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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a new type of coronavirus causing coronavirus 
2019 (COVID-19) that was first observed in Wuhan, China, in Dec. 2019. An inflammatory immune response 
targeting children appeared during the pandemic, which was associated with COVID-19 named multisystem 
inflammatory syndrome in children (MIS-C). Characteristics of MIS-C include the classic inflammation findings, 
multi-organ dysfunction, and fever as the cardinal feature. Up to now, no specific therapy has been identified for 
MIS-C. Currently, considerable progress has been obtained in the MIS-C treatment by cell therapy, specially 
Mesenchymal stem cells (MSCs). Unique properties have been reported for MSCs, such as various resources for 
purification of cell, high proliferation, self-renewal, non-invasive procedure, tissue regenerator, multidirectional 
differentiation, and immunosuppression. As indicated by a recent clinical research, MSCs have the ability of 
reducing disease inflammation and severity in children with MIS-C. In the present review study, the benefits and 
characteristics of MSCs and exosomes are discussed for treating patients with MIS-C.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a 
new type of coronavirus causing coronavirus 2019 (COVID-19) that was 
first observed in Wuhan, China, in Dec. 2019, and the World Health 
Organization (WHO) reported it as a pandemic in March 2020. This 
pandemic still continues in the world. This virus causes the respiratory 
illness that devastates adults. On the contrary, in general, mild symp
toms or no symptoms of COVID-19 have been observed in children, 

although severe illness has developed similar to adults. An inflammatory 
immune response targeting children appeared during the pandemic that 
was associated with COVID-19. A unique hyperinflammatory shock was 
reported by Riphagren et al. in April 2020 that happened in eight chil
dren in the United Kingdom (UK) [1–4]. Other reports were presented in 
other regions of the UK and in other countries, such as USA. This new 
inflammatory process was called multisystem inflammatory syndrome 
in children (MIS-C) [5–7]. Emergence of further reports of MIS-C 
broadened the syndrome’s clinical spectrum, studies gradually 
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indicated its immune landscape that might be helpful in our knowledge 
of this problem [8–11]. As shown by available data, characteristics of 
MIS-C include the classic inflammation findings, fever as the cardinal 
feature, and multi-organ dysfunction, which affects heart, skin, and 
mucous membranes, as well as the respiratory, neurologic, and gastro
intestinal systems [8]. Allison Ross Eckard et al. in their recent clinical 
study showed improvement of functional outcomes by administration of 
human MSCs in two children with diagnosed MIS-C [12]. In the present 
review work, the remedial capability of MSCs and their exosomes as 
tissue regenerator and immunomodulatory in MIS-C patients are dis
cussed. The sources for this study were extracted in June 2021 using 
relevant keywords of study from scientific databases, such as Google 
scholar and PubMed. 

2. Definition and pathogenesis of MIS-C 

In the first days of the COVID-19 pandemic, it was thought that 
healthy children have mild SARS- CoV-2 infections with satisfactory 
outcomes. In April 2020, COVID-19 studies gradually indicated children 
with toxic shock syndrome and Kawasaki disease (KD) features. This 
recently found entity had various names, and finally, it was named MIS- 
C by Centers for Disease Control and Prevention (CDC) and the WHO 
[1,13]. There are many shared clinical characteristics between KD and 
MIS-C. KD is an acute febrile disease observed in children and infants 
with the potential of developing coronary problems. These common 
characteristics are exanthema, high fever, cardiovascular involvement, 
and conjunctivitis. Almost 40–50% of cases with MIS-C meet the KD or 
partial KD definition. MIS-C and KD are notably different in terms of 
their laboratory markers, epidemiology, clinical findings, and imaging 
that can be helpful to differentiate them (Table 1). Epidemiologically, 
KD shows prevalence in Asian children, while MIS-C mainly influences 
Hispanics and Blacks [13–15]. Based on definition of the CDC, MIS-C 
means patients younger than 21 with laboratory inflammation evi
dence, fever for above 24 h, severe illness requiring hospitalization, 
positive SARS-CoV-2 infection (serology, RT-PCR, or antigen test), 
involvement of above two organ systems, and exposure to a case with 
COVID-19 during four weeks before initiation of symptom. Common 
clinical manifestations in MIS-C cases are conjunctivitis, rash, shock, 
myocardial dysfunction, and gastrointestinal symptoms [16]. 

It has been indicated that SARS-CoV-2 is binding to angiotensin 
converting enzyme 2 (ACE2) due to its spike glycoproteins (S proteins) 
on the surface, infecting human cells. The function of ACE2 in various 

human cells is as a cell receptor, e.g. in gastrointestinal tract, lung, heart, 
and kidney cells. Although such extensive distribution of virus receptors 
in human cells can be an explanation for virus to invade multiple organs, 
the exact organ damage mechanism, such as that in MIS-C, is not still 
clear. Various mechanisms have been proposed for explaining the MIS-C 
pathogenesis. Nevertheless, since there is not sufficient data in this re
gard, it is not precisely explained yet. Considering that we urgently need 
to understand the action mechanism of the disease, it is required to 
conduct prompt molecular studies with a large number of patients 
[17–19]. Although Tan et al. reported direct viral invasion as the pri
mary mechanism of the myocyte damage found in COVID-19, initial 
data provided by studies in different countries suggests higher preva
lence of SARS-CoV-2 antibody positivity compared to SARS-CoV-2 po
lymerase chain reaction (PCR) positivity in MIS-C patients. Considering 
this immunological profile in the patients, a strong post-infectious eti
ology is proposed for the disease rather than a direct viral invasion. 
Additionally, it has been proved that a maladaptive immune response is 
induced by antigen-presenting cells, like dendritic cells and infected 
macrophages, immediately following entrance of the virus to human 
cells, which results in a considerable pro-inflammatory cytokine release. 
Vascular leakage of fluids and immune system cells is caused by this 
cytokine storm through activation of the coagulation and complement 
cascades and release of inflammatory kinins [20–23]. Hence, it seems 
that the primary mechanism of the organ damage in MIS-C patients is an 
antigen–antibody–mediated cytokine storm. For example, Kaushik et al. 
found that most patients with SARS-CoV-2 antibody positive reported 
increased inflammatory markers, like IL-6 and IL-1, without strong ev
idence to support the virus cardiac tropism. Therefore, they reported 
that MIS-C might be developed chiefly due to an antibody-mediated 
cytokine storm [15,24,25]. Another mechanism of action of the virus 
resulting in multi-organ damage is endothelial dysfunction due to direct 
viral infection. Endotheliitis findings due to SARS-CoV-2 were demon
strated by Varga et al. in three adult patients with several comorbidities. 
Colmenero et al. recently studied the skin biopsies taken from 7 children 
with chilblains during the pandemic, and immunohistochemical evi
dence of endotheliitis and viroid particles of SARS-CoV-2 were shown 
[26–28]. 

KD is well-known as a differential diagnosis of MIS-C, that is prev
alently observed in the Asian population, and the SARSCoV-2 pandemic 
originated from Far East Asia. However, reports of MIS-C cases were 
chiefly from children in western countries. Based on this asymmetric and 
paradoxical ethnic distribution, it is suggested that there is a distinct 
genetic predisposition to MIS-C. In agreement with this hypothesis, a 
new mutation at D839 was recently observed in a European SARS-CoV-2 
strain, causing an elevated ability for binding the S antigen to T-cell 
receptors, and it can probably explain the disease’s geographical shift 
[29,30]. 

Additionally, according to previous research works, vascular damage 
can be induced by SARS-CoV-2. Then, with exposure of the circulating 
platelets to endothelium and collagen, they are turned in the active 
platelet form. It causes releasing the essential factors from activated 
platelets, such as serotonin, adenosine diphosphate, prothrombin, and 
thromboxane A2, for more activation of platelets. Also, there is a need 
for 12 coagulation factors for starting the clotting process in the arteries. 
Shortly, the factor XII is activated, leading to conversion of prothrombin 
to thrombin. In the end, fibrinogen is converted to fibrin that makes a 
network of fibrins at the damaged sites for clotting blood. Hence, blood 
clots might be observed in some patients with MIS-C [31]. 

3. Immunological aspects of MIS-C 

As shown by primary studies, there are some differences in the dis
tributions of CD4+ T cells’ subpopulations that is described by the 
expression of CD27 and CD45RO, and the T-follicular helper cells (TFH) 
frequency expressing the chemokine receptor CXCR within the hyper
inflammatory immune response. Children suffering from MIS-C show 

Table 1 
Comparison in laboratory and clinical findings between KD and MIS-C.   

KD MIS-C 

Age of patients <5 years [14] <21 years [24] 
Involvement of mucous 

membrane 
Yes [117] Yes/No [118] 

Rash Yes [119] Yes [120] 
Hypotension No [121] Yes [122] 
Respiratory 

involvement 
No [123] Yes [27] 

Vomiting, diarrhea, 
abdominal pain 

Rare [124] Yes [125] 

Myalgias Rare/No [126] Yes [127] 
WBC differential Neutrophilia [128] Lymphopenia, 

Neutrophilia [129] 
PT/PTT Normal [130] Abnormal [131] 
D-dimer Normal [132] Increase [133] 
Creatinine Normal [134] Increase [135] 
CRP Increase [136] Intense increase [137] 
Platelets Increase [138] Decrease [139] 
Ferritin Normal [140] Increase [141] 
Troponin Increase [142] (in 

myocardial involvement) 
Increase [143] 

AST and ALT Normal or increase Normal or increase  
[144] 

Pro-BNP Normal [145] Increase [146]  
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lower total T cell frequencies than healthy children. There are similar 
subset distributions in the CD4+ T cell compartment in patients with 
MIS-C and children with mild SARS-CoV-2 infection, which indicates 
that differences observed related to normal children might be attributed 
to the SARS-CoV2 infection itself. Furthermore, children with SARS- 
CoV-2 showed a reduction was observed in TFH, which play a signifi
cant role in germinal center reactions and support B cell responses. This 
was seen in children with and without MIS-C. CD57 is marker of 
terminally differentiated effector CD4+ T cells. It has been indicated 
that these are decreased in adult cases with acute respiratory distress 
syndrome and severe acute COVID-19. On the contrary, children with 
MIS-C and mild COVID-19 could show high level of these terminally 
differentiated cell. Also, children with MIS-C show a significantly lower 
count of CD8+ T cells in comparison with children with mild SARS-CoV- 
2 infection. CD8+ T cells play a pivotal role in the removal of virus- 
infected cells. Studies on immune cell populations prove lymphopenia 
in patients with COVID-19. Decreased peripheral blood lymphocytes 
occur following the migration of cells to a site infected with the virus, 
although dysfunction of lymphocytes during disease has been observed; 
and directly related to disease severity. According to these findings, it is 
emphasized that the hyperinflammation observed in adult cases of se
vere acute COVID-19 is different from one observed in MIS-C. As shown 
by complementary works, increased IL-17A, IL-6, CXCL10 had the 
highest contribution to the cytokine storm. Maeckeret al. interestingly 
found some other factors contributing to hyperinflammation and path
ogenesis of MIS-C, such as stem cell factor (SCF), adenosine deaminase 
(ADA), and TWEAK as a cytokine regulating multiple cellular responses, 
like angiogenesis, pro-inflammatory activity, and cell proliferation 
[32–38]. 

Researchers have identified a vital role for macrophages in inducing 
macrophage activation syndrome (MAS) in patients with MIS-C [39]. 
There is an association between the acute phase of MAS and evidently 
increased levels of pro-inflammatory cytokines. As a result of this 
cytokine storm, a cascade of inflammatory pathways is triggered. If it is 
not treated, it damages tissues, and could cause death [40]. In this re
gard, there is a hypothesis suggesting production of cocktail of cyto
kines, mainly TNF and different interleukins (that is, IL-1β, IL-18, IL-6) 
by monocytes/ macrophages, triggering a cascade of inflammatory 
pathways and causing a cytokine storm. It has been indicated that the 
pro-inflammatory cytokine environment, especially IL-6, reduce cyto
lytic functioning of NK cell. Cell-to-cell interactions are prolonged and a 
pro-inflammatory cytokine cascade is amplified as a result of the 
inability of cytolytic CD8 T cells and NK cells in lysing infected and 
otherwise activated antigen presenting cells (APCs) [41–43]. 

It has been shown that autoantibodies have implications in MIS-C, 
and there are two research works looking for autoreactive antibodies 
in plasma or serum of patients with MIS-C. Gruber et al. and Consiglio 
et al. used panels of human antigens (protein arrays) for screening for 
autoantibodies, and they showed the existence of autoantibodies in 
patients with acute MIS-C. As reported by Consiglio et al., they observed 
an increase in anti-MAP2K2 (mitogen-activated protein kinase 2), pro
teins of anti-casein kinase family (activated in SARS-CoV-2-infected 
cells), anti-endoglin (expressed on endothelial cells), and antibodies 
that react against protein antigens, mapping to lymphocyte activation 
and heart development pathways. Also, anti-La and anti-Jo antibodies 
were highlighted by Gruber et al., which are observed in autoimmune 
diseases, and antibody reactivity against proteins engaged in immune 
regulation, gastrointestinal biology, and endothelial cell function. 
Despite attractiveness of induction of autoimmune responses by SARS- 
CoV-2 infection as a hypothesis for explaining inflammation and tissue 
damage in MIS-C, the effect of autoantibodies on pathogenesis is still 
uncertain [11,33]. 

4. Genetic and MIS-C 

Because MIS-C is a newfound disease, genetic association and 

susceptibility to MIS-C exists is still unknown [44,45]; however, Cron R 
and et al. demonstrated in a study that DOCK8 (Dedicator of cytokinesis 
8) is a novel gene linked with cytokine storm in patients with COVID-19 
and MIS-C. Heterozygous mutations in DOCK8 lead to cell lytic 
dysfunction of NK cells and increased pro-inflammatory cytokine 
release. DOCK8 is a large protein (190 kDa) contributed to intracellular 
signaling networks [46,47]. In addition, Janet Chou et al. indicated in 
another study that haploinsufficiency of suppressor of cytokine signaling 
1 (SOCS1), a kind of negative regulator of interferons, and defects in X- 
linked inhibitor of apoptosis (XIAP) as well as CYBB (Cytochrome b-245, 
beta subunit) are genetic-associated risk factors for MIS-C [48]. 

5. Prevalent therapies for MIS-C 

At the time of publication of this paper, there has not been identified 
any definitive treatment for MIS-C. Studies in this regard are ongoing, 
with emerging new evidence related to treatment of this disease and new 
professional recommendations that are proposed. Firstly, there should 
be adequate supportive care for mild to moderate MIS-C cases [49]. 
SARS-CoV-2 pathogenesis implies that heightened coagulation activa
tion is potentially worrying in MIS-C. Hence, it is necessary to use 
anticoagulation agents for both prophylaxis and treatment [50]. The 
first-tier treatments for MIS-C include steroids and intravenous immu
noglobulin (IVIG). It is thought that IVIG enhanced production of anti
body and diminish the inflammatory response, while the immune 
system is suppressed by steroids [51]. Available data implies that there 
is an association between treatment by simultaneous use of methyl
prednisolone and IVIG, instead of using IVIG alone, and better fever 
resolution [14]. There are various clinical trials demonstrating effec
tiveness and well-tolerance of immunoglobulin. However, some works 
have reported various adverse effects. Most of these events, like head
ache, flushing, fever, malaise, fatigue, lethargy, and chills mild and 
transient. Nevertheless, there are some infrequent side effects, such as 
renal impairment, arrhythmia, thrombosis, aseptic meningitis, 
transfusion-related acute lung injury (TRALI), and hemolytic anemia 
that are serious [52]. IL antagonists and antibiotics are other treatments. 
Generally, since this disease has not any definitive treatment and due to 
the side effects of present treatments, it is inevitable to use novel ther
apeutic approaches [53,54]. 

6. Mesenchymal stem cells, and characteristics 

Nowadays, we witness considerable progress in the treatment of 
diseases using cell therapy, especially stem cells, providing a bright 
horizon for patients with incurable diseases [55]. Unique properties 
have been identified for mesenchymal stem cells (MSCs), such as various 
sources for cell purification, high proliferation, self-renewal, non-inva
sive procedure, multidirectional differentiation, and immunosuppres
sion. It is possible to transform these cells into chondrocytes, adipocytes, 
and osteocytes in the induction medium [56]. Compared to other 
available treatments, applying MSC therapy brings about various ben
efits. Access to them is higher, and it is possible to separate and purify 
them from several tissues, like the menstrual blood, umbilical cord 
blood, bone marrow, buccal fat pad, adipose tissues, fetal liver, dental 
pulp, etc. [57–59]. Some studies have characterized cultured MSCs 
using cell surface antigens or through investigating the differentiation 
potential of the cells. Minimal criteria were presented by the Mesen
chymal and Tissue Stem Cell Committee of the International Society for 
Cellular Therapy in 2006, by which human multipotent mesenchymal 
stromal cells can be defined (abbreviated as “MSCs”): (1) the require
ment for these multipotent mesenchymal stromal cells to be plastic- 
adherent when kept under standard culture conditions and forming 
CFU-Fs; (2) the requirement for these cells to express CD73, CD90, and 
CD105, and not expressing CD34, CD45, CD14, CD79a, CD11b, or CD19, 
and human leukocyte antigen-antigen D-related surface molecules; and 
(3) the requirement for these cells to be differentiated into adipocytes, 
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chondroblasts, and osteoblasts in vitro [60,61]. However, as indicated by 
results of other studies, STRO1 or CD146 could be unique markers for 
MSCs [62]. Many microvesicles and immunomodulatory molecules are 
produced by MSCs, prostaglandin E2 (PGE2), like nitric oxide, indole
amine 2,3-dioxygenase (IDO), exosomes, IL-6, and other surface 
markers, like PD-L1, PD-L2, and FasL [63–66]. According to other 
studies, chemokines’ receptors from the CC group are found on the MSCs 
surface obtained from bone marrow, including CCR3, CCR1, CCR7, 
CCR9, CCR10, and from the CXC group, like CXCR4, CXCR3, CXCR5, 
and CXCR6 [67,68]. 

7. Immunomodulatory effect of MSCs 

Immunomodulatory properties of MSCs are their significant func
tions. MSCs can regulate mechanisms of innate and adaptive immune 
response by modulating the secretion of inflammatory mediators and 
cellular responses (Fig. 1) [147][69]. It has been indicated that there are 
receptors on MSCs surface obtained from bone marrow for complement 
components, like C5a and C3a, which are chemotactic factors for MSCs, 
increasing their resistance to oxidative stress and activating signal 
pathways in charge of anti-apoptotic and proliferation mechanisms. 
Also, it has been identified that there is protectin (CD59) expression on 
the MSCs surface, secreting factor H. The complement system is 
inhibited by both molecules that can partially provide protection for 
MSCs against damage by complement components. Moreover, it has 
been demonstrated that they have the ability of blocking complement- 
induced proliferation of peripheral blood mononuclear cells, as a 
mechanism of their anti-inflammatory function [70,71]. 

There are many studies proving the ability of MSCs for regulating the 
activity of macrophages. MSCs interact with macrophages, promoting 
their polarization from the M1 pro-inflammatory phenotype to M2 anti- 
inflammatory phenotype cells, reducing the generation of pro- 
inflammatory cytokines, like IL-1, TNFα, IL-6, IFN-γ, IL12p70, and 
increasing release of anti-inflammatory cytokines, such as IL-12p40 and 

IL-10 [72,73]. It is likely that overall suppressive impact of MSCs found 
in vivo is amplified by converting monocytes into M2 immunosuppres
sive macrophages. Monguio-Tortejada et al. confirmed these findings. In 
their work, it was indicated that umbilical cord-MSCs and human adi
pose tissue-MSCs cause promotion of polarization of monocytes toward 
regulatory M2 phenotype. They showed upregulation of expression of 
the CD73 and CD39 on monocytes in vitro by MSCs. The purinergic 
signaling is regulated by the CD73 and CD39 through the ATP/ADP 
hydrolysis to adenosine and AMP, respectively. Thus, the shifts are 
induced from the pro-inflammatory milieu caused by extracellular ATP 
into the anti-inflammatory environment controlled by adenosine [74]. 

Moreover, MSCs have the ability of modulating neutrophil activity. 
As shown by experiments, interleukin-6 generated by MSCs decreases 
the generation of reactive oxygen species by neutrophils, resulting in 
weakened unfavorable impacts of these cells [75]. Additionally, IDO is 
secreted by mesenchymal cells that is inhibitor of the stored a-denfensin 
production in secretory granules of neutrophils with pro-inflammatory 
properties. Microglia cells and macrophages are in turn simulated by 
prostaglandin-2 released by MSCs for the IL-10 production, which con
fines the neutrophils influx to damaged tissue. Also, secreted IL-10 
works on endothelial cells, which reduces expression of E-selectin and 
inhibits migration of neutrophil to the injury area [76,77]. 

According to previous studies, immunosuppressive effects have been 
identified for MSCs on natural killer (NK) cells. MSCs are inhibitors for 
the naturally cytotoxic cell proliferation through generating PGE-2 and 
IDO, which show synergistic activity. As indicated by other experiments, 
MSCs can release TGF-β as a factor for inhibition of NK cell proliferation. 
Moreover, production of IL-15 and IL-2 is limited by MSCs, resulting in 
decreased proliferation of NK cell and production of IFN-γ. Besides, 
MSCs can decrease the expression of the NK cell activating receptors, 
such as NKp44, NKG2D, and NKp30, contributing to the reduced cyto
toxic activities of these cells and limiting the release of pro- 
inflammatory cytokines [66,78]. 

The other immunomodulatory function of MSCs relates to dendritic 

Fig. 1. Immunomodulatory mechanisms of MSCs. Abbreviations: HGF, Hepatocyte growth factor; NO, Nitric oxide; NKT cell, Natural killer T cell; HLA-G5, Human 
leukocyte antigen-G5. Figure is reused from Elsevier publisher. 
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cells (DCs). MSCs have interaction with DCs, which limits their func
tioning, like antigen presentation, maturation, and migration capacity. 
As confirmed by many experiments, MSCs decrease the expression of 
mature DCs markers, like MHC class II molecules, CD80, CD86, CD40, 
and have the ability of modulating the expression of “DCs deposition” 
markers in lymph nodes, such as CCR7 chemokines. As indicated by Li 
et al., cytokines generated by MSCs (e.g., IL-6) could mediate DC 
maturation regulation, it could be mediated by direct contact by the use 
of the Notch signaling pathway. Furthermore, under the MSCs influence, 
DCs increase the release of anti-inflammatory cytokines, like IL-10, 
reduce the generation of pro-inflammatory cytokines, like TNF-α and 
IL-12, and increase their phagocytic activity [79–81]. 

The activity of secondary immune response cells can be modulated 
by MSCs. Keeping a suitable balance between Th2 and Th1 phenotype 
CD4 T cells is one of the tasks of MSCs. As demonstrated by many in vivo 
and in vitro studies, MSCs has the ability of activating the alteration in 
CD4 T cells with a Th1 inflammatory phenotype, secreting IL-1β, IL-1α, 
IFN-γ, and TNF-α into Th2 anti-inflammatory phenotype cells generating 
IL-4, IL-3, IL-5, IL-10, and IL-13 [82,83]. The TGF-β generated by MSCs 
has a crucial role to maintain a proper balance between the Th2, Th1, 
and Th17 helper lymphocytes and regulatory lymphocytes. Besides 
MSCs have an effect on B cells, which retain them in the G0/G1 phase 
and limit their chemotactic activities. According to previous studies, 
MSCs can decrease the differentiation, proliferation, and activity of B 
cells through the PD-1 signaling pathway [84,85]. 

8. MSCs and tissue repair 

Clinical findings indicate that multi-organ damage is one of the key 
and most important side effect of SARS-CoV-2 [86]. Nevertheless, tissue 
damage in COVID19-associated MIS-C cases have been confirmed by 
numerous clinical observations [87]. For example, BM-MSC mediate 
renal protection. With BM-MSC infusion in immune-deficient NOD/ 
SCID mice with cisplatin-induced acute kidney injury (AKI), proximal 
tubular epithelial cell injury was decreased and impairment of renal 
function was reduced, resulting increased survival of the recipient. The 
intracarotid administration of MSC in an empirical model of reperfusion 
injury/renal ischemia significantly enhanced renal function, although 
MSC was present only momentarily in the renal vasculature, which 
confirms the MSC renoprotective action. Kidney’s damaged cells of 
MSC-treated showed a reduction in gene expression of pro-inflammatory 
cytokines and an elevation in growth factors with pro-survival, mito
genic, and anti-apoptotic impacts [88–90]. In a study, high levels of 
complement system proteins, lymphocyte infiltration, and macrophage 
infiltration in tubulointerstitial sites were shown, where pro- 
inflammatory cytokines obtained from macrophages resulted in 
tubular injury, improving SARS-COV-2 cytotoxic effect [91]. MSCs can 
decrease TGF-β that plays a crucial role in fibrogenesis since it causes 
stimulation of ECM protein synthesis, stress fiber synthesis, and fibro
blast proliferation, while enhances epithelial-mesenchymal transition of 
tubular cells and reduces matrix degradation. Moreover, tubulointer
stitial fibrosis is improved by MSC. MSC also causes reduced expression 
of TGF-β, prevention of ZO-1 (a tight junction protein) degeneration in 
tubular epithelial cells, reduction of mesangial expansion, and sup
pression of excessive tubule dilatation in mice with diabetic nephropa
thy [92–94]. 

A cardiac pathophysiological mechanism has been suggested that is 
through direct myocardial injury because it seems that SARS-CoV-2 is 
able to infect pericytes, fibroblasts, and cardiomyocytes through the 
ACE2 pathway [95]. A cardioprotective role was found for MSCs in mice 
with Coxsackievirus B3-induced myocarditis. This role was imposed by 
inhibition of expressing Apoptosis-associated Speck-like Protein (ASC), 
caspase-1, NOD2, IL-18, IL-1β, and NLRP3 inflamassome in the left 
ventricle, recovering fibrosis and myocardial contractility. Also, they 
decreased oxidative stress, apoptosis, intracellular viral particles’ pro
duction, and expression of TNF-α mRNA, while activating the IFN-γ 

protective pathway and cardiac mononuclear cells [96,97]. Besides, it 
has been shown that MSCs present useful effects in acute myocardial 
infarction models. MSCs had the ability of decreasing infarct size, acti
vating resident cardiac stem cells, and preserving diastolic and systolic 
cardiac performance, which promote their migration, proliferation, and 
angiogenic capacity, leading to decreased fibrosis [98]. Clinical trials 
that involve the therapeutic application of MSCs in cardiac pathologies 
are in early stages yet. Employing mixed methodologies and source of 
MSCs, general safety has been shown. The most important challenges in 
this regard include low survival and low tissue retention following 
transplantation. Nevertheless, as suggested by preliminary findings, left 
ventricular function, questionnaire-evaluated symptoms and quality of 
life were improved by MSCs, despite the need for more robust surveys 
[99]. 

SARS-CoV-2 mostly affects the lungs and develops intra-alveolar 
fibrin with hyaline membrane, including interstitial fibroblasts and 
proliferative intra-alveolar, necrotizing bronchiolitis, and broncho
pneumonia in some cases [100,101]. As reported by numerous studies, 
lungs of COVID-19 patients showed diffuse alveolar damage with in
flammatory cell infiltration in the alveolar cavity, such as monocytes, 
CD4+ T lymphocytes, macrophages, neutrophils, eosinophils, and 
alveolar wall thickening. Moreover, alveolar septum edema presented 
CD20 + B cells, CD68+ macrophages, type II pneumocyte hyperplasia, 
CD8+ T cells, and interstitial fibrosis, as well as SARS-CoV-2 inclusions 
in type II pneumocytes [102]. It has been demonstrated that MSCs have 
various mechanisms for improving resolution of Acute respiratory 
distress syndrome (ARDS) via their anti-apoptotic and anti- 
inflammatory impacts on host cells, which reduce lung alveolar 
epithelium permeability, enhance host mononuclear cell phagocytic 
activity, and increase alveolar fluid clearance. Alveolar edema and 
infiltration are among the vital mechanisms implicated in pathology of 
COVID-19, chiefly because of loss of epithelial selective permeability. 
Hence, recovering alveolar epithelial integrity with concomitant edema 
resolution is crucial [98,103]. Ex vivo perfused human lungs have 
shown the capacity of MSCs for restoration of alveolar fluid clearance. 
Additionally, another mechanism of MSCs with the ability of enhancing 
epithelial regulation and integrity is through transfer of healthy mito
chondria to epithelial cells, which reduce apoptosis and oxidative 
damage [104,105]. There are some studies demonstrating TNF stimu
lated gene-6 (TSG-6) as another critical potent anti-inflammatory pro
tein secreted by MSCs, which may have contribution to reducing cell 
counts and inflammatory cytokine in bronchoalveolar lavage fluid. It 
also can contribute to fibrosis resolution [106]. 

8.1. Tissue repair through MSCs-derived exosomes 

MSCs have the ability of releasing small vesicles (with a dimension of 
30 nm – 150 nm) named exosomes. Exosomes include nucleic acids 

such as microRNA (miRNA) and mRNA and cellular proteins 
[107–109]. Since the discovery of exosome vesicles as a paracrine 
vesicle of the MSCs, 

studies have investigated concerning their ability to find out the 
regenerative and mechanistic dimensions in treatment of diseases. Using 
MSC-derived exosomes as a cell-free therapy provides advantages over 
cell therapy including high stability low immunogenicity easy storage 
approaches and ability of crossing the blood–brain barrier [110]. One of 
the most serious risk factors for the COVID-19 is epithelial cell damage. 
Thus their generation and protection against unfavorable damage 
potentially through exosomes is necessary [111]. Bari et al. showed 
expression of Alpha-1-anti trypsin (AAT) by exosomes of mesenchymal 
cells on the surface. Neutrophil-derived proteolytic enzymes were 
inhibited by this structure and immune-regulating and anti- 
inflammatory effects were exhibited favored for the protection of lung 
epithelial cells [112]. Besides MSCs-derived exosomes are able to 
change pro-inflammatory macrophages phenotype to anti-inflammatory 
macrophages improving the unfavorable outcomes of the organ damage 
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[113]. Thus various protocols have been considered by researchers for 
recovering the lungs pathogenicity related to COVID-19. As reported by 
these pre-clinical studies the lung tissue regeneration and maintenance 
are increased by the attendance of proteins and miR-145 in exosomes 
derived from MSCs. Moreover exosome vesicles can adjust the lung DCs 
function through overexpressing immune suppressing cytokines like 
IL10 and TGF-β. Hence the lungs are prohibited from the damaging 
macrophage cells and immune response associated with DCs [114–116] 

9. Clinical study of MSCs in MIS-C: Case report 

There is very limited evidence on the clinical application of MSCs in 
MIS-C. However, therapeutic effects of MSCs on two patients (10 and 4 
years old) with MIS-C were studied by Allison Ross Eckard et al. Notably 
similar presentations were observed in two patients: both of them were 
healthy children before experiencing a disease with a duration of about 
5 days, which consisted of gastrointestinal symptoms, generalized 
malaise, and high fever (39.0–40.6 ◦C). They suffered from severe 
clinical illness, which included hypotension, hemodynamic instability, 
shock requiring vasopressors, and acute kidney injury. Significant 
myocardial dysfunction was seen in both children, characterized mostly 
by reduced biventricular function. A marked elevation was observed in 
cardiac injury and/or congestion and/or coagulation biomarkers, and 
systemic inflammation. Both patients showed positive antibodies test 
against SARS-CoV-2 nucleocapsid and spike proteins. The children were 
treated with the existing standard of care MIS-C therapy during the first 
days of hospitalization, which included steroids, IVIG, anti-coagulants, 
and aspirin. Although the some improvement was observed in overall 
clinical status of the patients, many significant laboratory and clinical 
parameters stayed considerably abnormal. After treatment of patients 
with two intravenous doses (“two intravenous infusions were regarded 
and each injection contained 2 million cells per kg of body weight 
injected over 60 min”) of MSCs (derived from bone marrow), left ven
tricular ejection fraction was rapidly normalized, cardiac and systemic 
inflammation biomarkers were notably reduced, and clinical status was 
improved. The children did not experience adverse effects related to 
administration of MSCs. It appears that this treatment is a promising and 
new immunomodulatory cellular approach for children suffering from 
clinically significant cardiovascular manifestations of MIS-C [12]. 

10. Conclusion 

Nowadays, COVID-19 pandemic has affected the world, and we can 
see it in the form of MIS-C as an emerging disease in children. Several 
organs could be damaged by this severe inflammatory disease, such as 
the heart, kidneys, and lungs, and if it is not treated, it can be lethal. 
Although it has been demonstrated that IVIG, anticoagulants, antibi
otics, and supportive therapies can improve some of the symptoms, no 
definitive treatment is currently available for MIS-C. Cell-based therapy 
of MIS-C, particularly through derived exosomes and MSCs, has recently 
drawn the attention of many experts. Exosomes and MSCs are effective 
modulators of immune responses and repair of damaged tissues. Thus, 
they have critical role in improvement of the MIS-C symptoms. Never
theless, further clinical studies are required for better understanding of 
its therapeutic facets. 
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