Sah et al. Cell Biosci (2020) 10:22
https://doi.org/10.1186/513578-020-00386-3

Cell & Bioscience

REVIEW Open Access
)]

Insights into superoxide dismutase i
3 in requlating biological and functional
properties of mesenchymal stem cells

Shyam Kishor Sah'*'®, Gaurav Agrahari*'® and Tae-Yoon Kim?*

Abstract

Mesenchymal stem cells (MSCs) have been extensively studied and implicated for the cell-based therapy in several
diseases due to theirs immunomodulatory properties. Embryonic stem cells and induced-pluripotent stem cells have
either ethical issues or concerns regarding the formation of teratomas, introduction of mutations into genome dur-
ing prolonged culture, respectively which limit their uses in clinical settings. On the other hand, MSCs also encoun-
ter certain limitation of circumscribed survival and reduced immunomodulatory potential during transplantation.
Plethora of research is undergoing to improve the efficacy of MSCs during therapy. Several compounds and novel
techniques have been employed to increase the therapeutic potency of MSCs. MSCs secreted superoxide dismutase 3
(SOD3) may be the mechanism for exhibiting direct antioxidant activities by MSCs. SOD3 is a well known antioxidant
enzyme and recently known to possess immunomodulatory properties. Along with superoxide scavenging property,
SOD3 also displays anti-angiogenic, anti-chemotactic and anti-inflammatory functions in both enzymatic and non-
enzymatic manners. In this review, we summarize the emerging role of SOD3 secreted from MSCs and SOD3's effects

during cell-based therapy.
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Introduction

Superoxide dismutases (SODs) are a group of antioxi-
dant enzymes that detoxify the superoxide radicals into
hydrogen peroxide and oxygen. Till date, three different
isoforms of SODs with different subcellular locations
have been identified in mammals; SOD1 (Cu, Zn-SOD,
cytosol and nucleus), SOD2 (Mn-SOD, mitochon-
dria) and SOD3 (Cu, Zn-SOD, extracellular matrix) [1].
SOD3 is the major SOD in the extracellular matrix and
is 135 kDa homotetramer (SOD1- 32 kDa homodimer;
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SOD2- 96 kDa homotetramer) with two disulfide-linked
dimers. As shown in Fig. 1, the mature form of SOD3 is
composed of three functional domains: the glycosylation
domain (1-95 amino acid) at amino-terminal end which
is distinct from cytosolic SOD1 and function to increase
the solubility of the protein, a catalytic domain (96-193
amino acids) containing the active site and is 50% homol-
ogy with SOD1, and a heparin-binding domain (194222
amino acids) and is responsible for binding to heparin
sulfate proteoglycans [2]. SODs act as a major cellular
defense against superoxide anions (O,”) and found to
regulate nitric oxide (NO)-mediated signaling through
oxidative inactivation of NO into potent oxidant perox-
ynitrite (ONOO™) which contribute to lipid peroxidation
and membrane damage [3]. SOD1 plays an important
role in maintaining NO levels within the endothelium
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Fig. 1 SODs structure and its domain. SOD3 consists of four main domain which include an amino-terminal signal peptide domain; glycosylation
domain; an enzymatic or catalytic domain with binding site for Cu and Zn and are 50% homology to SOD1; and a heparin-binding domain with a

whereas SOD3 found to prevent O,” -mediated inac-
tivation of NO released from the endothelium at the
extracellular matrix [3]. In addition, ONOO™ has been
found to inactivate SOD2 activity with no or milder effect
on SOD1 [3]. Thus SODs are considered as a first-line
defense against superoxide radicals-mediated damages.
Though all isoforms of SODs possess antioxidant prop-
erties, SOD3 is of particular interest due to its longer
half-life (20-24 h), lack of epitopes for immunoglobulin
(Ig) E binding, thereby restricting auto-immune reactiv-
ity, and are effective both in extracellular and intracellu-
lar environments [3]. Sequence alignment results show
that human SOD3 used (SOD3 Homo sapiens) shares
only ~14% of sequence homology with Mn-SOD from
Homo sapiens, Drosophila melanogaster, Hevea brasil-
iensis, Saccharomyces cerevisiae, Aspergillus fumiga-
tus, Malassezia sympodialis, and Alternaria alternate
(Fig. 2). Moreover, sequencing-based phylogenetic analy-
sis with selected Mn-SOD sequences shows that human
Mn-SOD clusters with Mn-SODs from D. melanogaster,
H. brasiliensis, S. cerevisiae, A. fumigatus, M. sympodia-
lis, and A. alternate whereas human SOD3 and SOD1
does not group with human Mn-SOD phylogenetically
(Fig. 3). In structure of Mn-SOD, Vilhelmsson et al. iden-
tified 17 conserved residues in four independent regions
such as regions 1, 2, 3 and 4 include residues K43, N50,
A77 and K79, residues E29, P30, E122 and K125, residues
Q136, L180, Q181, Y182 and N184, and residues P19,
Y23, P97, and Q98, respectively [4]. These conserved res-
idues are important for the binding of IgE and Mn-SODs

during an allergic reaction [4]. Our sequencing analy-
sis showed that SOD3 does not have any of those con-
served residues (Fig. 2), indicating that IgE might not
bind to SOD3. With our current knowledge, there is no
report regarding on reactivity of human SOD3 with IgE
or immune cells, suggesting the safety of human SOD3
use in clinical settings.

SOD3 is a secretory extracellular enzyme located in
the interstitial matrix of tissues such as lung, blood ves-
sels, kidneys, uterus and to a lesser extent in heart, and
responsible for the maintenance of redox homeostasis
and matrix components of such tissues [3]. The heparin-
binding domain of SOD3 consists of a cluster of posi-
tively charged residues and is responsible for binding
to negatively charged proteoglycans in the extracellular
matrix (ECM) [5]. The binding of SOD3 to polyanionic
constituents of the matrix such as hyaluronic acid and
type I collagen has been found to protect these matrix
components from oxidative fragmentation [6—8]. Fur-
thermore, SOD3 treatment found to ameliorate frag-
ments-induced inflammatory cascades [9]. In addition,
overexpression of SOD3 found to suppress the release of
inflammatory mediators and adhesion molecules, thereby
restricting the inflammation during tissue damage [10].
Similarly, activating a small molecule N-(2-Bromo-4-
(phenylsulfonyl)thiophen-3-yl)-2-chlorobenzamide)
(BNTA) with SOD3 found to facilitate cartilage ECM
synthesis in osteoarthritis model [11]. Various studies
also confer the possible role of SOD3 in modulating the
ECM dynamics in cancer. Overexpression of SOD3 found
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Fig. 2 Sequence alignment. Alignment of the amino acid sequences of conserved residues between MnSOD from Aspergillus fumigatus

(AAB60779.1), Alternaria alternata (AGS80276.1), Malassezia sympodialis (CAD68071.

1), Homo sapiens (P04179.3), Drosophila melanogaster

(NP_476925.1), Hevea brasiliensis (CAC13961.1), Saccharomyces cerevisiae (CAA26092.1), and human SOD3 Homo sapiens (CAG46651.1) using the
program CLUSTALW and ESPript (Robert et al. 2014). Highly conserved residues are marked in red and other residues are marked in black

to prevent oxidative-mediated heparin sulfate cleavage
from cell surfaces in breast cancer [12]. Similarly, studies
in prostate cancer showed that SOD3 inhibits metallo-
proteinase activity through scavenging superoxide anions
and oxidation of NO into ONOO™ ions [13, 14]. Thus,
SOD3 plays a significant role in the maintenance and
synthesis of the ECM components, and protects ECM
fragments-mediated inflammation.

SOD3 is well known to have not only free radical
scavenging properties but also anti-angiogenic, anti-
inflammatory, anti-chemotactic and anti-proliferative
properties [15, 16]. SOD3 has proved itself as a promis-
ing anti-inflammatory molecule in various inflammatory
diseases. SOD3 is found to significantly suppress ultravi-
olet-irradiated and hyaluronic acid fragments-mediated
skin inflammation. Similarly, SOD3 also showed to ame-
liorate chronic skin dermatoses such as psoriasis, atopic
dermatitis, and acne [9, 17-21]. The immunomodulatory
properties of SOD3 are well explained in various reports.

SOD3 is reported to downregulate mitogen-activated
protein (MAP) kinase signaling pathways, nuclear factor
kappa B (NF-«kB) transcription factors and many others
signaling cascades, thereby constraining the inflamma-
tory responses. In addition, SOD3 is found to down-
regulate receptors such as TLR (Toll-like receptor) 2
[19], TLR4 [9] TLR7 [21], histamine receptor 4 (H4R)
and interleukin (IL)-4Ra [20]. Interestingly, SOD3 is also
shown to interact with receptors like TLR4, H4R and IL
(interleukin)-4R [9, 20]. Recently, SOD3 found to ame-
liorate both cathelicidin and kallikrein-5-induced inflam-
mation through modulation of epidermal growth factor
receptor, protease-activated receptor 2 and downstream
MAP kinase pathway [22]. Accordingly, SOD3 also found
to inhibit dendritic cells maturation and as well as T
cell activation and differentiation [18]. Thus, SOD3 has
proved itself as a remarkable immunomodulatory bio-
compound along with powerful antioxidant properties.
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Mesenchymal stem cells (MSCs) are non-hematopoi-
etic adult stem cells originating from the mesoderm and
possess auto-renewable capacity with the ability to dif-
ferentiate into various cell lineages under suitable differ-
entiation conditions [23]. MSCs are extensively studied
and used in regenerative medicine for cell-based thera-
pies [23]. Along with the reparative properties of MSCs,
the discoveries of immune-modulating functions have
increased their application in immune-related disorders
[24]. Though MSCs have been extensively used in cell-
based therapies, their clinical application is found to be
limited. MSC’s cellular senescence and limited survival
rate in engrafted conditions impair their therapeutic effi-
cacy. With senescence, MSCs show reduced proliferation
and differentiation potential. Similarly, the immunoregu-
latory properties of MSCs were also found to be altered
during cellular senescence of transplanted MSCs [25].

Various strategies have been tested and are under
trial to expand the survival and enhance the immu-
nomodulatory properties of MSCs and exaggerate their
clinical application in cell-based therapies. Genetic
modification, pre-activation, combined cell therapy
and pre-treatment with various compounds are some
of the major approaches towards enhancing the thera-
peutic efficacy of MSCs. Reducing oxidative stress
through the incorporation of antioxidants have been
found to prolong the life span and decrease the cellular
senescence of MSCs [26]. A plethora of studies infers
the importance of SODs in regulating the biological
and functional properties of MSCs. SODs are one of

the important soluble factors secreted by MSCs as a
defense system during inflammatory response. SOD1
found to enhance the therapeutic potential of MSCs
against ischemic damage in the spinal cord of rabbit
model [27]. MSCs-derived SOD1 also found to ame-
liorate radiation-induced toxicity through the preven-
tion of endothelial cell loss [28]. Similarly, low levels of
SOD1 expression were found to be rescued by MSCs
in oxidant-mediated damage [29]. The expression lev-
els of both SOD1 and SOD2 were found to be increased
in BM-MSCs when exposed to mechanical stretch [30].
Overexpression of manganese superoxide dismutase
(Mn-SOD) found to protect against tert-butyl hydrop-
eroxide induced apoptosis, radiation-induced intestinal
syndrome and lung injury [31]. Similarly, upregulation
of Mn-SOD in MSCs showed reduced inflammation,
adipogenic differentiation, and improved mitochon-
drial respiration when exposed to high glucose con-
centrations [32]. Endotoxin found to protect MSCs and
improve cell survival with increased proliferation under
oxidative stress through upregulation of SOD2 [33].
Furthermore, overexpression of SOD2 in BM-MSCs
found to increase its therapeutic potential in trau-
matic brain injury [34]. Recently, SOD3 is considered
as a promising bio-compound for the treatment of sev-
eral inflammatory diseases due to its ability to reduce
inflammatory cascades by not only regulating oxidative
stress but also by modulating various signaling path-
ways during inflammation. Here, we discuss the effects
of SOD3 on MSCs under different conditions and the
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role of MSC-secreted SOD3 on the efficacy of MSCs
during transplantation in various diseases.

Effects of SOD3 in MSC maintenance

and differentiation

SOD3 plays a significant role in MSCs differentiation and
regulating functional properties depending on the micro-
environment. The expressions of SOD3 were significantly
increased under adipogenic differentiation whereas
exhibited lower SOD3 expression following chondro-
genesis with no changes under osteogenesis compared
to undifferentiated bone marrow-derived MSCs (BM-
MSCs) [35]. Similarly, SOD3 overexpression in MSCs
showed no impact on the differentiation of human umbil-
ical cord blood-derived MSCs (UCB-MSCs) under nor-
mal physiological conditions. However, overexpression
of SOD3 in UCB-MSCs found to promote adipogenic
differentiation, weakly reduce osteogenic differentiation
with no effect on chondrogenic differentiation under adi-
pogenic, chondrogenic, and osteogenic differentiation
conditions, respectively [21]. In contrast, overexpression
of SOD3 found to increase the chrondrogenic ability of
BM-MSCs with chondrogenic differentiation medium
[36].

In normal culture condition, overexpression of SOD3
was not found to affect the phenotype, proliferation abil-
ity, endogenous reactive oxygen species (ROS) level and
expression of cell’s surface markers such as CD73, CD90,
and CD105 in UCB-MSCs. Overexpression of SOD3 also
found to enhance the overall immunomodulatory prop-
erties of UCB-MSCs through enhanced expression of
several immunosuppressive agents such as IL-1Ra, TGF-
B, IL-10, HO-1, and IDO-1. However, SOD3 does not
affect the expression levels of prostaglandin E2 and galec-
tin-1 which are well known immunomodulatory regula-
tors in MSCs [21]. Moreover, Overexpression of SOD3
was not found to regulate the cell size, complexity, and
stemness of UCB-MSCs [37].

SOD3 in MSC survival and autophagy

The poor survival rate of MSCs limits its therapeutic
application. Nutrient starvation is one of the undesir-
able factors contributing to an early death. Recently, it
was observed that overexpression of SOD3 enhances
the survival rate of UCB-MSCs under nutrient-
deprived condition. Similarly, SOD3 attenuated star-
vation-induced apoptosis with reduced ROS levels
under serum-starved condition [37]. Autophagy found
to protect MSCs from oxidative stress-induced cell
death. During the early stage of hydrogen peroxide-
induced injury, autophagic flux found to be activated
as a self-defensive mechanism [38]. Similarly, depletion
of autophagic proteins such as Microtubule-associated
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proteins 1A/1B light chain 3B (LC3B) and beclin-1 in
MSCs found to exaggerate oxidative stress-induced
injury with decreased intracellular ATP and increased
ROS [39]. Endogenous SOD3 level was found to regu-
late autophagic induction under normal and nutrient-
deprived conditions as the expression of both SOD3
and LC3-II found to increase from 3 h and declined
subsequently after 48 h [37]. Overexpression of SOD3
enhances autophagy in MSCs during serum-starved
condition through increased AMPK/sirtulin-1 activa-
tion, promotion of Forkhead box O3a into the nucleus
and activation of extracellular signal-regulated kinase
pathway [37].

MSCs-secreted SOD3 in neuronal diseases

SOD3 has been found to be secreted by MSCs under
various conditions that delineate their intimate func-
tional relations. In spinal cord injury, transplanted MSCs,
predominantly participating in the formation of MSCs-
derived perineurium-like sheath found to ameliorate
oxidative stress-induced damage to the regenerating
nerve fibers through regulation of SOD3 expression and
activity [40]. MSCs-secreted SOD3 in neuron-MSC co-
culture system found to protect cerebellar neuronal sur-
vival during trophic deprivation or nitric oxide-mediated
neurotoxicity through enhanced Akt signaling pathway.
Similarly, addition of exogenous recombinant SOD3
was found to enhance the survival of both neurons and
Purkinje cells in the presence of nitric oxide-mediated
toxicity. However, these survivals were abrogated when
SOD3 activity was inhibited with diethyldithiocarbamate
(DETCA) [41].

Inflammatory mediators license MSCs for SOD3
production

Besides oxidative stress, the secretion of SOD3 by MSCs
is also induced by inflammatory cytokines. The secre-
tion of SOD3 was found to be upregulated when MSCs
were exposed to mixture of cytokines tumor necrosis
factor alpha (TNF-a) and interferon gamma (IFN-y).
However, no significant changes in SOD3 by MSCs were
observed when stimulated with the cytokines TNF-o and
IFN-y separately. Similarly, the expression level of SOD3
was found to be upregulated by MSCs when co-cultured
with microglial cells stimulated with IFN- y and LPS. In
addition, treatment of recombinant SOD3 enhanced the
efficacy of MSCs-mediated survival of neuron and axon
when exposed to activated microglia and cytokine mix-
tures TNF-a and IFN-y. However, these effects of MSC-
SOD3 were attenuated when used in combination with
SOD activity inhibitor DETCA [42].
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MSCs-secreted SOD3 in controlling
neutrophil-induced tissue damage

MSCs were found to ameliorate neutrophil-induced tissue
damage through enhanced expression of SOD3. The secre-
tion of SOD3 was significantly increased when MSCs and
phorbol 12-myristate 13-acetate (PMA)-activated murine
bone marrow neutrophils (mNeu) were co-cultured in vitro
[43]. Similarly, intradermally-injected MSCs to the mice
suffering from immune complex-induced vasculitis were
also found to release SOD3. Moreover, endogenous MSCs
were also found to release significant higher amounts of
SOD3 in immune complex-induced vasculitis in contrast
to healthy controls, thus indicating that MSCs abrogated
the oxidative stress-induced tissue damage through the
secretion of SOD3. However, silencing SOD3 expression
in MSC:s failed to suppress PMA-mediated oxidative burst
of neutrophils in vitro. Therapeutically injected MSCs are
shown to suppress super-oxide anion (O,”) concentra-
tions thereby, and consequently preventing neutrophil
death, neutrophil extracellular trap formation and release
of matrix-degrading proteases and peroxidase from neu-
trophil via upregulation of the SOD3. Conversely, SOD3-
silenced MSC:s failed to exhibit tissue protective functions.
Thus, MSCs overexpressed with SOD3 can be a better ther-
apeutic agent for the treatment of tissue damage related to
the aberrant functioning of neutrophils [43].

MSC-secreted SOD3 in cardiovascular diseases
In myocardial infarction mouse model, transplantation of
adipose-derived mesenchymal stem cells (ADSCs) in com-
bination with Clq/tumor necrosis factor-related protein-9
(CTRPY) found to protect cardiomyocytes against oxida-
tive stress-induced cell death through enhanced secre-
tion of SOD3 via modulation of N-cadherin/ERK/Nrf2
dependent signaling pathways. Moreover, pre-treatment
with SOD3 blocking antibody abrogated the protective
effect of conditioned medium of ADSCs pretreated with
CTRP9 in comparison to conditioned medium of ADSCs
pretreated with vehicle control against SIN-1-induced
cardiomyocyte apoptosis. In addition, ERK1/2 inhibitions
with U0126 and N-cadherin suppression completely con-
strain CTRP9-induced extracellular release of SOD3 [44].
Conditioned tyrode (ConT) obtained from MSCs
found to contain SOD3; thereby reducing ROS levels and
constrain oxidative stress in ischemia/reperfusion (I/R)
injury [45]. Similarly, in right ventricle pressure over-
load experimental milieu, neonatal thymus mesenchymal
stem cells highly express SOD3 in contrast to unrelated
adult bone marrow MSCs and donor-matched neonatal
bone marrow MSCs and thereby improve right ventricle
(RV) function and survival in the setting of chronic pres-
sure overload in vivo [46].
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MSC-secreted SOD3 in pulmonary diseases

The proper maintenance of phenotype and function of
lung MSCs have been found to be modulated by SOD3.
The proportion of lung MSCs found to be reduced in
SOD3 knockout (KO) mouse tissue in comparision to wild
type mouse, thereby suggesting loss or transition of MSCs
[47]. These decrease in lung MSCs in SOD3 KO were
due to the differentiation of lung MSCs to participate in
vascular remodeling in response to hypobaric hypoxia.
Similarly, conditional knockdown of SOD3 in lung MSCs
resulted in increased right ventricular systolic pressure
(RVSP) associated with pulmonary arterial hypertension
(PAH) when exposed to ambient air environment and
were more extreme in hypobaric hypoxia micro-envi-
ronment. In addition, following hypoxia exposure, SOD3
KO mice demonstrated significant increase in the mus-
cularization of microvessels and greater thickness over
control groups. SOD3 expression is equally important
to maintain the phenotype and function of lung MSCs.
SOD3 KO MSCs on culture exhibited more elongated
with spindle-like cell processes resembling to fibroblast
characteristics in contrast to wild-type MSCs. In Addi-
tion, anti-inflammatory properties of MSCs also found to
be mediated through the expression of SOD3. SOD3 KO
lung MSCs failed to express T cell regulatory molecule
CD80 and were not able to restrict T-cell proliferation
relative to WT MSCs. The relative rates of cell turnover
were also found to be modulated by SOD3. SOD3 KO
MSCs exhibited increased cell numbers at 48 and 72 h
with increased apoptosis at 24, 48, and 72 h and higher
proportion of cells in the S phase of cell cycle at 0, 48 and
72 h [47]. Similarly, SOD3 KO MSCs demonstrated sig-
nificant decrease potential to propagate and differentiate
when compared to WT lung MSCs. Multi-lineage dif-
ferentiation analysis of cell populations demonstrated
that WT lung MSCs differentiated into the adipocyte,
osteocyte, and chondrocyte lineage, whereas SOD3 KO
MSCs were only limited to chondrocyte differentiation.
Moreover, SOD3 KO MSCs exhibited more contractile-
like cells through enhanced gene expression of SMA
(acta2) and pericyte marker NG2 in compared to WT
lung MSCs. SOD3 KO MSCs found to express inflamma-
tory mediators, increased expression of profibrotic genes
and decreased expression levels of angiogenic genes such
as COL13A1, periostin and FLK-1 relative to WT MSCs
[47]. These alterations of MSCs’phenotype and functions
in SOD3 KO MSCs found to be mediated through Wnt
signaling pathway. SOD3 KO lung MSCs showed no any
significant effect on the genes related to Wnt signaling
pathway, whereas WT lung MSCs had increased levels of
genes assayed under oxidative stress condition. However,
SOD3 KO lung MSCs had decreased levels of genes such
as P-catenin, wnt5a, PDGFR B, and fox01. Therefore, the
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function and phenotype of lung MSCs under oxidative
stress were found to be regulated through modulation of
Wnt/B-catenin pathway and fox01 [47].

In irradiation-induced pulmonary fibrosis, the overex-
pression of SOD3 showed enhanced therapeutic effect in
contrast to UCB-MSCs alone during early treatment with
reduced histological damage accompanied by suppressed
myofibroblast proliferation, infiltration of inflammatory
cell and damage of alveolar epithelial type II cell. In addi-
tion, overexpression of SOD3 showed significant reduc-
tion of collagen levels than UCB-MSCs alone. Similarly,
SOD3 overexpressed MSCs restored better redox-state
homeostasis than UCB-MSCs alone. Moreover, SOD3
improved the inflammation status exhibiting reduced
TGF-f levels than normal MSCs. These results indicate
that overexpression of SOD3 in normal MSCs can have
better outcomes in therapeutic implications [48].

MSC-secreted SOD3 in skin inflammation and skin/
wound repair

Different therapeutic approaches have been tested to
treat chronic inflammatory dermal infections by enhanc-
ing the immunomodulatory effects of MSCs as well as
SOD3 expression. Recently, SOD3-transduced MSCs
showed increased therapeutic potential of MSCs than
normal MSCs alone in imiquimod-induced psoriasis-
like skin inflammation mouse model. SOD3-transduced
MSCs exhibited reduced ROS levels, suppressed expres-
sion of pro-inflammatory cytokines with diminished
inflammatory cell infiltration. Similarly, SOD3-trans-
duced MSCs showed increased inhibition of T-cell differ-
entiation and enhanced expansion of regulatory T cells.
In addition, SOD3-transduced MSCs showed stronger
inhibition of TLR-7 activation and downstream NF-«B,
and JAK-STAT signaling pathway [21].

In OVA-induced atopic dermatitis (AD)-like skin
inflammation murine model, SOD3 production in MSCs
synergistically enhanced their therapeutic potential.
Similar to the observation in psoriasis-like inflamma-
tion mouse model, SOD3-transduced MSCs exhibited
reduced ROS levels, recruitment of inflammatory cells
with suppressed expression of inflammatory media-
tors compared with normal MSCs in mice with AD-
like skin inflammation. In addition, SOD3-transduced
MSCs showed markedly lower histamine 4 receptors
(H4R) expression in AD-like skin inflammation and in
mast cells, primary keratinocytes, and T-cells. SOD3-
transduced MSCs also demonstrated strong inhibition of
ERK1/2 and p38 activation with lower levels of activated
JAK-STAT and NF-xB signaling cascades both in vivo
and in vitro models [20]. Moreover, SOD3 is also shown
to interact with receptors such as H4R and IL-4 recep-
tor . These interactions of SOD3 with various receptors
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could be the possible mechanism for contributing anti-
inflammatory response during various inflammations.

MSCs secrete several paracrine factors that provide
protection in case of injury and inflammation. However,
safety, homing, and therapeutic efficacy of MSCs on
their target tissue still needs to be addressed. Effects of
SOD3-MSCs on wound or injury may depend on micro-
environment present on that target tissues. Similar to the
paradoxical roles of mesenchymal stem cells in immunity
and cancer [49, 50], it could behave differently in wound
milieu. Several studies showed that MSCs or MSCs con-
ditioned medium enhances the wound closure due to
increased cell migration but not by increased cell prolif-
eration. Similarly, MSC was found to regulate skin wound
closure through modulation of both dermal fibroblast
and keratinocyte migration, along with a contribution
to the extracellular matrix formation, re-epithelization,
and angiogenesis rather than keratinocyte proliferation.
Moreover, SOD3 protective roles in would healing or
injury were found to be associated with induced neovas-
cularization and enhanced fibroblast proliferation [51—
53]. Therefore, SOD3-MSC-treatment may be promising
in wound healing biology.

MSC-secreted SOD3 in cancer

Depending on the microenvironment and the model sys-
tem, the role of SOD3 in cancer progression remains
unclear and has been shown to regulate both cell prolif-
eration and survival. Moderately increased SOD3 expres-
sion found to enhance cell proliferation through increased
RAS-ERK1/2, and B-catenin signals. In contrast, high
expression of SOD3 found to suppress these signals and
thus limits inappropriate growth. SOD3 found to act as
both growth promoter and suppressor during tumorigen-
esis [54]. Therefore, further studies are required to fully
elucidate the role of SOD3 in tumorigenesis. On the other
hand, MSCs also display dual character in cancer acting as
both cancer progressive and limiting agent [55]. In papil-
lary thyroid cancer (PTC), the regulation of SOD3 found
to modulate cancer cell growth and migration. Decreased
expression of SOD3 were found in TPC1 cells modeling
PTC whereas MSCs isolated from PTC exhibited increased
expression of SOD3 than MSCs isolated from non-carci-
nogenic thyroids (Thyroid MSCs), thus suggesting the role
of SOD3 in regulating cancer progression. Similarly, SOD3
secreted from MSCs found to increase epithelial cancer
cell growth. Co-culture of TPC1 cells with Thyroid MSCs
overexpressed with SOD3 showed increased cell growth
of TPC1 cells compared to parenteral Thyroid MSCs.
However, SOD3 gene silenced PTC MSCs demonstrated
decreased TPC1 cell growth compared to parenteral PTC
MSCs suggesting PTC MSCs support cancer cell growth
through secretion of SOD3. In addition, MSCs-secreted
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SOD3 found to modulate cancer cell migration. TPC1 cells
showed reduced migration towards SOD3 over-expressing
Thyroid MSCs, whereas silencing of SOD3 in PTC MSCs
failed to show increased cancer cell migration. Moreover,
the expression levels of cytokines such as IL1a and MCP-1
were also found to be reduced through SOD3 in MSCs. In
conclusion, cancer cells are subjected to suppress auto-
crine production of SOD3 and conversely trigger MSCs
to secrete SOD3 demonstrating paracrine effect through
modulation of cell growth, chemotactic cytokine expres-
sion and cancer cell migration [56].

Overall biological consequences and signaling

pathways associated with SOD3 produced by MSCs
Several studies revealed an intimate relationship shared
between SOD3 and MSCs. The overexpression of SOD3
in MSCs found to increase its immunosuppressive prop-
erties through enhanced secretion of IL-1Ra, TGEF-f,
IL-10, HO-1, and IDO-1 which are well-known immu-
nosuppressive agents with increased inhibition of T cell
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differentiation during inflammation [21]. Similarly, SOD3
over-expressed MSCs found to enhance autophagy and
prolong survival rate of starved MSCs through modu-
lation of autophagic regulatory signals such as SIRT1/
AMPK/AKT/FoxO3a/ERK, and reduced starvation-
induced oxidative stress and apoptosis [37]. SOD3 also
found to suppress TLR-7-induced downstream NF-kB,
and JAK-STAT signaling pathway in imiquimod-induced
psoriasis-like skin inflammation mouse model [21]. Simi-
larly, in OVA-induced atopic dermatitis (AD)-like skin
inflammation murine model, SOD3-transduced MSCs
exhibited reduced H4R expression with suppressed
ERK1/2, p38, JAK-STAT, and NF-«kB activation [20]. The
overexpression of SOD3 not only regulates signaling
pathways during inflammation but also controls aberrant
proliferation and infiltration of various cells at the site of
inflammation, thereby constraining inflammation with
increased therapeutic potential [17, 18, 20-22]. The over-
all regulatory properties of MSCs producing SOD3 are
summarized in Fig. 4. Several reports suggest that SOD3
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overexpression in MSCs can be a better option than
MSCs only during cell-based therapy through increased
immunosuppressive, anti-inflammatory and anti-oxida-
tive properties [20, 21, 48]. Along with various secreted
factors under inflammatory condition, MSCs also found
to secrete SOD3 as a defense mechanism, especially dur-
ing oxidative stress. SOD3 secreted by MSCs found to
exhibit paracrine effect and demonstrate protective func-
tion in various cells during stress and disease (Fig. 5).
MSCs-secreted SOD3 found to exhibit neuroprotective
properties during trophic factor withdrawl and nitric
oxide-mediated neurotoxicity through regulation of
PI,K/Akt intracellular signaling pathways [41]. Similarly,
MSCs-secreted SOD3 protects cardiomyocytes from oxi-
dative-induced cell death through modulation of N-cad-
herin/ERK/Nrf2 dependent signaling pathways [44]. In
addition, endogenous SOD3 found to be important to
maintain the phenotype and function of lung MSCs via
regulation of Wnt/B-catenin/FoxO1 signaling pathway
[47]. The immunosuppressive or immunomodulatory
properties of SOD3 in MSCs in controlling different
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signaling pathways, at least in part, regulated by ROS/
oxidative stress regulation. Moreover, SOD3 can inter-
act with several extracellular matrix components such
as hyaluronic acid and type I collagen and protect these
components from oxidative fragmentation [6-8]. In
OVA-induced allergic asthma, SOD3 found to interact
with epidermal growth factor (EGF) and transforming
growth factor (TGF) receptors, adaptors and adhesion
molecules, kinases, phosphatases, apoptosis-related fac-
tors, and nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases. These interactions of SOD3 in the
lung of asthma were altered by the administration of
exogenous SOD3 [18]. Similarly, SOD3 also found to
interact with receptors including H4R and IL-4Ra [20].
These interactions of SOD3 with different receptors and
molecules could be the possible mechanism that plays
a significant part in controlling signaling initiation and
progression during inflammatory response. Thus various
studies conducted infer the importance of SOD3 in ECM
and MSCs, and should be studied more in detail in the
future.
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Conclusion

The limited survival of engrafted MSCs and reduced
resistance to oxidative and inflammatory stress at the
injury site constrains its therapeutic efficacy. The treat-
ment of MSCs with antioxidants found to ameliorate the
therapeutic potential of MSCs in various disease models
[57, 58]. In contrast, it has been reported that high but
non-toxic doses of antioxidants, when subjected to the
proliferating MSCs, can cause DNA damage and induce
premature senescence [59]. Therefore, it is also very
important to assess or consider the possible detrimen-
tal effects such as extracellular H,O, generated by SOD3
which has been reported to induce angiogenesis by pro-
moting endothelial cell proliferation and migration [60]
and stimulates various redox signaling which is involved
in pathological conditions by Fenton type reaction and
peroxidase activity. Moreover, H,O, can inactivate SOD
activity through interaction with the copper center in
active site forming Cu-OH radical [61, 62]. Therefore,
it is critical to assess and ensure the optimum dose of
SOD3 for therapeutic implications. Similarly, it is equally
important to maintain the level of antioxidants in MSCs.
SOD3 scavenges free radical ions and thus maintains the
redox homeostasis of the cell. MSCs found to secrete
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SOD3 found to increase survival of MSCs against starvation-induced
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to SOD3 and overexpression of SOD3 exhibited increase autophagy.
MSCs-secreted SOD3 found to regulate differentiation and maintain
phenotype features. SOD3 in MSCs exhibited increase protection
against oxidative damage and improves the therapeutic potential of
MSCs
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SOD3 and regulate redox homeostasis in oxidative and
inflammation-mediated disease conditions and thereby,
limit the progression of disease. Along with strong inhibi-
tion of ROS levels, the overexpression of SOD3 in MSCs
demonstrated enhanced immunomodulatory proper-
ties with increased therapeutic potential. SOD3 in MSCs
plays a significant role in maintaining survival, pheno-
type and constraining the progression of various diseases
(Fig. 6). However, the desired dose and treatment condi-
tion of SOD3 should be evaluated for enhanced efficacy.
Taken together, SOD3 can be a better alternative for
enhancing the therapeutic and immune-regulatory func-
tion of MSCs, and should be studied more for clinical
efficacy and safety.
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