkinson’s disease; PDGF: Platelet-derived growth factor; RT-PCR: Real-time polymerase chain reaction; Runx2:
Runt-related transcription factor 2; SDF-1a: Stromal cell derived factor 1-alpha; SKM: Skeletal myoblasts; SMC: Smooth muscle cell; TRPV1: Transient
receptor potential vanilloid 1; TSB: Transforming growth factor-, sphingosylphosphorylcholine, and bone morphogenetic protein-4; VEGF-A: Vascular
endothelial growth factor A; aSMA: Alpha smooth muscle actin; B-MHC: Beta myosin heavy chain; xC: x-carrageenan.

FOOTNOTES

Author contributions: Haider KH conceived and wrote, read, revised, and approved the final manuscript.

Conflict-of-interest statement: The author reports no relevant conflicts of interest for this article.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers.
It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license, which permits others to
distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the

original work is properly cited and the use is non-commercial. See: https:/ /creativecommons.org/ Licenses/by-nc/4.0/
Country of origin: Saudi Arabia
ORCID number: Khawaja Husnain Haider 0000-0002-7907-4808.

S-Editor: Wang JJ
L-Editor: A
P-Editor: Zheng XM

REFERENCES

1 Alvarez-viejo M, Haider KH. Mesenchymal Stem Cells. In: Haider KH. Handbook of Stem Cell Therapy. Singapore: Springer, 2022

Kamal M, Kassem D, Haider KH. Sources and Therapeutic Strategies of Mesenchymal Stem Cells in Regenerative Medicine. In: Haider KH.

Handbook of Stem Cell Therapy. Singapore: Springer, 2022: 23-49

Al-Khani AM, Khalifa MA, Haider KH. Mesenchymal Stem Cells for Cardiac Repair. In: Haider KH. Handbook of Stem Cell Therapy.

Singapore: Springer, 2022

4 Sun Q, Li Q, Gu J. Comment on: Bone Marrow Mesenchymal Stem Cells for Heart Failure Treatment: A Systematic Review and Meta-

Analysis. Heart Lung Circ 2023; 32: ¢57-¢58 [PMID: 37793757 DOI: 10.1016/j.hlc.2023.06.572]

McGinley LM, McMahon J, Stocca A, Duffy A, Flynn A, O'Toole D, O'Brien T. Mesenchymal stem cell survival in the infarcted heart is

enhanced by lentivirus vector-mediated heat shock protein 27 expression. Hum Gene Ther 2013; 24: 840-851 [PMID: 23987185 DOI:

10.1089/hum.2011.009]

6 Eggenhofer E, Benseler V, Kroemer A, Popp FC, Geissler EK, Schlitt HJ, Baan CC, Dahlke MH, Hoogduijn MJ. Mesenchymal stem cells are
short-lived and do not migrate beyond the lungs after intravenous infusion. Front Immunol 2012; 3: 297 [PMID: 23056000 DOI:
10.3389/fimmu.2012.00297]

7 Haider KH, Ashraf M. Preconditioning approach in stem cell therapy for the treatment of infarcted heart. Prog Mol Biol Trans! Sci 2012; 111:
323-356 [PMID: 22917238 DOI: 10.1016/B978-0-12-398459-3.00015-0]

8 Zineldeen DH, Mushtaq M, Haider KH. Cellular preconditioning and mesenchymal stem cell ferroptosis. Worild J Stem Cells 2024; 16: 64-69
[PMID: 38455100 DOI: 10.4252/wjsc.v16.i2.64]

9 Wan XX, Hu XM, Xiong K. Multiple pretreatments can effectively improve the functionality of mesenchymal stem cells. World J Stem Cells
2024; 16: 58-63 [PMID: 38455107 DOI: 10.4252/wjsc.v16.i2.58]

10 Haider HKh, Ashraf M. Developing "super cells" by modification with super anti-apoptotic factor. J Mol Cell Cardiol 2007; 42: 478-480
[PMID: 17258764 DOT: 10.1016/j.yjmec.2006.12.013]

11 Pulido-Escribano V, Torrecillas-Baena B, Camacho-Cardenosa M, Dorado G, Galvez-Moreno MA, Casado-Diaz A. Role of hypoxia
preconditioning in therapeutic potential of mesenchymal stem-cell-derived extracellular vesicles. World J Stem Cells 2022; 14: 453-472
[PMID: 36157530 DOI: 10.4252/wjsc.v14.17.453]

12 Haque N, Kasim NH, Rahman MT. Optimization of pre-transplantation conditions to enhance the efficacy of mesenchymal stem cells. /nt J
Biol Sci 2015; 11: 324-334 [PMID: 25678851 DOI: 10.7150/ijbs.10567]

)

w

W

Qﬁg@) WIJSC | https://www.wjgnet.com 635 June 26,2024 | Volume16 | Issue6 |


https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0002-7907-4808
http://orcid.org/0000-0002-7907-4808
http://www.ncbi.nlm.nih.gov/pubmed/37793757
https://dx.doi.org/10.1016/j.hlc.2023.06.572
http://www.ncbi.nlm.nih.gov/pubmed/23987185
https://dx.doi.org/10.1089/hum.2011.009
http://www.ncbi.nlm.nih.gov/pubmed/23056000
https://dx.doi.org/10.3389/fimmu.2012.00297
http://www.ncbi.nlm.nih.gov/pubmed/22917238
https://dx.doi.org/10.1016/B978-0-12-398459-3.00015-0
http://www.ncbi.nlm.nih.gov/pubmed/38455100
https://dx.doi.org/10.4252/wjsc.v16.i2.64
http://www.ncbi.nlm.nih.gov/pubmed/38455107
https://dx.doi.org/10.4252/wjsc.v16.i2.58
http://www.ncbi.nlm.nih.gov/pubmed/17258764
https://dx.doi.org/10.1016/j.yjmcc.2006.12.013
http://www.ncbi.nlm.nih.gov/pubmed/36157530
https://dx.doi.org/10.4252/wjsc.v14.i7.453
http://www.ncbi.nlm.nih.gov/pubmed/25678851
https://dx.doi.org/10.7150/ijbs.10567

Haider KH. Super stem cells

16

19

20

34

w
W

39

Ho SS, Hung BP, Heyrani N, Lee MA, Leach JK. Hypoxic Preconditioning of Mesenchymal Stem Cells with Subsequent Spheroid Formation
Accelerates Repair of Segmental Bone Defects. Stem Cells 2018; 36: 1393-1403 [PMID: 29968952 DOI: 10.1002/stem.2853]

Liu J, He J, Ge L, Xiao H, Huang Y, Zeng L, Jiang Z, Lu M, Hu Z. Hypoxic preconditioning rejuvenates mesenchymal stem cells and
enhances neuroprotection following intracerebral hemorrhage via the miR-326-mediated autophagy. Stem Cell Res Ther 2021; 12: 413 [PMID:
34294127 DOL: 10.1186/s13287-021-02480-w]

Yang Y, Wu 'Y, Yang D, Neo SH, Kadir ND, Goh D, Tan JX, Denslin V, Lee EH, Yang Z. Secretive derived from hypoxia preconditioned
mesenchymal stem cells promote cartilage regeneration and mitigate joint inflammation via extracellular vesicles. Bioact Mater 2023; 27: 98-
112 [PMID: 37006826 DOI: 10.1016/j.bioactmat.2023.03.017]

Kim YS, Noh MY, Cho KA, Kim H, Kwon MS, Kim KS, Kim J, Koh SH, Kim SH. Hypoxia/Reoxygenation-Preconditioned Human Bone
Marrow-Derived Mesenchymal Stromal Cells Rescue Ischemic Rat Cortical Neurons by Enhancing Trophic Factor Release. Mol Neurobiol
2015; 52: 792-803 [PMID: 25288154 DOIL: 10.1007/s12035-014-8912-5]

Kim HW, Haider HK, Jiang S, Ashraf M. Ischemic preconditioning augments survival of stem cells via miR-210 expression by targeting
caspase-8-associated protein 2. J Biol Chem 2009; 284: 33161-33168 [PMID: 19721136 DOI: 10.1074/jbc.M109.020925]

Kim HW, Mallick F, Durrani S, Ashraf M, Jiang S, Haider KH. Concomitant activation of miR-107/PDCD10 and hypoxamir-210/Casp8ap2
and their role in cytoprotection during ischemic preconditioning of stem cells. Antioxid Redox Signal 2012; 17: 1053-1065 [PMID: 22482882
DOI: 10.1089/ars.2012.4518]

Kim HW, Jiang S, Ashraf M, Haider KH. Stem cell-based delivery of Hypoxamir-210 to the infarcted heart: implications on stem cell survival
and preservation of infarcted heart function. J Mol Med (Berl) 2012; 90: 997-1010 [PMID: 22648522 DOI: 10.1007/s00109-012-0920-1]
Heng W, Bhavsar M, Han Z, Barker JH. Effects of Electrical Stimulation on Stem Cells. Curr Stem Cell Res Ther 2020; 15: 441-448 [PMID:
31995020 DOI: 10.2174/1574888X15666200129154747]

Eischen-Loges M, Oliveira KMC, Bhavsar MB, Barker JH, Leppik L. Pretreating mesenchymal stem cells with electrical stimulation causes
sustained long-lasting pro-osteogenic effects. PeerJ 2018; 6: €4959 [PMID: 29910982 DOI: 10.7717/peerj.4959]

Eftekhari BS, Song D, Janmey PA. Electrical Stimulation of Human Mesenchymal Stem Cells on Conductive Substrates Promotes Neural
Priming. Macromol Biosci 2023; 23: €2300149 [PMID: 37571815 DOI: 10.1002/mabi.202300149]

Kim SW, Kim HW, Huang W, Okada M, Welge JA, Wang Y, Ashraf M. Cardiac stem cells with electrical stimulation improve ischaemic
heart function through regulation of connective tissue growth factor and miR-378. Cardiovasc Res 2013; 100: 241-251 [PMID: 24067999 DOI:
10.1093/cvr/cvt192]

Fang B, Liu Y, Zheng D, Shan S, Wang C, Gao Y, Wang J, Xie Y, Zhang Y, Li Q. The effects of mechanical stretch on the biological
characteristics of human adipose-derived stem cells. J Cell Mol Med 2019; 23: 4244-4255 [PMID: 31020802 DOL: 10.1111/jecmm.14314]
YuH, Yu W, LiuY, Yuan X, Yuan R, Guo Q. Expression of HIF 1« in cycling stretchinduced osteogenic differentiation of bone mesenchymal
stem cells. Mol Med Rep 2019; 20: 4489-4498 [PMID: 31702030 DOI: 10.3892/mmr.2019.10715]

Brennan CM, Eichholz KF, Hoey DA. The effect of pore size within fibrous scaffolds fabricated using melt electrowriting on human bone
marrow stem cell osteogenesis. Biomed Mater 2019; 14: 065016 [PMID: 31574493 DOI: 10.1088/1748-605X/ab4912]

Choi KM, Seo YK, Yoon HH, Song KY, Kwon SY, Lee HS, Park JK. Effects of mechanical stimulation on the proliferation of bone marrow-
derived human mesenchymal stem cells. Biotechnol Bioprocess Eng 2007; 12: 601-609 [DOI: 10.1007/BF02931075]

Bianconi S, Oliveira KMC, Klein KL, Wolf J, Schaible A, Schréder K, Barker J, Marzi I, Leppik L, Henrich D. Pretreatment of Mesenchymal
Stem Cells with Electrical Stimulation as a Strategy to Improve Bone Tissue Engineering Outcomes. Cells 2023; 12 [PMID: 37681884 DOI:
10.3390/cells12172151]

Li H, Ji XQ, Zhang SM, Bi RH. Hypoxia and inflammatory factor preconditioning enhances the immunosuppressive properties of human
umbilical cord mesenchymal stem cells. World J Stem Cells 2023; 15: 999-1016 [PMID: 38058960 DOI: 10.4252/wjsc.v15.111.999]

Liu J, He J, Huang Y, Ge L, Xiao H, Zeng L, Jiang Z, Lu M, Hu Z. Hypoxia-preconditioned mesenchymal stem cells attenuate microglial
pyroptosis after intracerebral hemorrhage. Ann Transl Med 2021; 9: 1362 [PMID: 34733914 DOI: 10.21037/atm-21-2590]

Dong L, Song Y, Zhang Y, Zhao W, Wang C, Lin H, Al-Ani MK, Liu W, Xue R, Yang L. Mechanical stretch induces osteogenesis through the
alternative activation of macrophages. J Cell Physiol 2021; 236: 6376-6390 [PMID: 33634492 DOI: 10.1002/jcp.30312]

Romanek J, Opiela J, Lipinski D, Smorag Z. Effect of High Hydrostatic Pressure Applied Before Cryopreservation on the Survival Rate and
Quality of Porcine Mesenchymal Stem Cells After Thawing. Anim Biotechnol 2018; 29: 283-292 [PMID: 29144199 DOI:
10.1080/10495398.2017.1381106]

Hu X, Xu Y, Zhong Z, Wu 'Y, Zhao J, Wang Y, Cheng H, Kong M, Zhang F, Chen Q, Sun J, Li Q, Jin J, Chen L, Wang C, Zhan H, Fan Y,
Yang Q, Yu L, WuR, Liang J, Zhu J, Jin Y, Lin Y, Yang F, Jia L, Zhu W, Chen J, Yu H, Zhang J, Wang J. A Large-Scale Investigation of
Hypoxia-Preconditioned Allogeneic Mesenchymal Stem Cells for Myocardial Repair in Nonhuman Primates: Paracrine Activity Without
Remuscularization. Circ Res 2016; 118: 970-983 [PMID: 26838793 DOIL: 10.1161/CIRCRESAHA.115.307516]

Sun L, QuL, Zhu R, Li H, Xue Y, Liu X, Fan J, Fan H. Effects of Mechanical Stretch on Cell Proliferation and Matrix Formation of
Mesenchymal Stem Cell and Anterior Cruciate Ligament Fibroblast. Stem Cells Int 2016; 2016: 9842075 [PMID: 27525012 DOI:
10.1155/2016/9842075]

Wang Y, Wang J, Bai D, Song J, Ye R, Zhao Z, Lei L, Hao J, Jiang C, Fang S, An S, Cheng Q, Li J. Cell proliferation is promoted by
compressive stress during early stage of chondrogenic differentiation of rat BMSCs. J Cell Physiol 2013; 228: 1935-1942 [PMID: 23629830
DOL: 10.1002/jcp.24359]

Qazi RE, Khan I, Haneef K, Malick TS, Naeem N, Ahmad W, Salim A, Mohsin S. Combination of mesenchymal stem cells and three-
dimensional collagen scaffold preserves ventricular remodeling in rat myocardial infarction model. World J Stem Cells 2022; 14: 633-657
[PMID: 36157910 DOI: 10.4252/wjsc.v14.18.633]

Aslam S, Khan I, Jameel F, Zaidi MB, Salim A. Umbilical cord-derived mesenchymal stem cells preconditioned with isorhamnetin: potential
therapy for burn wounds. World J Stem Cells 2020; 12: 1652-1666 [PMID: 33505606 DOI: 10.4252/wjsc.v12.112.1652]

LiN, Yang YJ, Qian HY, Li Q, Zhang Q, Li XD, Dong QT, Xu H, Song L, Zhang H. Intravenous administration of atorvastatin-pretreated
mesenchymal stem cells improves cardiac performance after acute myocardial infarction: role of CXCR4. Am J Transl Res 2015; 7: 1058-1070
[PMID: 26279750]

Liu XB, Wang JA, Ji XY, Yu SP, Wei L. Preconditioning of bone marrow mesenchymal stem cells by prolyl hydroxylase inhibition enhances
cell survival and angiogenesis in vitro and after transplantation into the ischemic heart of rats. Stem Cell Res Ther 2014; 5: 111 [PMID:
25257482 DOI: 10.1186/scrt499]

3%9@) WIJSC | https://www.wjgnet.com 636 June 26,2024 | Volume16 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/29968952
https://dx.doi.org/10.1002/stem.2853
http://www.ncbi.nlm.nih.gov/pubmed/34294127
https://dx.doi.org/10.1186/s13287-021-02480-w
http://www.ncbi.nlm.nih.gov/pubmed/37006826
https://dx.doi.org/10.1016/j.bioactmat.2023.03.017
http://www.ncbi.nlm.nih.gov/pubmed/25288154
https://dx.doi.org/10.1007/s12035-014-8912-5
http://www.ncbi.nlm.nih.gov/pubmed/19721136
https://dx.doi.org/10.1074/jbc.M109.020925
http://www.ncbi.nlm.nih.gov/pubmed/22482882
https://dx.doi.org/10.1089/ars.2012.4518
http://www.ncbi.nlm.nih.gov/pubmed/22648522
https://dx.doi.org/10.1007/s00109-012-0920-1
http://www.ncbi.nlm.nih.gov/pubmed/31995020
https://dx.doi.org/10.2174/1574888X15666200129154747
http://www.ncbi.nlm.nih.gov/pubmed/29910982
https://dx.doi.org/10.7717/peerj.4959
http://www.ncbi.nlm.nih.gov/pubmed/37571815
https://dx.doi.org/10.1002/mabi.202300149
http://www.ncbi.nlm.nih.gov/pubmed/24067999
https://dx.doi.org/10.1093/cvr/cvt192
http://www.ncbi.nlm.nih.gov/pubmed/31020802
https://dx.doi.org/10.1111/jcmm.14314
http://www.ncbi.nlm.nih.gov/pubmed/31702030
https://dx.doi.org/10.3892/mmr.2019.10715
http://www.ncbi.nlm.nih.gov/pubmed/31574493
https://dx.doi.org/10.1088/1748-605X/ab49f2
https://dx.doi.org/10.1007/BF02931075
http://www.ncbi.nlm.nih.gov/pubmed/37681884
https://dx.doi.org/10.3390/cells12172151
http://www.ncbi.nlm.nih.gov/pubmed/38058960
https://dx.doi.org/10.4252/wjsc.v15.i11.999
http://www.ncbi.nlm.nih.gov/pubmed/34733914
https://dx.doi.org/10.21037/atm-21-2590
http://www.ncbi.nlm.nih.gov/pubmed/33634492
https://dx.doi.org/10.1002/jcp.30312
http://www.ncbi.nlm.nih.gov/pubmed/29144199
https://dx.doi.org/10.1080/10495398.2017.1381106
http://www.ncbi.nlm.nih.gov/pubmed/26838793
https://dx.doi.org/10.1161/CIRCRESAHA.115.307516
http://www.ncbi.nlm.nih.gov/pubmed/27525012
https://dx.doi.org/10.1155/2016/9842075
http://www.ncbi.nlm.nih.gov/pubmed/23629830
https://dx.doi.org/10.1002/jcp.24359
http://www.ncbi.nlm.nih.gov/pubmed/36157910
https://dx.doi.org/10.4252/wjsc.v14.i8.633
http://www.ncbi.nlm.nih.gov/pubmed/33505606
https://dx.doi.org/10.4252/wjsc.v12.i12.1652
http://www.ncbi.nlm.nih.gov/pubmed/26279750
http://www.ncbi.nlm.nih.gov/pubmed/25257482
https://dx.doi.org/10.1186/scrt499

40

41

43

44

47

48

49

W
@

60

61

62

64

Haider KH. Super stem cells

Shinmura D, Togashi I, Miyoshi S, Nishiyama N, Hida N, Tsuji H, Tsuruta H, Segawa K, Tsukada Y, Ogawa S, Umezawa A. Pretreatment of
human mesenchymal stem cells with pioglitazone improved efficiency of cardiomyogenic transdifferentiation and cardiac function. Stem Cells
2011;29: 357-366 [PMID: 21732492 DOI: 10.1002/stem.574]

Suzuki Y, Kim HW, Ashraf M, Haider HKh. Diazoxide potentiates mesenchymal stem cell survival via NF-kappaB-dependent miR-146a
expression by targeting Fas. Am J Physiol Heart Circ Physiol 2010; 299: H1077-H1082 [PMID: 20656888 DOI: 10.1152/ajpheart.00212.2010]
Chen Z, Yao MW, Shen ZL, Li SD, Xing W, Guo W, Li Z, Wu XF, Ao LQ, Lu WY, Lian QZ, Xu X, Ao X. Interferon-gamma and tumor
necrosis factor-alpha synergistically enhance the immunosuppressive capacity of human umbilical-cord-derived mesenchymal stem cells by
increasing PD-L1 expression. World J Stem Cells 2023; 15: 787-806 [PMID: 37700823 DOI: 10.4252/wjsc.v15.i8.787]

Chen X, Liang XM, Zheng J, Dong YH. Stromal cell-derived factor-1a regulates chondrogenic differentiation via activation of the Wnt/B-
catenin pathway in mesenchymal stem cells. World J Stem Cells 2023; 15: 490-501 [PMID: 37342217 DOI: 10.4252/wjsc.v15.15.490]
Esmaeili R, Darbandi-Azar A, Sadeghpour A, Majidzadeh-A K, Eini L, Jafarbeik-Iravani N, Hoseinpour P, Vajhi A, Oghabi Bakhshaiesh T,
Masoudkabir F, Sadeghizadeh M. Mesenchymal Stem Cells Pretreatment With Stromal-Derived Factor-1 Alpha Augments Cardiac Function
and Angiogenesis in Infarcted Myocardium. Am J Med Sci 2021; 361: 765-775 [PMID: 33582157 DOI: 10.1016/j.amjms.2021.01.025]

Lu G, Haider HK, Jiang S, Ashraf M. Sca-1+ stem cell survival and engraftment in the infarcted heart: dual role for preconditioning-induced
connexin-43. Circulation 2009; 119: 2587-2596 [PMID: 19414636 DOI: 10.1161/CIRCULATIONAHA.108.827691]

Hahn JY, Cho HJ, Kang HJ, Kim TS, Kim MH, Chung JH, Bae JW, Oh BH, Park YB, Kim HS. Pre-treatment of mesenchymal stem cells with
a combination of growth factors enhances gap junction formation, cytoprotective effect on cardiomyocytes, and therapeutic efficacy for
myocardial infarction. J Am Coll Cardiol 2008; 51: 933-943 [PMID: 18308163 DOI: 10.1016/j.jacc.2007.11.040]

Li LL, Peng C, Zhang M, Liu Y, Li H, Chen H, Sun Y, Zhu C, Zhang Y. Mesenchymal stem cells overexpressing adrenomedullin improve
heart function through antifibrotic action in rats experiencing heart failure. Mol Med Rep 2018; 17: 1437-1444 [PMID: 29138835 DOI:
10.3892/mmr.2017.8049]

Gomez-Mauricio G, Moscoso I, Martin-Cancho MF, Criséstomo V, Prat-Vidal C, Baez-Diaz C, Sanchez-Margallo FM, Bernad A. Combined
administration of mesenchymal stem cells overexpressing IGF-1 and HGF enhances neovascularization but moderately improves cardiac
regeneration in a porcine model. Stem Cell Res Ther 2016; 7: 94 [PMID: 27423905 DOI: 10.1186/s13287-016-0350-7]

Gnecchi M, He H, Melo LG, Noiseaux N, Morello F, de Boer RA, Zhang L, Pratt RE, Dzau VJ, Ingwall JS. Early beneficial effects of bone
marrow-derived mesenchymal stem cells overexpressing Akt on cardiac metabolism after myocardial infarction. Stem Cells 2009; 27: 971-979
[PMID: 19353525 DOI: 10.1002/stem.12]

Haider HKh, Jiang S, Idris NM, Ashraf M. IGF-1-overexpressing mesenchymal stem cells accelerate bone marrow stem cell mobilization via
paracrine activation of SDF-1alpha/CXCR4 signaling to promote myocardial repair. Circ Res 2008; 103: 1300-1308 [PMID: 18948617 DOI:
10.1161/CIRCRESAHA.108.186742]

Bartunek J, Behfar A, Dolatabadi D, Vanderheyden M, Ostojic M, Dens J, El Nakadi B, Banovic M, Beleslin B, Vrolix M, Legrand V, Vrints
C, Vanoverschelde JL, Crespo-Diaz R, Homsy C, Tendera M, Waldman S, Wijns W, Terzic A. Cardiopoietic stem cell therapy in heart failure:
the C-CURE (Cardiopoietic stem Cell therapy in heart failURE) multicenter randomized trial with lineage-specified biologics. J Am Coll
Cardiol 2013; 61: 2329-2338 [PMID: 23583246 DOI: 10.1016/j.jacc.2013.02.071]

Bartunek J, Davison B, Sherman W, Povsic T, Henry TD, Gersh B, Metra M, Filippatos G, Hajjar R, Behfar A, Homsy C, Cotter G, Wijns W,
Tendera M, Terzic A. Congestive Heart Failure Cardiopoietic Regenerative Therapy (CHART-1) trial design. Eur J Heart Fail 2016; 18: 160-
168 [PMID: 26662998 DOI: 10.1002/ejhf.434]

Qayyum AA, Mathiasen AB, Mygind ND, Kiihl JT, Jergensen E, Helqvist S, Elberg JJ, Kofoed KF, Vejlstrup NG, Fischer-Nielsen A, Haack-
Serensen M, Ekblond A, Kastrup J. Adipose-Derived Stromal Cells for Treatment of Patients with Chronic Ischemic Heart Disease
(MyStromalCell Trial): A Randomized Placebo-Controlled Study. Stem Cells Int 2017; 2017: 5237063 [PMID: 29333165 DOI:
10.1155/2017/5237063]

Murry CE, Jennings RB, Reimer KA. Preconditioning with ischemia: a delay of lethal cell injury in ischemic myocardium. Circulation 1986;
74: 1124-1136 [PMID: 3769170 DOIL: 10.1161/01.CIR.74.5.1124]

Wang Y, Haider HK, Ahmad N, Ashrat M. Mechanisms by which K(ATP) channel openers produce acute and delayed cardioprotection.
Vascul Pharmacol 2005; 42: 253-264 [PMID: 15922258 DOI: 10.1016/j.vph.2005.02.008]

Ahmad N, Wang Y, Haider KH, Wang B, Pasha Z, Uzun O, Ashraf M. Cardiac protection by mitoKATP channels is dependent on Akt
translocation from cytosol to mitochondria during late preconditioning. Am J Physiol Heart Circ Physiol 2006; 290: H2402-H2408 [PMID:
16687609 DOLI: 10.1152/ajpheart.00737.2005]

Alnasser S, AL-Rasheedi M, Alreshidi MA, Algifari SF, Haider KH. Augmenting Mesenchymal Stem Cell-Based Therapy of the Infarcted
Myocardium with Statins. In: Haider KH. Handbook of Stem Cell Therapy. Singapore: Springer, 2022: 437-470

Song L, Yang YJ, Dong QT, Qian HY, Gao RL, Qiao SB, Shen R, He ZX, Lu MJ, Zhao SH, Geng YJ, Gersh BJ. Atorvastatin enhance
efficacy of mesenchymal stem cells treatment for swine myocardial infarction via activation of nitric oxide synthase. PLoS One 2013; 8:
€65702 [PMID: 23741509 DOI: 10.1371/journal.pone.0065702]

Yang YJ, Qian HY, Huang J, Geng YJ, Gao RL, Dou KF, Yang GS, Li JJ, Shen R, He ZX, Lu MJ, Zhao SH. Atorvastatin treatment improves
survival and effects of implanted mesenchymal stem cells in post-infarct swine hearts. Eur Heart J 2008; 29: 1578-1590 [PMID: 18456710
DOI: 10.1093/eurheartj/ehn167]

Yang YJ, Qian HY, Huang J, Li JJ, Gao RL, Dou KF, Yang GS, Willerson JT, Geng YJ. Combined therapy with simvastatin and bone
marrow-derived mesenchymal stem cells increases benefits in infarcted swine hearts. Arterioscler Thromb Vasc Biol 2009; 29: 2076-2082
[PMID: 19762786 DOI: 10.1161/ATVBAHA.109.189662]

Niagara MI, Haider HKh, Jiang S, Ashraf M. Pharmacologically preconditioned skeletal myoblasts are resistant to oxidative stress and
promote angiomyogenesis via release of paracrine factors in the infarcted heart. Circ Res 2007; 100: 545-555 [PMID: 17234963 DOI:
10.1161/01.RES.0000258460.41160.ef]

Idris NM, Ashraf M, Ahmed RP, Shujia J, Haider KH. Activation of IL-11/STAT3 pathway in preconditioned human skeletal myoblasts
blocks apoptotic cascade under oxidant stress. Regen Med 2012; 7: 47-57 [PMID: 22168497 DOI: 10.2217/rme.11.109]

Haider KH, Idris NM, Kim HW, Ahmed RP, Shujia J, Ashraf M. MicroRNA-21 is a key determinant in IL-11/Stat3 anti-apoptotic signalling
pathway in preconditioning of skeletal myoblasts. Cardiovasc Res 2010; 88: 168-178 [PMID: 20498256 DOI: 10.1093/cvr/cvql51]

Afzal MR, Haider HKh, Idris NM, Jiang S, Ahmed RP, Ashraf M. Preconditioning promotes survival and angiomyogenic potential of
mesenchymal stem cells in the infarcted heart via NF-kappaB signaling. Antioxid Redox Signal 2010; 12: 693-702 [PMID: 19751147 DOI:
10.1089/ars.2009.2755]

Buissidenge WISC | hitps://www.wijgnet.com 637 June 26,2024 | Volume16 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/21732492
https://dx.doi.org/10.1002/stem.574
http://www.ncbi.nlm.nih.gov/pubmed/20656888
https://dx.doi.org/10.1152/ajpheart.00212.2010
http://www.ncbi.nlm.nih.gov/pubmed/37700823
https://dx.doi.org/10.4252/wjsc.v15.i8.787
http://www.ncbi.nlm.nih.gov/pubmed/37342217
https://dx.doi.org/10.4252/wjsc.v15.i5.490
http://www.ncbi.nlm.nih.gov/pubmed/33582157
https://dx.doi.org/10.1016/j.amjms.2021.01.025
http://www.ncbi.nlm.nih.gov/pubmed/19414636
https://dx.doi.org/10.1161/CIRCULATIONAHA.108.827691
http://www.ncbi.nlm.nih.gov/pubmed/18308163
https://dx.doi.org/10.1016/j.jacc.2007.11.040
http://www.ncbi.nlm.nih.gov/pubmed/29138835
https://dx.doi.org/10.3892/mmr.2017.8049
http://www.ncbi.nlm.nih.gov/pubmed/27423905
https://dx.doi.org/10.1186/s13287-016-0350-z
http://www.ncbi.nlm.nih.gov/pubmed/19353525
https://dx.doi.org/10.1002/stem.12
http://www.ncbi.nlm.nih.gov/pubmed/18948617
https://dx.doi.org/10.1161/CIRCRESAHA.108.186742
http://www.ncbi.nlm.nih.gov/pubmed/23583246
https://dx.doi.org/10.1016/j.jacc.2013.02.071
http://www.ncbi.nlm.nih.gov/pubmed/26662998
https://dx.doi.org/10.1002/ejhf.434
http://www.ncbi.nlm.nih.gov/pubmed/29333165
https://dx.doi.org/10.1155/2017/5237063
http://www.ncbi.nlm.nih.gov/pubmed/3769170
https://dx.doi.org/10.1161/01.CIR.74.5.1124
http://www.ncbi.nlm.nih.gov/pubmed/15922258
https://dx.doi.org/10.1016/j.vph.2005.02.008
http://www.ncbi.nlm.nih.gov/pubmed/16687609
https://dx.doi.org/10.1152/ajpheart.00737.2005
http://www.ncbi.nlm.nih.gov/pubmed/23741509
https://dx.doi.org/10.1371/journal.pone.0065702
http://www.ncbi.nlm.nih.gov/pubmed/18456710
https://dx.doi.org/10.1093/eurheartj/ehn167
http://www.ncbi.nlm.nih.gov/pubmed/19762786
https://dx.doi.org/10.1161/ATVBAHA.109.189662
http://www.ncbi.nlm.nih.gov/pubmed/17234963
https://dx.doi.org/10.1161/01.RES.0000258460.41160.ef
http://www.ncbi.nlm.nih.gov/pubmed/22168497
https://dx.doi.org/10.2217/rme.11.109
http://www.ncbi.nlm.nih.gov/pubmed/20498256
https://dx.doi.org/10.1093/cvr/cvq151
http://www.ncbi.nlm.nih.gov/pubmed/19751147
https://dx.doi.org/10.1089/ars.2009.2755

Haider KH. Super stem cells

65 Haider HKh, Lee Y], Jiang S, Ahmed RP, Ryon M, Ashraf M. Phosphodiesterase inhibition with tadalafil provides longer and sustained
protection of stem cells. Am J Physiol Heart Circ Physiol 2010; 299: H1395-H1404 [PMID: 20833962 DOI: 10.1152/ajpheart.00437.2010]

66 Zhang L, Zhang Z, Zhang RL, Cui Y, LaPointe MC, Silver B, Chopp M. Tadalafil, a long-acting type 5 phosphodiesterase isoenzyme
inhibitor, improves neurological functional recovery in a rat model of embolic stroke. Brain Res 2006; 1118: 192-198 [PMID: 16959227 DOI:
10.1016/j.brainres.2006.08.028]

67 Elmadbouh I, Ashraf M. Tadalafil, a long acting phosphodiesterase inhibitor, promotes bone marrow stem cell survival and their homing into
ischemic myocardium for cardiac repair. Physiol Rep 2017; 5 [PMID: 29138357 DOI: 10.14814/phy2.13480]

68 ElHady AK, El-Gamil DS, Abdel-Halim M, Abadi AH. Advancements in Phosphodiesterase 5 Inhibitors: Unveiling Present and Future
Perspectives. Pharmaceuticals (Basel) 2023; 16 [PMID: 37765073 DOI: 10.3390/ph16091266]

69 Sahibdad I, Khalid S, Chaudhry GR, Salim A, Begum S, Khan I. Zinc enhances the cell adhesion, migration, and self-renewal potential of
human umbilical cord derived mesenchymal stem cells. World J Stem Cells 2023; 15: 751-767 [PMID: 37545753 DOI:
10.4252/wisc.v15.i7.751]

70 Noronha NC, Mizukami A, Caliari-Oliveira C, Cominal JG, Rocha JLM, Covas DT, Swiech K, Malmegrim KCR. Priming approaches to
improve the efficacy of mesenchymal stromal cell-based therapies. Stem Cell Res Ther 2019; 10: 131 [PMID: 31046833 DOI:
10.1186/s13287-019-1224-y]

71 Noiseux N, Borie M, Desnoyers A, Menaouar A, Stevens LM, Mansour S, Danalache BA, Roy DC, Jankowski M, Gutkowska J.
Preconditioning of stem cells by oxytocin to improve their therapeutic potential. Endocrinology 2012; 153: 5361-5372 [PMID: 23024264 DOI:
10.1210/en.2012-1402]

72 Zhang Q, Zhou SN, Fu JM, Chen LJ, Fang YX, Xu ZY, Xu HK, Yuan Y, Huang YQ, Zhang N, Li YF, Xiang C. Interferon-y priming
enhances the therapeutic effects of menstrual blood-derived stromal cells in a mouse liver ischemia-reperfusion model. World J Stem Cells
2023; 15: 876-896 [PMID: 37900937 DOI: 10.4252/wjsc.v15.19.876]

73 Xu ZH, Xiong CW, Miao KS, Yu ZT, Zhang JJ, Yu CL, Huang Y, Zhou XD. Adipokines regulate mesenchymal stem cell osteogenic
differentiation. World J Stem Cells 2023; 15: 502-513 [PMID: 37424950 DOI: 10.4252/wjsc.v15.16.502]

74 Lu G, Haider HKh, Porollo A, Ashraf M. Mitochondria-specific transgenic overexpression of connexin-43 simulates preconditioning-induced
cytoprotection of stem cells. Cardiovasc Res 2010; 88: 277-286 [PMID: 20833648 DOI: 10.1093/cvr/cvq293]
75 Lu G, Ashraf M, Haider KH. Insulin-like growth factor-1 preconditioning accentuates intrinsic survival mechanism in stem cells to resist

ischemic injury by orchestrating protein kinase ca-erk1/2 activation. Antioxid Redox Signal 2012; 16: 217-227 [PMID: 21923556 DOI:
10.1089/ars.2011.4112]

76 Lu G, Jiang S, Ashraf M, Haider KH. Subcellular preconditioning of stem cells: mito-Cx43 gene targeting is cytoprotective via shift of
mitochondrial Bak and Bel-xL balance. Regen Med 2012; 7: 323-334 [PMID: 22594326 DOIL: 10.2217/rme.12.13]

77 Varkouhi AK, Monteiro APT, Tsoporis JN, Mei SHJ, Stewart DJ, Dos Santos CC. Genetically Modified Mesenchymal Stromal/Stem Cells:
Application in Critical Illness. Stem Cell Rev Rep 2020; 16: 812-827 [PMID: 32671645 DOI: 10.1007/s12015-020-10000-1]

78 Butt MH, Zaman M, Ahmad A, Khan R, Mallhi TH, Hasan MM, Khan YH, Hafeez S, Massoud EES, Rahman MH, Cavalu S. Appraisal for
the Potential of Viral and Nonviral Vectors in Gene Therapy: A Review. Genes (Basel) 2022; 13 [PMID: 36011281 DOI:
10.3390/genes13081370]

79 Wang F, Qin Z, Lu H, He S, Luo J, Jin C, Song X. Clinical translation of gene medicine. J Gene Med 2019; 21: €3108 [PMID: 31246328 DOI:
10.1002/jgm.3108]

80 Damasceno PKF, de Santana TA, Santos GC, Orge ID, Silva DN, Albuquerque JF, Golinelli G, Grisendi G, Pinelli M, Ribeiro Dos Santos R,
Dominici M, Soares MBP. Genetic Engineering as a Strategy to Improve the Therapeutic Efficacy of Mesenchymal Stem/Stromal Cells in
Regenerative Medicine. Front Cell Dev Biol 2020; 8: 737 [PMID: 32974331 DOI: 10.3389/fcell.2020.00737]

81 Nowakowski A, Andrzejewska A, Janowski M, Walczak P, Lukomska B. Genetic engineering of stem cells for enhanced therapy. Acta
Neurobiol Exp (Wars) 2013; 73: 1-18 [PMID: 23595280 DOI: 10.55782/ane-2013-1918]

82 Kim CK, Haider KH, Lim SJ. Gene medicine : a new field of molecular medicine. Arch Pharm Res 2001; 24: 1-15 [PMID: 11235805 DOI:
10.1007/BF02976486]

83 Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cel/
2006; 126: 663-676 [PMID: 16904174 DOI: 10.1016/j.cell.2006.07.024]
84 Buccini S, Haider KH, Ahmed RP, Jiang S, Ashraf M. Cardiac progenitors derived from reprogrammed mesenchymal stem cells contribute to

angiomyogenic repair of the infarcted heart. Basic Res Cardiol 2012;107: 301 [PMID: 23076626 DOIL: 10.1007/s00395-012-0301-5]

Mushtaq M, Zineldeen DH, Mateen MA, Haider KH. Mesenchymal stem cells' "garbage bags" at work: Treating radial nerve injury with

mesenchymal stem cell-derived exosomes. World J Stem Cells 2024; 16: 467-478 [PMID: 38817330 DOI: 10.4252/wjsc.v16.15.467]

86 Rodriguez LA 2nd, Mohammadipoor A, Alvarado L, Kamucheka RM, Asher AM, Cancio LC, Antebi B. Preconditioning in an Inflammatory
Milieu Augments the Immunotherapeutic Function of Mesenchymal Stromal Cells. Cells 2019; 8 [PMID: 31096722 DOI:
10.3390/cells8050462]

87 Gorgun C, Ceresa D, Lesage R, Villa F, Reverberi D, Balbi C, Santamaria S, Cortese K, Malatesta P, Geris L, Quarto R, Tasso R. Dissecting
the effects of preconditioning with inflammatory cytokines and hypoxia on the angiogenic potential of mesenchymal stromal cell (MSC)-
derived soluble proteins and extracellular vesicles (EVs). Biomaterials 2021; 269: 120633 [PMID: 33453634 DOLI:
10.1016/j.biomaterials.2020.120633]

88 Ragni E, Perucca Orfei C, De Luca P, Mondadori C, Vigano M, Colombini A, de Girolamo L. Inflammatory priming enhances mesenchymal
stromal cell secretome potential as a clinical product for regenerative medicine approaches through secreted factors and EV-miRNAs: the
example of joint disease. Stem Cell Res Ther 2020; 11: 165 [PMID: 32345351 DOI: 10.1186/s13287-020-01677-9]

89 Caroti CM, Ahn H, Salazar HF, Joseph G, Sankar SB, Willett NJ, Wood LB, Taylor WR, Lyle AN. A Novel Technique for Accelerated
Culture of Murine Mesenchymal Stem Cells that Allows for Sustained Multipotency. Sci Rep 2017; 7: 13334 [PMID: 29042571 DOI:
10.1038/s41598-017-13477-y]

90 Tu Z, Li Q, Bu H, Lin F. Mesenchymal stem cells inhibit complement activation by secreting factor H. Stem Cells Dev 2010; 19: 1803-1809
[PMID: 20163251 DOI: 10.1089/5¢d.2009.0418]

91 Zimmermann JA, McDevitt TC. Pre-conditioning mesenchymal stromal cell spheroids for immunomodulatory paracrine factor secretion.
Cytotherapy 2014; 16: 331-345 [PMID: 24219905 DOI: 10.1016/j.jcyt.2013.09.004]

92 Najar M, Martel-Pelletier J, Pelletier JP, Fahmi H. Novel insights for improving the therapeutic safety and efficiency of mesenchymal stromal
cells. World J Stem Cells 2020; 12: 1474-1491 [PMID: 33505596 DOI: 10.4252/wjsc.v12.112.1474]

oo
W

3%9@) WIJSC | https://www.wjgnet.com 638 June 26,2024 | Volume16 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/20833962
https://dx.doi.org/10.1152/ajpheart.00437.2010
http://www.ncbi.nlm.nih.gov/pubmed/16959227
https://dx.doi.org/10.1016/j.brainres.2006.08.028
http://www.ncbi.nlm.nih.gov/pubmed/29138357
https://dx.doi.org/10.14814/phy2.13480
http://www.ncbi.nlm.nih.gov/pubmed/37765073
https://dx.doi.org/10.3390/ph16091266
http://www.ncbi.nlm.nih.gov/pubmed/37545753
https://dx.doi.org/10.4252/wjsc.v15.i7.751
http://www.ncbi.nlm.nih.gov/pubmed/31046833
https://dx.doi.org/10.1186/s13287-019-1224-y
http://www.ncbi.nlm.nih.gov/pubmed/23024264
https://dx.doi.org/10.1210/en.2012-1402
http://www.ncbi.nlm.nih.gov/pubmed/37900937
https://dx.doi.org/10.4252/wjsc.v15.i9.876
http://www.ncbi.nlm.nih.gov/pubmed/37424950
https://dx.doi.org/10.4252/wjsc.v15.i6.502
http://www.ncbi.nlm.nih.gov/pubmed/20833648
https://dx.doi.org/10.1093/cvr/cvq293
http://www.ncbi.nlm.nih.gov/pubmed/21923556
https://dx.doi.org/10.1089/ars.2011.4112
http://www.ncbi.nlm.nih.gov/pubmed/22594326
https://dx.doi.org/10.2217/rme.12.13
http://www.ncbi.nlm.nih.gov/pubmed/32671645
https://dx.doi.org/10.1007/s12015-020-10000-1
http://www.ncbi.nlm.nih.gov/pubmed/36011281
https://dx.doi.org/10.3390/genes13081370
http://www.ncbi.nlm.nih.gov/pubmed/31246328
https://dx.doi.org/10.1002/jgm.3108
http://www.ncbi.nlm.nih.gov/pubmed/32974331
https://dx.doi.org/10.3389/fcell.2020.00737
http://www.ncbi.nlm.nih.gov/pubmed/23595280
https://dx.doi.org/10.55782/ane-2013-1918
http://www.ncbi.nlm.nih.gov/pubmed/11235805
https://dx.doi.org/10.1007/BF02976486
http://www.ncbi.nlm.nih.gov/pubmed/16904174
https://dx.doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/23076626
https://dx.doi.org/10.1007/s00395-012-0301-5
http://www.ncbi.nlm.nih.gov/pubmed/38817330
https://dx.doi.org/10.4252/wjsc.v16.i5.467
http://www.ncbi.nlm.nih.gov/pubmed/31096722
https://dx.doi.org/10.3390/cells8050462
http://www.ncbi.nlm.nih.gov/pubmed/33453634
https://dx.doi.org/10.1016/j.biomaterials.2020.120633
http://www.ncbi.nlm.nih.gov/pubmed/32345351
https://dx.doi.org/10.1186/s13287-020-01677-9
http://www.ncbi.nlm.nih.gov/pubmed/29042571
https://dx.doi.org/10.1038/s41598-017-13477-y
http://www.ncbi.nlm.nih.gov/pubmed/20163251
https://dx.doi.org/10.1089/scd.2009.0418
http://www.ncbi.nlm.nih.gov/pubmed/24219905
https://dx.doi.org/10.1016/j.jcyt.2013.09.004
http://www.ncbi.nlm.nih.gov/pubmed/33505596
https://dx.doi.org/10.4252/wjsc.v12.i12.1474

Haider KH. Super stem cells

93 Micheu MM. Moving forward on the pathway of cell-based therapies in ischemic heart disease and heart failure - time for new
recommendations? World J Stem Cells 2019; 11: 445-451 [PMID: 31523365 DOI: 10.4252/wjsc.v11.i8.445]

94 Choudhery MS. Strategies to improve regenerative potential of mesenchymal stem cells. World J Stem Cells 2021; 13: 1845-1862 [PMID:
35069986 DOI: 10.4252/wjsc.v13.112.1845]

95 Behfar A, Faustino RS, Arrell DK, Dzeja PP, Perez-Terzic C, Terzic A. Guided stem cell cardiopoiesis: discovery and translation. J Mol Cell
Cardiol 2008; 45: 523-529 [PMID: 18835562 DOI: 10.1016/j.yjmcc.2008.09.122]

96 Bartunek J, Terzic A, Davison BA, Filippatos GS, Radovanovic S, Beleslin B, Merkely B, Musialek P, Wojakowski W, Andreka P, Horvath
1G, Katz A, Dolatabadi D, El Nakadi B, Arandjelovic A, Edes I, Seferovic PM, Obradovic S, Vanderheyden M, Jagic N, Petrov I, Atar S,
Halabi M, Gelev VL, Shochat MK, Kasprzak JD, Sanz-Ruiz R, Heyndrickx GR, Nyolczas N, Legrand V, Guédes A, Heyse A, Moccetti T,
Fernandez-Aviles F, Jimenez-Quevedo P, Bayes-Genis A, Hernandez-Garcia JM, Ribichini F, Gruchala M, Waldman SA, Teerlink JR, Gersh
BJ, Povsic TJ, Henry TD, Metra M, Hajjar RJ, Tendera M, Behfar A, Alexandre B, Seron A, Stough WG, Sherman W, Cotter G, Wijns W;
CHART Program. Cardiopoietic cell therapy for advanced ischaemic heart failure: results at 39 weeks of the prospective, randomized, double
blind, sham-controlled CHART-1 clinical trial. Eur Heart J 2017; 38: 648-660 [PMID: 28025189 DOI: 10.1093/eurheartj/ehw543]

97 Teerlink JR, Metra M, Filippatos GS, Davison BA, Bartunek J, Terzic A, Gersh BJ, Povsic TJ, Henry TD, Alexandre B, Homsy C, Edwards
C, Seron A, Wijns W, Cotter G; CHART Investigators. Benefit of cardiopoietic mesenchymal stem cell therapy on left ventricular remodelling:
results from the Congestive Heart Failure Cardiopoietic Regenerative Therapy (CHART-1) study. Eur J Heart Fail 2017; 19: 1520-1529
[PMID: 28560782 DOI: 10.1002/ejhf.898]

98 Qayyum AA, Mathiasen AB, Helqvist S, Jergensen E, Haack-Serensen M, Ekblond A, Kastrup J. Autologous adipose-derived stromal cell
treatment for patients with refractory angina (MyStromalCell Trial): 3-years follow-up results. J Trans! Med 2019; 17: 360 [PMID: 31711513
DOI: 10.1186/s12967-019-2110-1]

99 Ibrahim A, Mehdi Q, Abbas AO, Alashkar AH, Haider KH. Induced Pluripotent Stem Cells: Next Generation Cells for Tissue Regeneration. J
Biomed Sci Eng 2016; 9: 226-244 [DOI: 10.4236/jbise.2016.94017]

100 Huang Y, Qian JY, Cheng H, Li XM. Effects of shear stress on differentiation of stem cells into endothelial cells. World J Stem Cells 2021; 13:
894-913 [PMID: 34367483 DOL: 10.4252/wjsc.v13.17.894]

101 Jaukovi¢ A, Kuko]j T, Obradovi¢ H, Oki¢-Pordevi¢ I, Mojsilovi¢ S, Bugarski D. Inflammatory niche: Mesenchymal stromal cell priming by
soluble mediators. World J Stem Cells 2020; 12: 922-937 [PMID: 33033555 DOI: 10.4252/wjsc.v12.19.922]

102 Nuiiez Garcia A, Sanz-Ruiz R, Fernandez Santos ME, Fernandez-Avilés F. "Second-generation" stem cells for cardiac repair. World J Stem
Cells 2015; 7: 352-367 [PMID: 25815120 DOI: 10.4252/wjsc.v7.12.352]

103 Izadpanah P, Golchin A, Firuzyar T, Najafi M, Jangjou A, Hashemi S. The effect of shear stress on cardiac differentiation of mesenchymal
stem cells. Mol Biol Rep 2022; 49: 3167-3175 [PMID: 35076851 DOI: 10.1007/s11033-022-07149-y]

104  Manjua AC, Cabral JMS, Portugal CAM, Ferreira FC. Magnetic stimulation of the angiogenic potential of mesenchymal stromal cells in
vascular tissue engineering. Sci Technol Adv Mater 2021; 22: 461-480 [PMID: 34248420 DOI: 10.1080/14686996.2021.1927834]

105  Helms F, Lau S, Klingenberg M, Aper T, Haverich A, Wilhelmi M, Boer U. Complete Myogenic Differentiation of Adipogenic Stem Cells
Requires Both Biochemical and Mechanical Stimulation. Ann Biomed Eng 2020; 48: 913-926 [PMID: 30815762 DOI:
10.1007/s10439-019-02234-7]

106  Vaez SA, Ebrahimi-Barough S, Soleimani M, Kolivand S, Farzamfar S, Ahmadi Tafti SH, Azami M, Noorbakhsh F, Ai J. The cardiac niche
role in cardiomyocyte differentiation of rat bone marrow-derived stromal cells: comparison between static and microfluidic cell culture
methods. EXCLI J 2018; 17: 762-774 [PMID: 30190666 DOI: 10.17179/excli2018-1539]

107  Popa EG, Santo VE, Rodrigues MT, Gomes ME. Magnetically-Responsive Hydrogels for Modulation of Chondrogenic Commitment of
Human Adipose-Derived Stem Cells. Polymers (Basel) 2016; 8 [PMID: 30979122 DOI: 10.3390/polym8020028]

108  ShiY, LiH, Zhang X, Fu Y, Huang Y, Lui PP, Tang T, Dai K. Continuous cyclic mechanical tension inhibited Runx2 expression in
mesenchymal stem cells through RhoA-ERK1/2 pathway. J Cell Physiol 2011; 226: 2159-2169 [PMID: 21520068 DOI: 10.1002/jcp.22551]

109 LiuL, Shao L, Li B, Zong C, Li J, Zheng Q, Tong X, Gao C, Wang J. Extracellular signal-regulated kinase1/2 activated by fluid shear stress
promotes osteogenic differentiation of human bone marrow-derived mesenchymal stem cells through novel signaling pathways. Int J Biochem
Cell Biol 2011; 43: 1591-1601 [PMID: 21810479 DOI: 10.1016/j.biocel.2011.07.008]

110  Kasten A, Miiller P, Bulnheim U, Groll J, Bruellhoff K, Beck U, Steinhoff G, Moéller M, Rychly J. Mechanical integrin stress and magnetic
forces induce biological responses in mesenchymal stem cells which depend on environmental factors. J Cell Biochem 2010; 111: 1586-1597
[PMID: 21053275 DOI: 10.1002/jcb.22890]

111 LiM,LiJ, Chen H, Zhu M. VEGF-Expressing Mesenchymal Stem Cell Therapy for Safe and Effective Treatment of Pain in Parkinson's
Disease. Cell Transplant 2023; 32: 9636897221149130 [PMID: 36635947 DOI: 10.1177/09636897221149130]

112 YuF, Gong D, Yan D, Wang H, Witman N, Lu Y, Fu W, Fu Y. Enhanced adipose-derived stem cells with IGF-1-modified mRNA promote
wound healing following corneal injury. Mol Ther 2023; 31: 2454-2471 [PMID: 37165618 DOI: 10.1016/j.ymthe.2023.05.002]

113 Singh P, Fukuda S, Liu L, Chitteti BR, Pelus LM. Survivin Is Required for Mouse and Human Bone Marrow Mesenchymal Stromal Cell
Function. Stem Cells 2018; 36: 123-129 [PMID: 29067757 DOI: 10.1002/stem.2727]

114  Konoplyannikov M, Haider KH, Lai VK, Ahmed RP, Jiang S, Ashraf M. Activation of diverse signaling pathways by ex-vivo delivery of
multiple cytokines for myocardial repair. Stem Cells Dev 2013; 22: 204-215 [PMID: 22873203 DOI: 10.1089/sc¢d.2011.0575]

115  Jiang S, Haider HKh, Idris NM, Salim A, Ashraf M. Supportive interaction between cell survival signaling and angiocompetent factors
enhances donor cell survival and promotes angiomyogenesis for cardiac repair. Circ Res 2006; 99: 776-784 [PMID: 16960098 DOI:
10.1161/01.RES.0000244687.97719.41]

116  YeL, Haider HKh, Jiang S, Ling LH, Ge R, Law PK, Sim EK. Reversal of myocardial injury using genetically modulated human skeletal
myoblasts in a rodent cryoinjured heart model. Eur J Heart Fail 2005; 7: 945-952 [PMID: 16202652 DOI: 10.1016/j.ejheart.2005.03.012]

117  Chei H, Choi Y, Yim HY, Mirzaaghasi A, Yoo JK, Choi C. Biodistribution of Exosomes and Engineering Strategies for Targeted Delivery of
Therapeutic Exosomes. Tissue Eng Regen Med 2021; 18: 499-511 [PMID: 34260047 DOI: 10.1007/s13770-021-00361-0]

118  Kuéuk N, Primozi¢ M, Knez Z, Leitgeb M. Exosomes Engineering and Their Roles as Therapy Delivery Tools, Therapeutic Targets, and
Biomarkers. Int J Mol Sci 2021; 22 [PMID: 34502452 DOI: 10.3390/ijms22179543]

119 MaZJ, Yang JJ, Lu YB, Liu ZY, Wang XX. Mesenchymal stem cell-derived exosomes: Toward cell-free therapeutic strategies in regenerative
medicine. World J Stem Cells 2020; 12: 814-840 [PMID: 32952861 DOI: 10.4252/wjsc.v12.18.814]

120  Ding J, Xu C, XuM, He XY, Li WN, He F. Emerging role of engineered exosomes in nonalcoholic fatty liver disease. World J Hepatol 2023;

3%9@) WIJSC | https://www.wjgnet.com 639 June 26,2024 | Volume16 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/31523365
https://dx.doi.org/10.4252/wjsc.v11.i8.445
http://www.ncbi.nlm.nih.gov/pubmed/35069986
https://dx.doi.org/10.4252/wjsc.v13.i12.1845
http://www.ncbi.nlm.nih.gov/pubmed/18835562
https://dx.doi.org/10.1016/j.yjmcc.2008.09.122
http://www.ncbi.nlm.nih.gov/pubmed/28025189
https://dx.doi.org/10.1093/eurheartj/ehw543
http://www.ncbi.nlm.nih.gov/pubmed/28560782
https://dx.doi.org/10.1002/ejhf.898
http://www.ncbi.nlm.nih.gov/pubmed/31711513
https://dx.doi.org/10.1186/s12967-019-2110-1
https://dx.doi.org/10.4236/jbise.2016.94017
http://www.ncbi.nlm.nih.gov/pubmed/34367483
https://dx.doi.org/10.4252/wjsc.v13.i7.894
http://www.ncbi.nlm.nih.gov/pubmed/33033555
https://dx.doi.org/10.4252/wjsc.v12.i9.922
http://www.ncbi.nlm.nih.gov/pubmed/25815120
https://dx.doi.org/10.4252/wjsc.v7.i2.352
http://www.ncbi.nlm.nih.gov/pubmed/35076851
https://dx.doi.org/10.1007/s11033-022-07149-y
http://www.ncbi.nlm.nih.gov/pubmed/34248420
https://dx.doi.org/10.1080/14686996.2021.1927834
http://www.ncbi.nlm.nih.gov/pubmed/30815762
https://dx.doi.org/10.1007/s10439-019-02234-z
http://www.ncbi.nlm.nih.gov/pubmed/30190666
https://dx.doi.org/10.17179/excli2018-1539
http://www.ncbi.nlm.nih.gov/pubmed/30979122
https://dx.doi.org/10.3390/polym8020028
http://www.ncbi.nlm.nih.gov/pubmed/21520068
https://dx.doi.org/10.1002/jcp.22551
http://www.ncbi.nlm.nih.gov/pubmed/21810479
https://dx.doi.org/10.1016/j.biocel.2011.07.008
http://www.ncbi.nlm.nih.gov/pubmed/21053275
https://dx.doi.org/10.1002/jcb.22890
http://www.ncbi.nlm.nih.gov/pubmed/36635947
https://dx.doi.org/10.1177/09636897221149130
http://www.ncbi.nlm.nih.gov/pubmed/37165618
https://dx.doi.org/10.1016/j.ymthe.2023.05.002
http://www.ncbi.nlm.nih.gov/pubmed/29067757
https://dx.doi.org/10.1002/stem.2727
http://www.ncbi.nlm.nih.gov/pubmed/22873203
https://dx.doi.org/10.1089/scd.2011.0575
http://www.ncbi.nlm.nih.gov/pubmed/16960098
https://dx.doi.org/10.1161/01.RES.0000244687.97719.4f
http://www.ncbi.nlm.nih.gov/pubmed/16202652
https://dx.doi.org/10.1016/j.ejheart.2005.03.012
http://www.ncbi.nlm.nih.gov/pubmed/34260047
https://dx.doi.org/10.1007/s13770-021-00361-0
http://www.ncbi.nlm.nih.gov/pubmed/34502452
https://dx.doi.org/10.3390/ijms22179543
http://www.ncbi.nlm.nih.gov/pubmed/32952861
https://dx.doi.org/10.4252/wjsc.v12.i8.814

Haider KH. Super stem cells

15: 386-392 [PMID: 37034232 DOI: 10.4254/wjh.v15.i3.386]
121 Shi MY, Liu L, Yang FY. Strategies to improve the effect of mesenchymal stem cell therapy on inflammatory bowel disease. World J Stem
Cells 2022; 14: 684-699 [PMID: 36188115 DOI: 10.4252/wjsc.v14.19.684]

3%’@, WJSC | https://www.wjgnet.com 640 June 26,2024 | Volume16 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/37034232
https://dx.doi.org/10.4254/wjh.v15.i3.386
http://www.ncbi.nlm.nih.gov/pubmed/36188115
https://dx.doi.org/10.4252/wjsc.v14.i9.684

JRnishideng®

Published by Baishideng Publishing Group Inc
7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA
Telephone: +1-925-3991568
E-mail: office(@baishideng.com
Help Desk: https://www.t6publishing.com/helpdesk

https:/ /www.wjgnet.com

© 2024 Baishideng Publishing Group Inc. All rights reserved.


mailto:office@baishideng.com
https://www.f6publishing.com/helpdesk
https://www.wjgnet.com

	Abstract
	INTRODUCTION
	PRETREATMENT APPROACHES OF MSCS
	Pretreatment approach using physical methods
	Pretreatment approach using chemicals and drugs
	Pre-treatment with growth factors, cytokines, and other bioactive molecules
	Priming of MSCs by genetic modification
	Combinatorial approaches in pre-treatment of MSCs
	Priming MSCs from the clinical perspective

	CONCLUSION
	FOOTNOTES
	REFERENCES

