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ABSTRACT
Mesenchymal stromal cells (MSC) are nonhematopoietic cells with fi broblast-like morphology and multipotent 
capacity that are widely used in pre-clinical and clinical investigations. Unfortunately, the effi ciency of MSC 
treatment is hindered by the poor survival rate after transplantation at the damaged tissue. 
The goal of this study was to investigate the fate of MSC exposed to various stimuli mimicking the in vivo 
microenvironment post transplantation. To this aim, murine bone marrow–derived MSC were stimulated with IFN 
and TNF under low oxygen (hypoxia) or atmospheric (normoxia) conditions for 24 to 72 hours, in order to better 
mimic an ischemic injury. 
The results showed that MSC pre-stimulation with TNF and IFN enhanced immunosuppressive pathways by 
over-expression of NOS2, IDO, COX2 and production of NO. However, MSC viability was affected by these two 
cytokines in dose-dependent and time-dependent manners. Besides, priming with TNF and/or IFN under low 
oxygen concentrations revealed that signifi cantly increased cell mortality rate and decreased NO production. 
Our data suggest that both hypoxia and infl ammation could impact the cell survival after transplantation and 
reinforces the necessity of further investigations to better understand MSC behavior after transplantation in order 
to identify the MSC-based strategies with the highest therapeutic potential.
Keywords: Mesenchymal stromal cells, hypoxia, infl ammation, ischemic injury.

REZUMAT
Celulele stromale mezenchimale (MSC) sunt celule multipotente, non-hematopoietice, cu aspect morfologic de 
fi broblaști, ce sunt utilizate pe scară largă în cercetările preclinice și clinice. Din păcate, însă, efi ciența tratamentului 
cu MSC este diminuată de rata scăzută de supraviețuire a acestora atunci când sunt transplantate într-un țesut lezat. 
Scopul acestui studiu a fost de a investiga soarta MSC expuse la diferiți stimuli ce imită micromediul in vivo de 
după transplantare. Pentru aceasta, MSC izolate din măduva osoasă de la șoareci au fost stimulate cu TNF și IFN 
în condiții de oxigen scăzut (hipoxie) sau de oxigen atmosferic (normoxie), timp de 24 până la 72 de ore, pentru a 
imita mai bine o leziune ischemică. 
Rezultatele au arătat ca stimularea in vitro a MSC cu TNF și IFN a activat căile moleculare implicate în imunosupresie, 
prin supraexprimarea de NOS2, IDO, COX2 și producția de NO. Cu toate acestea, viabilitatea MSC a fost afectată 
de aceste două citokine în moduri dependente de doză și de timp. În plus, stimularea cu TNF și/sau IFN în 
prezența hipoxiei a crescut semnifi cativ rata mortalității celulare și a scăzut producția de NO.
Datele noastre sugerează că atât hipoxia, cât și infl amația pot infl uența supraviețuirea celulelor după transplant și 
întăresc necesitatea unor investigații suplimentare pentru a întelege cât mai bine comportamentul MSC in vivo, cu 
scopul de a identifi ca strategiile bazate pe MSC ce au cel mai mare potențial terapeutic.
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INTRODUCTION 
Mesenchymal stromal cells (MSC) are nonhematopo-
ietic cells with fi broblast-like morphology and multi-
potent capacity, being able to differentiate in osteo-
blasts, adipocytes and chondrocytes, under specifi c 
culture conditions1. These cells are widely distributed 
throughout the body and can be isolated from vario-
us sources, such as bone marrow, adipose tissue or 
blood2. In the bone marrow, MSC are known to resi-
de in a complex microenvironment and together with 
haematopoietic stem cells (HSC) form a unique bone 
marrow niche3,4. HSC produce all blood cell lineages 
during homeostasis and stress in a highly dynamic pro-
gram being tightly regulated by an interdependent ne-
twork with MSC4. 

Among various stem cells proposed for cell the-
rapy5, MSCs have several advantages, which include 
convenient isolation, reduced immunogenicity, lack of 
ethical controversy, trophic activity6,7, as well as potent 
immunomodulatory properties8,9, and the potential to 
differentiate into specifi c cell types1,10,11. Moreover, 
other studies sustain the existence of a remote blood-
borne–mediated pathway activated by transplanted 
MSC with no need of homing to the site of injury12-15. 

MSC are widely used in pre-clinical and clinical in-
vestigations, and according to the National Institute 
of Health, the cardiovascular diseases sum up almost 
15% from the total number of studies which used MSC 
for cellular therapy16,17. Recently, MSC emerged as po-
tent modulators of the immune system18. However, 
the mechanisms of action are complex and not fully 
understood. When injected directly into the ischemic 
myocardium, MSC preferentially polarized the adja-
cent macrophages (Mac) towards an anti-infl amma-
tory M2 phenotype and improved the cardiac repair 
process19.

Unfortunately, the effi ciency of MSC treatment is 
hindered by the poor survival rate after transplanta-
tion at the damaged tissue20. One possible explanation 
on transplanted cell death is that MSC are fragilized 
during the manipulations preceding their use in thera-
py, by exposure to fl uctuating oxygen concentrations: 
extraction from the original site (e.g. bone marrow) 
where the oxygen pressure is low (1.5-4.2% O2 within 
bone marrow niches), followed by in vitro culture (usu-
ally under 21% O2) and, fi nally, transplantation into the 
injured tissue (often in a hypoxic environment)21. In 
addition to that, the damaged tissue is characterised 
by an infl ammatory microenvironment, abundant in 
proinfl ammatory molecules, like TNF and IFN22.

In vitro stimulation or priming with proinfl amma-
tory cytokines prior to transplantation gives MSC a 
short-term memory by mimicking the pro-infl amma-
tory microenvironmental stimuli23. MSC exposed to 
TNF and IFN alone or in combination, stimulate the 
immunosuppressive function by inducing the produc-
tion of various molecules, with indoleamine-pyrrole 
2,3-dioxygenase (IDO) and nitric oxide (NO), among 
many others24,25. IDO is involved in the tryptophan ca-
tabolism with direct effects on natural killer (NK) cell 
activation, proliferation and functional activity26. NO 
is produced by the inducible form of nitric oxide synt-
hase (NOS2) and serves to inhibit activation and pro-
liferation of T cells and reduce cytokine production27. 

Here, we show that MSC pre-stimulation with TNF 
and IFN enhances immunosuppressive pathways by 
over-expression of NOS2, IDO, cyclooxygenase-2 
(COX2) and production of NO. However, MSC viabi-
lity is affected by these two cytokines in dose-depen-
dent and time-dependent manners, therefore caution 
is warranted in MSC priming approaches. Besides, pri-
ming with TNF and/or IFN under low oxygen con-
centrations is thought to improve MSC effective pro-
perties23, but our results reveal that it also increases 
cell mortality rate and decreases the production of 
NO.

MATERIALS AND METHODS
Cell culture. MSC were isolated from mouse bone 
marrow as previously described14. Cells were grown 
in low-glucose Dulbecco's modifi ed Eagle's medium 
(DMEM) supplemented with 10% MSC-qualifi ed fetal 
bovine serum (FBS; Gibco™, Thermo Fisher Scien-
tifi c) and 1% antibiotic-antimycotic at 37°C in a cell 
incubator, at 95% humidity, in 5% CO2 concentration. 
For experiments, cells were seeded 24 hours before 
at a density of 25.000 cells/cm2 to reach 70-80% con-
fl uency. MSCs were cultivated at atmospheric oxygen 
concentration (21%). To expose the cells to hypoxia, 
MSC were grown in 2% O2, 5% CO2 and 78% humidity 
in Whitley H35 Hypoxystation (Don Whitley Scienti-
fi c). 
MSC stimulation with TNF and IFN. In order 
to mimic the proinfl ammatory environment in vitro, 
MSC were stimulated with IFN (20 ng/ml) and TNF 
(1, 10 or 20 ng/ml) for 24 to 72 hours, followed by tes-
ting the viability and the anti-infl ammatory properties 
of MSC. Recombinant mouse IFN and TNF were 
purchased from R&D Systems.
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nutes for the fi rst 3 hours and every hour thereafter. 
Griess assay. NO production was detected in the 
supernatant of MSC cultures by measuring its stable 
end product nitrite using a Griess reagent according 
to manufacturer’s indications (ThermoFisher Scienti-
fi c, G-7921). This kit includes two components, A and 
B. Component B and nitrite form diazonium salt whi-
ch, in presence of component A, produce an azo dye 
that can be spectrophotometrically quantifi ed based 
on its absorbance at 548 nm. Briefl y, culture medium 
was collected at a specifi c time after cytokine stimu-
lation and was centrifuged at 400 x g for 5 minutes. 
The culture supernatant was collected and centrifuged 
again at 2.000 x g for 30 minutes to remove all cellular 
debris which can interfere with the reaction. A fi nal 
volume of 130 l supernatant was transferred to a 96-
well plate in triplicate and 20 l of Griess reagent was 
added. After 10 minutes of incubation, the absorbance 
was read at 548 nm with an Infi nite M200 microplate 
reader from Tecan. The nitric oxide synthase inhibi-
tor L-NAME (N omega-nitro-L-arginine methyl ester) 
was used to downmodulate the NO production in 
MSC stimulated with proinfl ammatory cytokines. Ni-
trite concentration was calculated with reference to a 

Gene expression analysis. Total RNA was extrac-
ted using Trizol reagent (ThermoFisher Scientifi c, 
15596026) and the reverse transcription reaction was 
performed using the High-Capacity cDNA Reverse 
Transcription kit (ThermoFisher Scientifi c, 4374966). 
Real-time RT-PCR was performed using gene-speci-
fi c primers and SYBR™ Select Master Mix (Thermo-
Fisher Scientifi c, 4472919).
The nucleotide sequence of each primer can be pro-
vided on request. The comparative CT method was 
used to quantify the data, and 18S rRNA or ACTB 
mRNA level was used for normalization. 
xCELLigence analysis. The effect of the proin-
fl ammatory cytokines on the MSC cellular index was 
monitored with the xCELLigence system (Roche 
Applied Science), as previously described28. Briefl y, 
MSC were detached from cell-culture plates and were 
seeded at 5.000 cells/well on 16-well E-plates in com-
plete growth medium and cell index was recorded for 
24 hours. The next day, the medium was changed with 
growth medium containing the proinfl ammatory cyto-
kines (TNF, IFN) at the specifi c concentration. The 
cell index was measured for another 2 or 3 days. The 
instrument read the electric impedance every 10 mi-

Figure 1. TNF and IFN differentially regulate immunomodulatory factors in murine MSC. A. Phase contrast microscopy images illustrating the 
morphology of MSC after in vitro stimulation with TNF and IFN for 24 hours. B-D. Gene expression levels of IDO1, NOS2 and COX2 in MSC 
stimulated with TNF and IFN for 24 hours.
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cell index (Figure 2A). These results were confi rmed 
by phase contrast microscopy images, which proved 
morphological alterations of TNF-stimulated cells 
and increased mortality in the cytokine mix culture 
condition (Figure 2B).

As TNF has important impact on cell index witho-
ut affecting cell viability within the fi rst 48 hours of the 
treatment, the next step was to evaluate the effect of 
an extensive treatment of MSC with different doses of 
TNF. To this aim, MSC were stimulated with diffe-
rent concentrations of TNF (1, 10 and 20 ng/ml) and 
cell index was continuously recorded for 72 hours, at 
1-hour intervals. Of note, the xCELLigence recording 
showed a signifi cant decrease in cell index even for 
the lowest dose of TNF (Figure 2C), which appa-
rently did not impact the cell viability, as concluded 
by phase contrast microscopy (Figure 2D). However, 
stimulation of MSC with higher TNF concentration 
(10 and 20 ng/ml) for 3 days resulted in signifi cant cell 
mortality (Figure 2D). 

Nitric oxide production by MSC in the 
presence of proinfl ammatory cytokines and 
hypoxia
The above results showed that MSC stimulation with 
TNF and IFN induced overexpression of NOS2, 
in parallel with an increase in cell mortality which 
suggested that the NO produced by NOS2 could in-
duce cytotoxicity in cultured cells. In order to test 
this hypothesis, NO quantifi cation was performed in 
control MSC cells stimulated for 48 hours with TNF 
and IFN alone or in combination. The nitric oxide 
synthase inhibitor L-NAME was used to validate the 
specifi city of the cellular response. NO is a relatively 
unstable molecule which suffers a spontaneous oxi-
dation under physiological conditions, thus produ-
cing nitrite/nitrate, which can be determined in the 
culture medium by Griess reaction29. Phase contrast 
microscopy images illustrated that NOS2 inhibition 
partially reduced the mortality of cells stimulated with 
TNF+IFN (Figure 3A). The quantifi cation of nitri-
te in the culture medium was correlated with NOS2 
gene expression in the cells and showed that TNF 
stimulation was able to produce nitrite accumulation 
while IFN alone had no effect. Moreover, the com-
bination of TNF and IFN produced 4 times more 
nitrite than TNF alone. Interestingly, NOS2 inhibi-
tion by L-NAME completely reduced nitrite accumu-
lation in TNF-stimulated cells, while only partially, 
yet signifi cantly, reversed the increase in nitrite under 
TNF+IFN stimulation (Figure 3B). 

standard curve of six 2-fold serial dilutions of freshly 
prepared sodium nitrite (0 to 100 μM), and the cul-
ture medium alone was used as a blank control. The 
results are showed as concentration of NO2 and are 
expressed in μM.
Statistical analysis. The results were expressed 
as the mean ± S.E.M. of at least three independent 
experiments. Statistical analysis was performed using 
GraphPad Prism 7 and one-way ANOVA followed by 
Tukey's post-test was used to assess statistical signifi -
cance (*p < 0.05, **p < 0.01, ***p < 0.005).

RESULTS

The effect of in vitro MSC priming with TNF 
and IFN
Activated MSC were reported to fulfi l their immu-
nosuppressive functions mainly through secretion of 
immunomodulatory factors6. Therefore, the benefi ts 
brought by the priming with proinfl ammatory cytoki-
nes over the naïve cells were assayed by determination 
of IDO1, NOS2, and COX2 expression levels, as ma-
jor components of the immunomodulatory pathways 
activated in primed MSC. 

First, MSC were seeded on tissue culture plates and 
24 hours later, they were stimulated with TNF and 
IFN alone or in combination (20 ng/ml each). After 
another 24 hours, the cells were imagined using pha-
se contrast microscopy and no major morphological 
changes were observed under these experimental 
conditions (Figure 1A). Subsequently, cells were used 
for RNA extraction and qRT-PCR analysis. The results 
showed that TNF and IFN had different effects on 
the expression levels of three important mediators 
of pathways associated to immunomodulation. Thus, 
a statistically signifi cant overexpression of IDO1 was 
obtained in MSC after 24-hour stimulation with IFN, 
while TNF did not produce any effect, either alone 
or in the presence of IFN (Figure 1B). However, sti-
mulation with TNF alone signifi cantly increased the 
expression of NOS2 and COX2 and in the presence 
of IFN the effect was synergistic (Figure 1C-D).

The morphological changes were also followed 
with xCELLigence system. MSC stimulation with pro-
infl ammatory cytokines was performed under the 
same experimental conditions as described above, and 
the cell index was determined at 10-min interval for 
48 hours. The xCELLigence analysis showed that IFN 
stimulation caused a slight decrease of the cellular in-
dex, most likely as a result of reduced cell proliferati-
on. However, TNF, either alone or in combination 
with IFN, caused a much more abrupt collapse of the 
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Figure 2. Prolonged infl ammation affects the morphology and viability of MSC. A) xCELLigence analysis on MSC viability, correlated with the cellular 
index variation B) Phase contrast microscopy images showing the cellular morphology of MSC after stimulation with TNF and IFN after 48 hours 
of cytokine treatment; C) xCELLigence analysis of MSC viability after stimulated with three different doses of TNF; D) Phase contrast microscopy 
images showing the MSC viability after 72-hour stimulation with TNF at different concentrations.



Carmen Alexandra NECULACHI et al.
Infl ammation and Hypoxia Negatively Impact the Survival and Immunosuppressive Properties 

Romanian Journal of Cardiology
Vol. 31, No. 3, 2021

552

in vitro priming strategies for MSC. The novel fi ndings 
of our study are: (i) prolonged (more than 48 hours) 
stimulation of MSC with a combination of proin-
fl ammatory cytokines in vitro induces NOS2 overex-
pression followed by NO-mediated cytotoxicity, and 
(ii) hypoxia accelerates cell death in the presence of 
proinfl ammatory cytokines. 

Several studies have shown that MSC-derived NO 
is a major contributor to the immunosuppression 
function of the cells27,35,36. However, the NO produc-
tion in cytokine-activated MSC lead to cell apopto-
sis24,37. In line with these observations, we showed that 
major immunomodulatory genes were signifi cantly in-
duced in MSC by short priming (24 hours) of the cells 
with proinfl ammatory cytokines TNF and IFN, and 
these cytokines produced independent, yet synergis-
tic, effects on gene expression. However, prolonged 
stimulation of the cells, mimicking the continuous in 
vivo exposure to an infl ammatory microenvironment, 
resulted in decreased cell viability. Importantly, the 
TNF and IFN pretreatment may be responsible for 
effective inhibition of MSC repair ability and accelera-
ting infl ammation and the disease progression38.

We have previously reported that MSC homing to 
the site of injury after transplantation is not required 
for their therapeutic effi cacy in acute myocardial in-
farction13, as they can mediate their actions systemi-
cally from remote sites14. Although there are still open 
questions regarding the mechanisms underlying cell 
migration and survival post-transplantation, we and 
other indicated that the short lifespan of transplan-

Since hypoxia and infl ammation were recently re-
ported to play important roles in modulating the fate 
of the transplanted cells30. Cell survival and nitrite 
production were determined in MSC cultured for 24 
hours under normoxic (21% O2) or hypoxic (2% O2) 
conditions, in the presence or absence of TNF+IFN 
stimulation (with or without L-NAME). As expec-
ted, phase-contrast microscopy images showed that 
hypoxia alone did not affect cell viability, however 
the combination of hypoxia with the proinfl ammatory 
cytokines resulted in the death of almost all cells (Fi-
gure 4A). Regardi ng NO production, hypoxia alone 
did not change nitrite level in the culture medium, but 
when combined with TNF + IFN, it signifi cantly re-
duced the level of NO production, probably due to 
increased cell mortality. NOS2 inhibition by L-NAME 
partially reversed cell survival in the presence of the 
both cytokines and hypoxic conditions, in addition to 
the partial reduction of nitrite level in the medium 
(Figure 4A-B). Taken together, our data suggest that 
both hypoxia and infl ammation impact the cell survival 
after transplantation, in part by inducing NOS2 over-
expression followed by NO-induced cytotoxicity. 

DISCUSSION
The approach of MSC in vitro priming in order to obta-
in enhanced benefi cial effects in various pathologies is 
currently being widely tested31-34. Therefore, a better 
understanding of how the in vivo microenvironment 
impacts MSC survival, as well as their therapeutic pro-
perties could be helpful for developing more effective 

Figure 3. L-NAME effect on MSC mortality and NO production. A) Phase contrast microscopy images showing the cellular morphology of MSC after 
stimulation with TNF and IFN, alone or in combination, in the presence or absence of NOS2 inhibitor L-NAME. B) Quantitative determination of 
nitrite produced by MSC after stimulation with TNF and IFN.
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to identify the MSC-based strategies with the highest 
therapeutic potential.

CONCLUSIONS
Our study provides evidence that in vitro MSC pri-
ming with pro-infl ammatory cytokines activates potent 
immunomodulatory pathways in the cells. However, 
by adding hypoxia and long-term cytokine exposure, 
there is an increase in the mortality rate, suggesting 
possible adverse consequences of locally transplanted 
MSC into ischemic tissues. Such insights may advan-
ce the understanding of MSC behavior and fate after 
transplantation and help to identify the optimal pri-
ming conditions for MSC in order to fully exploit their 
therapeutical capabilities.  

Confl ict of interest: none declared.
Financial support: This research was funded by both the 
Romanian Ministry of Education (PN-III-P4-ID-PCCF-2016-
0172-contract no 05/18.07.2018) and the Romanian Aca-
demy.

References:
1. Prockop DJ. Marrow stromal cells as stem cells for nonhematopoi-

etic tissues. Science 1997; 276, 71–74.
2. Beyer Nardi N, da Silva Meirelles L. Mesenchymal stem cells: isola-

tion, in vitro expansion and characterization. Handb Exp Pharmacol. 
2006;(174):249-82. 

3. Méndez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, MacAr-
thur BD, Lira SA, Scadden DT, Ma’ayan A, Enikolopov GN, Frenette 
PS. Mesenchymal and haematopoietic stem cells form a unique bone 
marrow niche. Nature 2010; 466, 829–834.

4. Wei Q, Frenette PS. Niches for Hematopoietic Stem Cells and Their 
Progeny. Immunity 2018; 48, 632–648. 

5. Trounson A, McDonald C. Stem Cell Therapies in Clinical Trials: 
Progress and Challenges. Cell Stem Cell 2015; 17, 11–22.

6. Burlacu A, Grigorescu G, Rosca AM, Preda MB, Simionescu M. Fac-
tors secreted by mesenchymal stem cells and endothelial progenitor 

ted MSC does not impede their therapeutic effects, as 
these cells act through a “hit and die” mechanism, so 
that their viability was not entirely required for positi-
ve therapeutic outcomes30,39-41. 

Recently, numerous experimental data endorsed 
the idea of MSC cultured in low oxygen concentrati-
ons to simulate the in vivo microenvironment42. This 
preconditioning enhances the therapeutical properties 
of MSC, including those involved in immunomodulati-
on23,43. In bone marrow, MSC are known to reside in 
a complex microenvironment and together with HSC 
form a unique bone marrow niche3,4. Naturally, they 
reside at 1-4% O2, but when shifted in vitro they are 
exposed to 21% O2. This transition may determine the 
alteration of many stem cell parameters which are not 
fully understood, therefore it is expected that a more 
physiologically relevant phenotype to be obtained by 
culture the cells under physiological O2 in vitro42,44, in-
stead of atmospheric O2. Here we showed that short-
term exposure of MSC to mild hypoxia (2% O2) did 
not altered cellular viability, however when hypoxia 
was combined with proinfl ammatory cytokines, which 
mimic a pathological ischemic microenvironment fa-
ced after transplantation in vivo, they underwent a sig-
nifi cantly increased cell mortality indicating that their 
therapeutic effects cannot outlast. 

It is recognized that poor survival of transplanted 
cells remains a limitation for clinical practice and pri-
ming of MSC via different signals (such as hypoxia and 
cytokines) could offer superior MSC-based thera-
pies23. However, our data strengthen the idea of the 
requirement of further investigations to better un-
derstand MSC behavior after transplantation in order 

Figure 4. Low oxygen levels and cytokines affect MSC viability. A) Phase contrast microscopy images showing the cellular morphology of MSC after 
stimulation with TNF and IFN in 21% (Normoxia) vs 2% (Hypoxia) O2. B) Quantitative determination of the L-NAME MSC produced when stimu-
lated with TNF and IFN in 21% vs 2% O2.



Carmen Alexandra NECULACHI et al.
Infl ammation and Hypoxia Negatively Impact the Survival and Immunosuppressive Properties 

Romanian Journal of Cardiology
Vol. 31, No. 3, 2021

554

eration, cytotoxicity, and cytokine production: role of indoleamine 
2,3-dioxygenase and prostaglandin E2. Blood. 2008;111(3):1327-
1333. 

27.  Ren G, Zhang L, Zhao X, Xu G, Zhang Y, Roberts AI, Zhao RC, Shi 
Y. Mesenchymal Stem Cell-Mediated Immunosuppression Occurs 
via Concerted Action of Chemokines and Nitric Oxide. Cell Stem 
Cell. 2008;2(2):141-150. 

28.  Preda MB, Rosca AM, Tutuianu R, Burlacu A. Pre-stimulation 
with FGF-2 increases in vitro functional coupling of mesenchy-
mal stem cells with cardiac cells. Biochem Biophys Res Commun. 
2015;464(2):667-673. 

29.  Bryan NS, Grisham MB. Methods to detect nitric oxide and its me-
tabolites in biological samples. Free Radic Biol Med. 2007;43(5):645-
657. 

30.  Preda MB, Neculachi CA, Fenyo IM, Vacaru AM, Publik MA, Simio-
nescu M, Burlacu A. Short lifespan of syngeneic transplanted MSC is 
a consequence of in vivo apoptosis and immune cell recruitment in 
mice. Cell Death & Disease 2021; 12, 566.

31.  Caplan H, Olson SD, Kumar A, George M, Prabhakara KS, Wen-
zel P, Bedi S, Toledano-Furman NE, Triolo F, Kamhieh-Milz J, Moll 
G, Cox CS Jr. Mesenchymal Stromal Cell Therapeutic Delivery: 
Translational Challenges to Clinical Application. Front Immunol. 
2019;10(July):1645. 

32.  Parekkadan B, Milwid JM. Mesenchymal stem cells as therapeutics. 
Annu Rev Biomed Eng. 2010;12:87-117. 

33.  Ankrum JA, Ong JF, Karp JM. Mesenchymal stem cells: Immune eva-
sive, not immune privileged. Nat Biotechnol. 2014;32(3):252-260. 

34.  Bianco P, Cao X, Frenette PS, Mao JJ, Robey PG, Simmons PJ, Wang 
CY. The meaning, the sense and the signifi cance: translating the 
science of mesenchymal stem cells into medicine. Nat Med. 2013; 
19(1):35-42.

35.  Sato K, Ozaki K, Oh I, Meguro A, Hatanaka K, Nagai T, Muroi K, 
Ozawa K. Nitric oxide plays a critical role in suppression of T-cell 
proliferation by mesenchymal stem cells. Blood 2007;109(1):228-34. 

36.  Ma S, Xie N, Li W, Yuan B, Shi Y, Wang Y. Immunobiology of mes-
enchymal stem cells. Cell Death Differ. 2014;21(2):216-25. 

37.  Liu Y, Wang L, Kikuiri T, Akiyama K, Chen C, Xu X, Yang R, Chen 
W, Wang S, Shi S. Mesenchymal stem cell-based tissue regeneration 
is governed by recipient T lymphocytes via IFN- and TNF-. Nature 
Medicine 2011;17(12):1594-601. 

38.  Hu A, Liu HB, Mlynski R, Plontke S, Zhang JF, Dai WJ, Duan JL, 
Fan JP, Zheng HL, Xu WH, Chen XP, Huang JJ. Therapeutic ultra-
sound potentiates the anti-nociceptive and anti-infl ammatory effects 
of curcumin to postoperative pain via Sirt1/NF-B signaling pathway. 
American Journal of Translational Research. 2018;10:3099-3110. 

39.  Giri J, Galipeau J. Mesenchymal stromal cell therapeutic potency 
is dependent upon viability, route of delivery, and immune match. 
Blood Adv. 2020;4(9):1987-1997. 

40.  Galleu A, Riffo-Vasquez Y, Trento C, Lomas C, Dolcetti L, Cheung 
TS, von Bonin M, Barbieri L, Halai K, Ward S, Weng L, Chakraverty 
R, Lombardi G, Watt FM, Orchard K, Marks DI, Apperley J, Born-
hauser M, Walczak H, Bennett C, Dazzi F. Apoptosis in mesenchy-
mal stromal cells induces in vivo recipient-mediated immunomodula-
tion. Sci Transl Med. 2017; 9(416). 

41.  Vagnozzi RJ, Maillet M, Sargent MA, Khalil H, Johansen AKZ, 
Schwanekamp JA, York AJ, Huang V, Nahrendorf M, Sadayappan S, 
Molkentin JD. An acute immune response underlies the benefi t of 
cardiac stem cell therapy. Nature. 2020;577(7790):405-409. 

42.  Keeley TP, Mann GE. Defi ning Physiological Normoxia for Improved 
Translation of Cell Physiology to Animal Models and Humans. Physi-
ol Rev. 2019;99(1):161-234. 

43.  Rosova I, Dao M, Capoccia B, Link D, Nolta JA. Hipoxic Precondition-
ing Results in Increased Motility and Improved Therapeutic Potential 
of Human Mesenchymal Stem Cells. Stem Cells. 2008;26(8):2173-
2182. 

44.  Mas-Bargues C, Sanz-Ros J, Román-Domínguez A, Inglés M, Gimeno-
Mallench L, El Alami M, Viña-Almunia J, Gambini J, Viña J, Borrás C. 
Relevance of Oxygen Concentration in Stem Cell Culture for Re-
generative Medicine. Int J Mol Sci. 2019; 20(5):1195.

cells have complementary effects on angiogenesis in vitro. Stem Cells 
Dev.2013; 22, 643–653.

7. Zhang M, Mal N, Kiedrowski M, Chacko M, Askari AT, Popovic ZB, 
Koc ON, Penn MS. SDF-1 expression by mesenchymal stem cells re-
sults in trophic support of cardiac myocytes after myocardial infarc-
tion. FASEB J. 2007; 21, 3197–3207.

8. Abdi R, Fiorina P, Adra CN, Atkinson M, Sayegh MH. Immunomodu-
lation by Mesenchymal Stem Cells. Diabetes 2008; 57, 1759–1767.

9. Weiss ARR, Dahlke MH. Immunomodulation by Mesenchymal Stem 
Cells (MSCs): Mechanisms of Action of Living, Apoptotic, and Dead 
MSCs. Front Immunol. 2019;10:1191. 

10. Dezawa M, Ishikawa H, Itokazu Y, Yoshihara T, Hoshino M, Takeda 
S, Ide C, Nabeshima Y. Bone marrow stromal cells generate muscle 
cells and repair muscle degeneration. Science 2005; 309, 314–317.

11. Sasaki M, Abe R, Fujita Y, Ando S, Inokuma D, Shimizu H. Mesen-
chymal stem cells are recruited into wounded skin and contribute 
to wound repair by transdifferentiation into multiple skin cell type. J. 
Immunol. 2008; 180, 2581–2587.

12. Shabbir A, Zisa D, Suzuki G, Lee T. Heart failure therapy mediated 
by the trophic activities of bone marrow mesenchymal stem cells: a 
noninvasive therapeutic regimen. Am J Physiol Heart Circ Physiol. 
2009;296(6):H1888-97. 

13. Preda MB, Rønningen T, Burlacu A, Simionescu M, Moskaug JØ, 
Valen G. Remote transplantation of mesenchymal stem cells pro-
tects the heart against ischemia-reperfusion injury. Stem Cells. 
2014;32(8):2123-2134.

14. Preda MB, Lupan A-M, Neculachi CA, Leti LI, Fenyo IM, Popescu S, 
Rusu EG, Marinescu CI, Simionescu M, Burlacu A. Evidence of mesen-
chymal stromal cell adaptation to local microenvironment following 
subcutaneous transplantation. J Cell Mol Med. 2020;24(18):10889-
10897. 

15. Lee TM, Harn HJ, Chiou TW, Chuang MH, Chen CH, Chuang CH, 
Lin PC, Lin SZ. Remote transplantation of human adipose-derived 
stem cells induces regression of cardiac hypertrophy by regulating 
the macrophage polarization in spontaneously hypertensive rats. Re-
dox Biol. 2019;27:101170.

16. Saeedi P, Halabian R, Imani Fooladi AA. A revealing review of mes-
enchymal stem cells therapy, clinical perspectives and Modifi cation 
strategies. Stem Cell Investig. 2019;6:34-34.

17. Karantalis V, Hare MJ. Use of Mesenchymal Stem Cells for Therapy 
of Cardiac Disease. Circ Res. 2015;116(8):1413-1430. 

18.  Gao F, Chiu SM, Motan DA, Zhang Z, Chen L, Ji HL, Tse HF, Fu QL, 
Lian Q. Mesenchymal stem cells and immunomodulation: current 
status and future prospects. Cell Death Dis. 2016;7(1):e2062. 

19.  Cho DI, Kim MR, Jeong H, Jeong HC, Jeong MH, Yoon SH, Kim YS, 
Ahn Y. Mesenchymal stem cells reciprocally regulate the M1/M2 bal-
ance in mouse bone marrow-derived macrophages. Exp Mol Med. 
2014;46(1). 

20.  Li L, Chen X, Wang WE, Zeng C. How to improve the survival of 
trnasplanted mesenchymal stem cell in inschemic heart? Stem Cells 
Int. 2016;2016(2):14.

21.  Spencer JA, Ferraro F, Roussakis E, Klein A, Wu J, Runnels JM, Za-
her W, Mortensen LJ, Alt C, Turcotte R, Yusuf R, Côté D, Vino-
gradov SA, Scadden DT, Lin CP. Direct measurement of local ox-
ygen concentration in the bone marrow of live animals. Nature. 
2014;508(7495):269-273. 

22.  Mann DL. Stress-Activated Cytokines and The Heart: From Adapta-
tion to Maladaptation. Annu Rev Physiol. 2003;65:81-101. 

23.  Yin JQ, Zhu J, Ankrum JA. Manufacturing of primed mesenchymal 
stromal cells for therapy. Nat Biomed Eng. 2019;3(2):90-104. 

24.  Li W, Ren G, Huang Y, Han Y, Li J, Chen X, Cao K, Chen Q, Shou 
P, Zhang L, Yuan ZR, Roberts AI, Shi S, Le AD, Shi Y. Mesenchymal 
stem cells: a double-edged sword in regulating immune responses. 
Cell Death Differ. 2012;19:1505-1513. 

25.  Song N, Scholtemeijer M, Shah K. Mesenchymal Stem Cell Immuno-
modulation: Mechanisms and Therapeutic Potential. Trends Pharma-
col Sci. 2020;41(9):653-664. 

26.  Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F, Mingari MC, 
Moretta L. Mesenchymal stem cells inhibit natural killer-cell prolif-


