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Abstract
An RNA-binding protein, LIN28A was initially discovered in nematodes 
Caenorhabditis elegans and regulated stem cell differentiation and proliferation. 
With the aid of mouse models and cancer stem cells models, LIN28A demon-
strated a similar role in mammalian stem cells. Subsequent studies revealed 
LIN28A’s roles in regulating cell cycle and growth, tissue repair, and metabolism, 
especially glucose metabolism. Through regulation by pluripotency and 
neurotrophic factors, LIN28A performs these roles through let-7 dependent 
(binding to let-7) or independent (binding directly to mature mRNA) pathways. 
Elevated LIN28A levels are associated with cancers such as breast, colon, and 
ovarian cancers. Overexpressed LIN28A has been implicated in liver diseases and 
Rett syndrome whereas loss of LIN28A was linked to Parkinson’s disease. 
LIN28A inhibitors, LIN28A-specific nanobodies, and deubiquitinases targeting 
LIN28A could be feasible options for cancer treatments while drugs upregulating 
LIN28A could be used in regenerative therapy for neuropathies. We will review 
the upstream and downstream signalling pathways of LIN28A and its 
physiological functions. Then, we will examine current research and gaps in 
research regarding its mechanisms in conditions such as cancers, liver diseases, 
and neurological diseases. We will also look at the therapeutic potential of 
LIN28A in RNA-targeted therapies including small interfering RNAs and RNA-
protein interactions.
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Core Tip: The overexpression of LIN28A has been correlated with a number of tumours and a higher risk 
of relapse in cancer patients. Therefore, LIN28A could be developed as a prognostic indicator. With an 
increasing understanding of its roles in the pathological context, LIN28A has also become a promising 
therapeutic target for cancer treatment and regenerative therapy for neuropathies.

Citation: Wu K, Ahmad T, Eri R. LIN28A: A multifunctional versatile molecule with future therapeutic potential. 
World J Biol Chem 2022; 13(2): 35-46
URL: https://www.wjgnet.com/1949-8454/full/v13/i2/35.htm
DOI: https://dx.doi.org/10.4331/wjbc.v13.i2.35

INTRODUCTION
First discovered in nematodes Caenorhabditis elegans (C. elegans) in 1997, the LIN28A (commonly referred 
to as LIN28 in some literature) protein is predominantly localised in the cytoplasm but can travel back 
and forth between the nucleus and cytoplasm. It was noted to be highly expressed during embryo-
genesis but gradually diminished to absent expression in adulthood in nematodes[1]. In humans, the 
absent expression was found to be only true in lung epithelium but it remains expressed during 
adulthood in certain cell or tissue types such as erythrocytes, renal epithelia of the loop of Henle and 
collecting ducts, cardiac muscle, and skeletal muscle[2]. Nonetheless, examination of LIN28 homologues 
in humans, mice, and Drosophila demonstrated its typical expression in undifferentiated and pluripotent 
cells, especially in embryonic stems cells (ESCs), then it is downregulated in response to development 
and differentiation. These findings suggested that LIN28A was involved in cellular development and 
differentiation. In fact, increased LIN28 expression has been associated with less differentiated and more 
aggressive tumours[2].

Invertebrates such as C. elegans and D. melanogaster possess a single LIN28 gene whereas all 
vertebrates possess two LIN28 paralogs. LIN28’s structure includes two RNA-binding domains, a N-
terminal cold-shock domains (CSD), and a cysteine cysteine histidine cysteine (CCHC) zinc knuckle 
domains (ZKD) (Figure 1). LIN28 is regarded as the sole animal protein to possess the unique 
combination of a CSD and a C-terminal ZKD and has been implicated in promoting self-renewal and 
delaying differentiation, that resulted in proliferation of stem cells. Contrarily, its loss-of-function 
resulted in increased stem cell differentiation[2]. Its role in mammalian stem cells was elucidated in the 
early 2000s through studies such as human LIN28 being used to reprogram somatic fibroblasts into 
pluripotent stem cells[1]. These studies eventually demonstrated that LIN28A could bind to let-7 gene to 
repress its expression in regulating translation. This binding was observed in a similar mechanism in C. 
elegans[1]. Thus, the findings had validated LIN28A’s conserved role in stem cell self-renewal and differ-
entiation.

In recent years, other roles of LIN28A have been linked to wound healing and tissue repair, cell 
growth and metabolism, and carcinogenesis while the signalling pathways have become more complex. 
In this review, we will elaborate on recent findings regarding the mechanisms and roles of the LIN28A 
protein in physiological functions and pathological processes. Subsequently, we will examine how these 
findings have translated into RNA-targeted therapies and drugs targeting protein interactions involving 
LIN28A in the treatment of cancer and other diseases.

SIGNALLING AND LET-7 PATHWAYS OF LIN28A
Regulatory signals
In vertebrates, an important intrinsic signal in downregulating LIN28A would be the microRNA-125a 
(miRNA-125a)[3]. In contrast, pluripotency factors such as Sox2, Nanog, and Tcf3 can promote LIN28A 
expression. Among these factors, Sox2 is regarded the most essential in this promotion of expression 
based on a Bayesian probabilistic network modelling of single-cell gene expression[3]. In addition, 
inhibition of Dot1L H3K79 histone methyltransferase indirectly upregulates LIN28A[3]. Extrinsic 
signalling has been demonstrated in C. elegans: Nuclear receptor daf-12 transmits signals from steroid 
hormones to LIN28A, and in vitro: Homologous retinoic acid and oestrogen receptors downregulate 
LIN28A[3]. However, it is unclear if similar extrinsic signalling occurs in mammals.

Another signalling pathway involves brain-derived neurotrophic factor (BDNF) that initially activates 
extracellular signal-regulated protein kinase (Erk), which in turn mediates mitogen-activated protein 
kinase (MAPK) phosphorylation of transactivation response element RNA-binding protein (TRBP), an 
RNA-binding cofactor of the Dicer enzyme[4]. The act of phosphorylation decreased Merlin binding, 
which impedes polyubiquitination and proteasomal degradation of TRBP. Subsequently, BDNF can 

https://www.wjgnet.com/1949-8454/full/v13/i2/35.htm
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Figure 1 Structure of LIN28 protein. LIN28 paralogs in vertebrates contain relatively conserved cold-shock domains and cysteine cysteine histidine cysteine. 
LIN28B contains a nuclear localisation signal at the end and is slightly longer than LIN28A. CSD: Cold-shock domains; NLS: Nuclear localisation signal; CCHC: 
Cysteine cysteine histidine cysteine.

stabilise and elevate levels of LIN28A via co-association with TRBP. An interesting finding was this 
MAPK-mediated TRBP phosphorylation and induction only targeted LIN28A but not its paralog, 
LIN28B. Hence, the BDNF-MAPK pathway induces LIN28A for physiological functions connected to 
dendritic spine growth and peritoneal macrophage survival as part of the trophic responses[4].

LIN28A has been found to be involved in several feedback loops. Firstly, it has been ascertained that 
LIN28A inhibits let-7 expression while let-7 itself binds to mRNA of LIN28A to downregulate LIN28A 
expression, which establishes a double negative feedback loop[3]. Secondly, LIN28A can derepress c-
Myc via let-7 inhibition, then c-Myc can upregulate LIN28A expression, which establishes a positive 
feedback loop. Thirdly, an initial inflammatory signal activates nuclear factor kappa-light-chain-
enhancer (NF-κB) that elevates interleukin-6 (IL-6) levels that is also elevated by LIN28A’s inhibition of 
let-7. The increased IL-6 levels activate NF-κB, which completes the positive feedback loop[1].

Let-7 pathways
In C. elegans, the mechanisms in regulating its four developmental stages can be divided into let-7 
dependent and let-7 independent pathways[2]. The former involves LIN28 promoting the expression of 
lin-41 by repressing let-7, which in turn reduces binding of let-7 to LIN28A mRNA. Therefore, either 
LIIN28A or let-7 can suppress one another in forming a bistable switch. The latter involves lin-4 
targeting LIN28 which upregulates hunchback-like protein-1 (hbl-1) that inhibits let-7[2]. Interestingly, 
the latter may be utilised in mammalian systems which would further corroborate the conserved role of 
LIN28 but there does not appear to be any concrete findings.

In this review, these two divisions are adapted to elaborate on LIN28A mechanisms in humans.

Let-7 dependent pathways: In the nucleus, LIN28A binds primary lethal-7 (pri-let-7) synergistically with 
RNA-binding protein musashi 1 (MSI1) to block let-7 processing via a miRNA-processing enzyme 
Drosha (Figure 1)[2]. In the cytoplasm, LIN28A binds precursor lethal-7 (pre-let-7) to competitively block 
the Dicer processing (another microRNA-processing enzyme) to prevent the formation of mature let-7. 
Then, LIN28A recruits terminal uridylyl transferase 4 (TUT4) for the oligo-uridylation of pre-let-7; this 
process prevents the cleavage of pre-let-7 by Dicer and acts as a signal for exonuclease DIS3L12 for its 
degradation (Figure 2)[2].

In terms of structural significance of LIN28, the pri-let-7 pathway appears not be as expounded as 
much as the pre-let-7 pathway. In the nucleus, it is hypothesised that the LIN28A’s CSDs bind with 
increased affinity to pri-let-7[5] to block cleavage by Drosha which prevents Drosha-mediated 
processing[6]. In a related study, LIN28 has demonstrated another mechanism similar to that of its 
counterpart, LIN28B: The histone H3K4 methyltransferase can mono-methylate LIN28A; which appears 
to enable its localisation in the nucleus and especially nucleolus, and increases its binding affinity to pri-
let-7[7].

In the cytosol, LIN28’s ZKDs can recognise and bind to GGAG or GGAG-like motifs in pre-let-7’s 
terminal loop to compete with Dicer in inhibiting Dicer-mediated processing and TUTase would then be 
recruited[6]. Furthermore, TUT4 and TUT7 also possess CCHC Zn knuckles that are required in pre-let-7 
oligouridylation[1]. While initial research only involved mechanisms surrounding binding of LIN28A to 
let-7 (let-7 dependent), subsequent research examined binding of LIN28A to specific mRNAs (let-7 
independent).

Let-7 independent pathways: Several small-scale studies have isolated a number of potential LIN28 
mRNA targets and most of them are mature mRNA and involved in cell cycle regulation, metabolism, 
or formation of ribonucleoprotein complexes (Table 1)[2,8]. In first understanding how LIN28 recognises 
these targets, three genome-wide studies determined rather divergent consensus sequences amongst the 
targets despite such large data sets[2].

Furthermore, Cho et al[9] located their consensus sequence within the terminal loop of small hairpins
[2]. Wilbert et al[10] noted their targets’ consensus sequences of interest were enriched in single-
stranded RNA (ssRNA) within the hairpin and other loop structures whereas Qiu et al[11] found that 
their targets were enriched in LIN28-containing polysome fractions[2]. Then, Hafner et al[8] discovered 
LIN28 preferentially binds to ssRNA containing a uridine-rich element and guanosines when embedded 
in secondary structure[8]. However, the presence of this secondary structure may not be significant due 
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Table 1 Classes of mRNA targets[2]

Cell cycle regulation RNA-binding proteins Histone components Glucose metabolism Early embryogenic genes

Cyclin A hnRNP F Histone H2A IGF receptor Sox2

CDK4 TDP-43 Histone H4H Insulin receptor Sall4

CCNB1 TIA-1 Linker histone H1FX HMGA2 Oct4

IGF: Insulin-like growth factor 1. Citation: Tsialikas J, Romer-Seibert J. LIN28: roles and regulation in development and beyond. Development 2015; 142: 
2397-2404. Copyright© The Authors 2015. Published by The Company of Biologists Ltd.

Figure 2 Molecular pathways of LIN28A/let-7 axis. LIN28A binds to pri-let-7 in the nucleus to prevent its processing by Drosha and to pre-let-7 in the 
cytoplasm to prevent Dicer processing as well as facilitate its degradation.

to variation in stem length and loop size and lack of formal statistical analysis.
Despite the divergent consensus sequences, similarities such as the ssRNAs and loop structures 

indicate that the recognition mechanisms for LIN28 to these RNAs is gradually being uncovered. With 
an improved understanding of how LIN28 binds to its targets, researchers also looked at the 
significance of its pathways in humans.

PHYSIOLOGICAL FUNCTIONS 
Cell differentiation and cell cycle
LIN28A is most prominently known as a regulator of cell renewal and differentiation. Multiple studies 
highlight this evolutionarily conserved role in ESCs and trophoblast stem cells. In fact, Li et al[12] 
reported that PpCSP1 (a homologue of LIN28) can revert differentiated leaf cells to stem cells in moss 
Physcomitrella patens; indicating that LIN28’s role involving cell differentiation extends beyond the 
animal kingdom[12]. In the classical let-7 dependent pathway, LIN28 can suppress let-7 biogenesis to 
promote ESC differentiation[13]. In the let-7 independent pathway, LIN28 can impede translation of 
mRNAs such as high mobility group AT-Hook 2 (HMGA2) to either prevent its disruption of ESC 
differentiation or its effect of uncontrolled cell proliferation and apoptosis when HMGA2 is allowed to 
accumulate[13].

Similarly, LIN28A utilises the classical pathway to regulate trophoblast differentiation and neural 
precursor cells (NPCs) proliferation. To retain pluripotency in trophoblast progenitors, LIN28A 
increases; suppressing let-7 whereas to initiate their differentiation, LIN28 decreases; enabling let-7 to 
mature[14]. Proliferation of NPCs and increase in brain size is promoted by Sox2 through LIN28A. 
Notably, LIN28 has been suggested to be sufficient in rescuing NPC proliferation and neurogenic 
deficits in the absence of Sox2[15]. In facilitating cell cycle progression, LIN28A can promote expression 
of cyclin D1 (CCND1) and cell division cycle 25 homolog A (CDC25A) by inhibiting miRNA biogenesis (
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let-7 dependent) and bind to cell cycle regulatory mRNAs such as cyclin-dependent kinase 2 (CDK2) to 
promote their translation (let-7 independent)[16].

Cell and tissue repair
Overexpression of LIN28A improves tissue repair such as digit repair, pinnal tissue repair, epidermal 
hair regrowth, and axon regeneration in both peripheral nervous system and central nervous system 
(CNS)[17,18]. The LIN28A/let-7 axis was implicated in these various tissues. Firstly, LIN28A enhances 
proliferation of connective tissue and bone for digit repair and mesenchymal tissue for pinnal tissue 
repair[17]. Secondly, it prolongs anagen phases (the active phase of the hair growth cycle) in hair 
follicles to promote hair regrowth[17]. Lastly, it represses glial let-7 miRNAs which can inhibit axon 
regeneration by targeting nerve growth factor in Schwann cells; the inhibitory effects of neuronal let-7 
miRNAs on axon regeneration are uncertain[18].

In addition, LIN28 manipulates reprogramming factors such as Klf4, c-Myc, and Sox11 to enable 
mature CNS neurons to regain their ability to support axon regeneration, with the possible involvement 
of Akt-mTOR and GSK3β pathways[18]. Corroborating studies indicate that LIN28 can also functionally 
replace c-Myc, one of the Yamanaka factors responsible in reprogramming mature cells into induced 
pluripotent stem cells, and recruit Tet1 to regulate DNA methylation and gene expression. These 
properties enable LIN28 to influence epigenetic remodelling in facilitating axon regeneration.

On the other hand, the LIN28-mediated metabolic enhancements such as enhanced glycolysis could 
meet the higher energetic demands of anabolic biosynthesis and cell migration in accelerating tissue 
repair. However, it was observed that let-7 repression alone is insufficient to replicate this facet of 
LIN28’s role; indicating that the let-7independent pathway is imperative in tissue repair[17].

Growth and metabolism
LIN28A is one of the elements affecting organismal mortality and growth including the onset of 
puberty. Constitutive loss or embryonic deficiency of LIN28A has been associated with perinatal 
lethality and dwarfism. While diminished organogenesis contributed to dwarfism, the exact cause of the 
LIN28-deficient perinatal lethality is currently unknown[19]. An interesting finding is LIN28A acts 
earlier on organismal growth compared to its paralog LIN28B, such that the impacts by the former’s 
deletion are primarily restricted to foetal or early postnatal tissues and already manifest in utero[19]. 
However, the prenatal impacts can have life-long consequences, as described in Barker hypothesis, 
which states that epigenetic memory of poor foetal or infantile environment can become an important 
determinant of risk for major chronic diseases such as cardiovascular disease and type 2 diabetes[19].

In terms of skeletal muscle development, overexpression of let-7 (due to decreased LIN28A) in 
skeletal muscle is capable of causing growth retardation[20]. Studies demonstrate that let-7 can impede 
cell proliferation by downregulating insulin-like growth factor 1, an essential hormone in growth and 
development, and initiate cell cycle arrest by downregulating cell cycle factors such as CKD6 and 
CDC34. As a result, the activation, proliferation, and maturation of myosatellite cells (precursors to 
skeletal myocytes) are hindered[20]. Conversely, overexpression of LIN28A is associated with increased 
body size and delayed onset of puberty. It is hypothesised that the LIN28A/let-7 axis influences the 
hypothalamic-pituitary gland axis through secretion of hormones such as growth hormone and gonado-
tropin releasing hormone, which are required for growth and initiating the puberty onset[21].

In both in vitro and in vivo models, LIN28A overexpression demonstrates elevated glucose uptake and 
glycolysis. This is achieved by LIN28 increasing the levels of hexokinase 2, the enzyme considered as the 
rate-limiting step and the first step in glycolysis[22]. Concurrently, LIN28 overexpression also increased 
PTEN-induced kinase 1 and mitofusin 2, which mediates mitochondrial recycling and thus, reduce 
oxygen consumption in these LIN28-overexpressed cells such as Hep3B cells[22]. However, LIN28-
overexpressed MEF isolated from mice presented an increased oxygen consumption; intimating that 
LIN28A’s effect on oxygen consumption may depend on cell type. Nonetheless, LIN28 catalyses a shift 
from oxidative metabolism towards glycolytic metabolism. Now that LIN28A has been established as a 
regulator of glucose metabolism; increased LIN28A expression and thus, decreased expression of let-7 
led to normal glucose tolerance and an insulin-sensitised state, which lowered the risk of obesity and 
diabetes[23].

PATHOLOGICAL IMPLICATIONS 
LIN28A’s various physiological roles have linked it to various pathological processes. Its relevance in 
cancers, especially of breast, ovarian, and colon tissue are covered extensively in comparison to diseases 
such as Friedrich’s ataxia and Parkinson’s disease.

Cancer
Being a regulator of cell proliferation and differentiation, LIN28 overexpression and reduced let-7 
expression is often correlated with certain cancers. It has been proven that downregulation of let-7 
miRNAs catalyses the derepression of oncogenes such as Ras and c-MYC, contributing to tumorigenesis 
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or metastasis (Table 2)[24,25]. Notably, these oncogenes play a role in cell differentiation and prolif-
eration; the former resulting in activation of the RAS-mitogen-activated protein kinases (RAS-MAPK) 
pathway which leads to uncontrolled cell proliferation while the latter influences a multitude of 
pathways involved in cell cycle progression, cell proliferation and differentiation, cell adhesion, and 
metabolism[26]. Alternatively, LIN28A was involved in oncogenesis through other pathways such as 
the direct interaction with mRNA.

For example, LIN28A can bind to mRNA of bone morphogenetic proteins 4 (BMP4) to induce BMP4 
overexpression, which stimulates cell proliferation and tumour growth in ovarian cancer[24]. Another 
example is LIN28 enhancing mRNA translation of human epidermal growth factor receptor 2 (HER2) 
and HMGA1, which promotes cell proliferation in breast cancer[24]. Therefore, LIN28A overexpression 
is typically associated with poor prognosis and a higher risk of relapse (Table 2)[25].

From a metabolic perspective, LIN28A promotes aerobic glycolysis in cancer cells by upregulating 
glycolysis-associated genes. Previously, it was thought that the insulin-Akt-mTor pathway was the 
primary cause but the pathway was not significantly impacted by LIN28A levels[27]. Further studies 
demonstrated LIN28A overexpression resulting in elevation of an important glycolytic enzyme, 
pyruvate dehydrogenase kinase 1 (PDK1). PDK1 inactivates pyruvate dehydrogenase, the enzyme that 
converts pyruvate to acetyl-coenzyme A in the Krebs cycle. This inhibits oxidative phosphorylation 
activity.

Consequently, cancer cells would undergo a metabolic switch from oxidative phosphorylation to 
aerobic glycolysis in normoxic conditions, i.e. Warburg effect, as part of cancer progression[27]. In 
addition, LIN28A has been demonstrated to bind with the mRNAs of sterol regulatory element-binding 
protein 1 (SREBP-1) and SREBP cleavage-activating protein (SCAP) to augment translation and 
maturation of SREBP-1. This promotes fatty acid synthesis, which in turn protects cancel cells from fatty 
acid-induced endoplasmic reticulum stress[28].

In understanding the pathophysiology of carcinogenesis, cancer stem cells (CSCs) in certain cancers 
such as breast, colon/colorectal, and ovarian cancers are examined. In colon cancer, LIN28A overex-
pression promotes proliferation of colon cancer cells by promoting the transition of cell cycle from S to 
G2/M phase[29] through upregulation of cell cycle factors such as cyclin A2[30]. In breast and ovarian 
cancer, LIN28A promoted the G0 or G1 transition instead through the let-7 suppression and increase in 
expression of cell cycle factors such as CCND1 and CDK34 for breast cancer or CDK2 for ovarian cancer
[16,31]. These findings suggest that LIN28A’s regulatory control in the cell cycle differs from tissue to 
tissue.

There are a few studies stating that LIN28A stabilises RNA FBXL19-AS1 which sponges anti-
oncogenic proteins such as miRNA-203 (in colorectal cancer) and WD Repeat Domain 66 (in breast 
cancer)[32,33]. Consequently, cell migration and invasion are no longer inhibited. Interestingly, a 
number of articles point towards its paralog LIN28B for being responsible in cell migration and invasion 
by decreasing let-7 expression and activating the Wingless Integration 1 (Wnt)/ β-catenin pathway; 
leading to a significant reduction of E-cadherin levels but an elevation of vimentin levels; causing 
disruption of the epithelium which enables the migration of cancer cells from the primary site[34,35]. 
Furthermore, abnormal β-catenin-E-cadherin complexes could diminish cellular adhesion and epithelial 
cell interstitialisation, which are required in limiting cell growth and cell migration primarily through 
contact inhibition[35]. Consequently, cell migration and invasion are facilitated.

For ovarian cancer, its malignancy is exacerbated by LIN28A hindering the activity of cleaved 
caspase-3, caspase-7, and caspase-9. Thus, the DNA damage repair enzyme, poly adenosine 
diphosphate-ribose polymerase (PARP) cannot be cleaved, which inhibits cell apoptosis of these cancer 
cells[36]. A unique mechanism in LIN28-expressing ovarian cancer cells is their secretion of exosomes, 
which contain miRNAs such as miRNA-200 and miRNA-17-92 that are taken up by non-tumour cells
[37]. Subsequently, they induce EMT with miRNA-200 inhibiting zinc finger E-box binding homeobox 1 
(ZEB1) to derepress E-cadherin as well as miRNA-17-92 regulating CYP7B1 and E-cadherin expression 
to ultimately promote migration and invasion[38].

In contrast with the previous three cancers, overexpression of LIN28A and hence, downregulation of 
let-7 expression impeded cell proliferation, migration, and cell cycle progression in gastric cancer cells
[39]. In fact, LIN28A overexpression induced apoptosis of these cells. Neither the related study or 
current literature explain this inverse relationship and its mechanisms.

Liver diseases
In hepatitis, LIN28A plays an active role in the balancing of EMT for fibrosis with mesenchymal-to-
epithelial transition (MET) for liver regeneration; both processes are vital for liver repair[40]. Firstly, one 
of LIN28A targets include miRNA-200c which decreases expression of Fas-associated phosphatase 1 in 
order to increase expression of a proto-oncogene, tyrosine-protein kinase Src kinase (Src) and stimulate 
liver fibrosis[40]. In addition, another target, miRNA-107 can modulate components of the IL-6 receptor 
(IL-6R) complex in order to downregulate expression of chemokine (C-C motif) ligand 2 (CCL2), that is 
an inflammatory chemokine elevated in chronic liver diseases such as hepatitis C. Therefore, miRNA-
107 can inhibit IL-6 signalling in regulating the inflammatory response and to an extent, fibrosis[40]. 
Secondly, LIN28A’s repression of let-7 removes the latter’s inhibitory effect on IL-6 so activation of SRC 
can now elevate IL-6 Levels to induce inflammation[40]. Consequently, LIN28A and its targets disrupt 
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Table 2 Clinical relevance of LIN28A in certain cancers[25]

Tissue Primary tumour Clinical Relevance of LIN28A

Breast HER2 + tumour Overexpression correlated with HER2 + tumours

Colon Primary adenocarcinoma Expressed in approximately 30% tumours

Kidney Primary Wilms’ tumour Overexpressed in late stage

Lung Small cell lung cancer Loss increases let-7 levels; inhibits cell cycle

Oesophagus Primary human tumour Expression linked to metastasis and poor prognosis

Ovary Primary ovarian tumour Knockdown increases let-7 expression 

Citation: Thornton JE, Gregory RI. How does Lin28 Let-7 control development and disease? Trends Cell Biol 2012; 22: 474-482. Copyright© The Authors 
2012. Published by Elsevier Ltd. All rights reserved.

the balance of the inflammatory response and prolong fibrosis, which can have detrimental effects such 
as cirrhosis, portal hypertension, and liver failure.

Chronic cirrhosis can lead to oncogenic transformation into hepatocellular carcinoma (HCC), 
considered the most common primary liver tumour and leading cause of cancer death in the world[41]. 
As with most LIN28-linked cancers, increased LIN28 and decreased let-7 are involved in the 
unregulated cellular proliferation and enhanced metastatic ability[40,41].

Biliary diseases can refer to primary biliary cholangitis, an autoimmune destruction of small to 
medium-sized bile ducts are destroyed and primary sclerosing cholangitis, inflammation of bile ducts 
coupled with structuring and sclerosis[40]. Both conditions contribute to cholestasis but more 
importantly, both involve inflammation. Therefore, LIN28A is suggested to play a critical role in tissue 
repair and inflammation or progression to cholangiocarcinoma. This is supported by in vitro studies 
showing that let-7 can regulate inflammatory processes by modulating expression of lipopolysaccharide 
(LPS) toll-like receptor of cholangiocytes[40], and mice with cholangiocarcinoma presenting with 
decreased let-7 and increased LIN28B instead[42].

Other liver diseases include non-alcoholic fatty liver disease (NAFLD), which is characterised by 
steatosis due to excessive consumption of sugar and fats or certain medications; and polycystic liver 
disease (PCLD), which encompasses autosomal dominant or recessive disorders occurring in association 
with polycystic kidney diseases[40]. In NAFLD, a primary inflammatory regulator is the NF-κB which 
has been correlated with an elevation of LIN28 Levels, which would decrease let-7 levels[43]. In PCLD, 
LIN28’s influence is hypothesised through two findings: The cholangiocytes in PCLD possessing the 
ability to undergo EMT and majority of miRNAs that were part of the let-7 family exhibited reduced 
expression in cystic cholangiocytes[40]. However, current literature does not elucidate LIN28’s roles and 
mechanisms in PCLD.

Neurological diseases
Parkinson’s disease is characterised by degeneration of the dopamine neurons in the midbrain’s 
substantia nigra that results in tremors and stiffness. In vitro, loss of LIN28A yielded neural stem cells 
with absent dopamine neurogenic potential and diminished repair capacity as well as more vulnerable 
dopamine neurons when exposed to toxic environments. This indicates loss of LIN28A affected 
development of healthy and properly functional dopamine neurons[44]. Hence, this loss is correlated 
with the pathogenesis involving degeneration of neurons. Next, Rett syndrome is characterised by loss-
of-function mutations in MECP2 that results in intellectual and motor impairments. Proteomic analyses 
revealed that LIN28 overexpression repressed astrocyte differentiation and decreased synapse 
formation. This leads to defects in glial differentiation and neuronal maturation, which in turn impairs 
neurodevelopment and hence, creates a dysfunctional nervous system[45].

THERAPEUTIC APPROACHES
Considering LIN28A’s various physiological functions and pathological roles, therapeutic approaches 
have been developed involving its pathways and pharmaceutical drugs. This review will focus on drugs 
or proteins that directly target LIN28A or those that target essential or related components in the 
LIN28/let-7 axis.

Cancer
With regard to LIN28A inhibitors, studies have investigated compounds such as 1632, TPEN, and L171. 
Firstly, 1632 prevented LIN28 from interacting with let-7, which in turn enables let-7 levels to rise to 
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avoid the occurrence of stem-like phenotype in cancer cells and it was found to diminish clonogenic 
activity, indicating decreased capacity for proliferation by tumour cells[46]. In vitro studies demonstrate 
1632’s ability to reduce tumour sphere formation, which correlates with reduced in vivo tumour 
formation and metastasis. Most importantly, 1632 does not appear to have instantaneous cytotoxic 
effects but rather selectively inhibit tumour-specific characteristics of cells[46].

Secondly, tristetraprolin (TTP) binds to the three prime untranslated region (3’ UTR) of LIN28A 
mRNA that stimulates its decay. As a result, the increased mature let-7 levels lead to suppression of 
CDC34 expression, which prevents unregulated cell cycle progression to curb the growth of cancer cells. 
Furthermore, expression of TTP has an inverse correlation with LIN28A levels in ovarian adenocar-
cinoma and human cancer cell lines including breast adenocarcinoma, erythroleukaemia, HCC, and 
neuron-committed teratocarcinoma[47].

Thirdly, compounds such as TPEN inhibits LIN28A’s ZKDs by chelating zinc ions to catalyse 
apoptosis in LIN28A-expressing stem cells while L171 directly binds to LIN28A’s CSDs to disrupt RNA 
binding and LIN28A-mediated oligouridylation of let-7[48]. Studies demonstrated that TPEN targeted 
LIN28-expressing mouse ESCs but non-LIN28-expressing HeLa cells as well while L171 was effective in 
LIN28-dependent human leukaemia cells and ESCs. However, TPEN’s zinc chelation is not specific to 
LIN28A so it could cause apoptosis in cells that do not express LIN28A and L171 has a low potency for 
its inhibitory effects so both compounds require improvements. Moreover, there have been other 
potential LIN28A inhibitors such as 5-(methylamino) nicotinic acid that could block LIN28-mediated 
oligouridylation and gossypol that is hypothesised to hinder growth of LIN28-expressing tumours by 
suppressing oncoproteins such as Bcl-1 and MSI1, but further research would need to be conducted into 
their mechanisms and efficacy[48].

LIN28A inhibitors such as C1632 can restore let-7–mediated downregulation of programmed death 
ligand-1 (PD-L1). PD-L1 is frequently overexpressed in cancer cells and is a mechanism through which 
these cells evade T-cell recognition of tumour-specific and enhance tumour progression. Furthermore, 
high expression levels of PD-L1 are associated with more malignant tumour subtypes and poor 
prognosis in patients. By restoring let-7 levels, C1632 can hamper tumour growth by hindering prolif-
eration of cancer cells and improve the immune surveillance[49]. Currently, C1632 treatment can 
suppress PD-L1 in antigen-presenting cells such as THP-1 macrophages, and elevate secretion of 
interferon gamma and tumour necrosis factor alpha to enhance their T-cell mediated anti-tumour 
activity[49].

In vitro studies involving treatment with C1632 did not seem to exhibit cytotoxic effects as significant 
increase in apoptosis was not observed. However, this does not necessarily translate to a therapeutically 
effective dose against cancer in humans. Interestingly, metformin and C1632 produce synergistic anti-
tumour effects in oral squamous cell carcinoma (OSCC). Studies suggest that metformin activates Dicer 
via the AMP-activated protein kinase pathway to enable maturation of let-7. Consequently, a decline in 
proliferative and migratory capacity of human OSCC cells in vitro (reduced closure of wound) and 
decline in tumour growth in vivo (reduced weight), without obvious signs of toxicity were observed
[50]. While this combined treatment is promising for a non-invasive treatment of OSCC, the side effects 
and immunoreactivity in humans are unclear so further testing is needed.

In addition, LIN28 expression has been positively correlated with aldehyde dehydrogenase (ALDH) 
levels, a marker of CSCs and particularly with a subpopulation of tumour cells that are ALDH 1 positive 
(ALDH1+)[51]. ALDHs could affect mechanisms in DNA repair and radioresistance and thus, contribute 
to carcinogenesis. Since LIN28 regulates and maintains the ALDH1+ cell population through the let-7 
pathway or a let-7 independent pathway through reprogramming factors such as OCT4, inhibiting 
LIN28 would diminish the tumour cell population. This could be carried out by either manipulating 
TUTase to increase let-7 or using nanoparticle-delivered LIN28 small interfering RNA or let-7.

In fact, research has explored nanobodies that can directly interact with a functional region on the 
TUT4 known as 106-reside LIN28: Let-7 interaction (LLI) fragment. These nanobodies can bind to the 
LLI fragments to interfere with the recruitment of TUTase and impeding LIN28-dependent (i.e. 
involving TUT4) oligouridylation of pre-let-7 microRNAs and LIN28-independent monouridylation of 
group II pre-let-7 microRNAs[51]. Hence, inhibition of TUT4 activity leads to elevated levels of mature 
let-7; countering the potential oncogenic implications of the LIN28/let-7 pathway.

Lastly, ubiquitin-specific protease 28 (USP28) is a deubiquitinase that removes polyubiquitin from 
proteins such as LIN28A to stop the proteasomal degradation, thereby stabilising and extending its half-
life. Studies indicate that USP28 augments LIN28A’s inhibitory and oncogenic function. The former 
function involves enhanced inhibition of let-7 while the latter function involves enhanced colony 
formation, cell migration and invasion, and cell anchorage-independent proliferation[52]. Moreover, 
USP28 is overexpressed in cancers such as colorectal cancer and non-small cell lung cancer. This can be 
attributed to USP28 stabilising proto-oncogenic factors such as MYC. Considering MYC can facilitate 
cancer cell proliferation, it is hypothesised that USP28 can influence the LIN28-mediated cancer cell 
proliferation as well[52]. Therefore, disrupting USP28 itself or targeting other proteins that regulate it 
could become a viable option for cancer therapy.
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Neuropathies
In optical neuropathies, retinal ischaemia-reperfusion (RIR) injury is characterised by expedited 
neuronal cell death due to lack of nutrients and oxygen as well as reactive oxygen species (ROS). 
Treatment with rasagiline and idebenone can utilise LIN28A’s inhibitory effects on caspase-3 to mitigate 
oxidative damage by ROS and apoptosis[53]. Next, these drugs can upregulate Dicer expression 
through the LIN28A/let-7 pathway, which enables cleavage of pre-miRNA into mature miRNA for 
optic neuroprotection and retinal development. Therefore, this combined treatment can alleviate RIR 
injury[53].

In auditory neuropathies, sensorineural hearing loss can be due to loss of auditory neurons. In vitro 
studies demonstrated that LIN28 overexpression activates basic helix-loop-helix (bHLH) transcription 
factors via let-7 inhibition and upregulates Sox2 and HMGA2, which leads to increased proliferation and 
reprogramming of inner ear glial cells into neurons[54]. Therefore, neuronal dedifferentiation and 
proliferation could possibly restore auditory function. These findings indicate the potential of LIN28A 
in cell replacement therapy.

CONCLUSION
Since its discovery, LIN28A has been found to regulate several physiological processes such as stem cell 
renewal and differentiation, tissue repair, and glucose metabolism through let-7 dependent and 
independent pathways. While downstream signalling pathways such as the insulin-Akt-mTor pathway 
and certain mRNA targets such as HMGA2 have been identified, the exact mechanisms have not been 
completely understood. Next, it remains unclear how these pathways eventuate in different and 
sometimes, contrasting effects in cell types. Pathologically, overexpression of LIN28A is generally 
correlated with poor prognosis in certain cancers, and negative outcomes in some biliary diseases and 
neuropathies. Consequently, therapeutic approaches have been developed, which either target LIN28A 
or other proteins which interact with LIN28A. By inhibiting LIN28A expression or function and 
manipulating its pathways, cellular proliferation and differentiation, and tissue repair can be regulated, 
which would especially be imperative in cancer therapy and tissue regeneration. However, further 
research is required before the efficacy of these approaches can be verified.
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Abstract
BACKGROUND 
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for 
the coronavirus disease 2019 (COVID-19) pandemic, which was initiated in 
December 2019. COVID-19 is characterized by a low mortality rate (< 6%); 
however, this percentage is higher in elderly people and patients with underlying 
disorders. COVID-19 is characterized by mild to severe outcomes. Currently, 
several therapeutic strategies are evaluated, such as the use of anti-viral drugs, 
prophylactic treatment, monoclonal antibodies, and vaccination. Advanced 
cellular therapies are also investigated, thus representing an additional thera-
peutic tool for clinicians. Mesenchymal stromal cells (MSCs), which are known for 
their immunoregulatory properties, may halt the induced cytokine release 
syndrome mediated by SARS-CoV-2, and can be considered as a potential stem 
cell therapy.

AIM 
To evaluate the immunoregulatory properties of MSCs, upon stimulation with 
COVID-19 patient serum.

METHODS 
MSCs derived from the human Wharton’s Jelly (WJ) tissue and bone marrow 
(BM) were isolated, cryopreserved, expanded, and defined according to the 
criteria outlined by the International Society for Cellular Therapies. Then, WJ and 
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BM-MSCs were stimulated with a culture medium containing 15% COVID-19 patient serum, 1% 
penicillin-streptomycin, and 1% L-glutamine for 48 h. The quantification of interleukin (IL)-1 
receptor a (Ra), IL-6, IL-10, IL-13, transforming growth factor (TGF)-β1, vascular endothelial 
growth factor (VEGF)-a, fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), 
and indoleamine-2,3-dioxygenase (IDO) was performed using commercial ELISA kits. The 
expression of HLA-G1, G5, and G7 was evaluated in unstimulated and stimulated WJ and BM-
MSCs. Finally, the interactions between MSCs and patients’ macrophages were established using 
co-culture experiments.

RESULTS 
Thawed WJ and BM-MSCs exhibited a spindle-shaped morphology, successfully differentiated to 
“osteocytes”, “adipocytes”, and “chondrocytes”, and in flow cytometric analysis were charac-
terized by positivity for CD73, CD90, and CD105 (> 95%) and negativity for CD34, CD45, and 
HLA-DR (< 2%). Moreover, stimulated WJ and BM-MSCs were characterized by increased 
cytoplasmic granulation, in comparison to unstimulated cells. The HLA-G isoforms (G1, G5, and 
G7) were successfully expressed by the unstimulated and stimulated WJ-MSCs. On the other hand, 
only weak expression of HLA-G1 was identified in BM-MSCs. Stimulated MSCs secreted high 
levels of IL-1Ra, IL-6, IL-10, IL-13, TGF-β1, FGF, VEGF, PDGF, and IDO in comparison to unstim-
ulated cells (P < 0.05) after 12 and 24 h. Finally, macrophages derived from COVID-19 patients 
successfully adapted the M2 phenotype after co-culturing with stimulated WJ and BM-MSCs.

CONCLUSION 
WJ and BM-MSCs successfully produced high levels of immunoregulatory agents, which may 
efficiently modulate the over-activated immune responses of critically ill COVID-19 patients.

Key Words: SARS-CoV-2; COVID-19; MSCs; Stem cell therapy; Cytokine storm; Immunomodulation

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Coronavirus disease 2019 (COVID-19) is responsible for the acute respiratory distress syndrome 
occurrence, a disorder that might prove life-threatening for a great number of hospitalized patients. As an 
alternative to the already evaluated therapeutic protocols, mesenchymal stromal cells (MSCs) can be 
evaluated as a potential stem cell therapy. MSCs exert key immunoregulatory properties, either through 
direct or indirect contact. In the current study, stimulated Wharton’s Jelly and bone marrow-MSCs 
produced high levels of anti-inflammatory cytokines and growth factors and also efficiently performed the 
M2 phenotype switch of macrophages. Considering this data, MSCs could be considered as a valuable 
stem cell therapy for better COVID-19 management.

Citation: Mallis P, Chatzistamatiou T, Dimou Z, Sarri EF, Georgiou E, Salagianni M, Triantafyllia V, Andreakos E, 
Stavropoulos-Giokas C, Michalopoulos E. Mesenchymal stromal cell delivery as a potential therapeutic strategy 
against COVID-19: Promising evidence from in vitro results. World J Biol Chem 2022; 13(2): 47-65
URL: https://www.wjgnet.com/1949-8454/full/v13/i2/47.htm
DOI: https://dx.doi.org/10.4331/wjbc.v13.i2.47

INTRODUCTION
Coronavirus disease 2019 (COVID-19), which is caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), was initially reported in Wuhan, China in 2019[1-3]. Currently, it is 
believed that the zoonotic transmission of SARS-CoV-2 initiated from a local wild animal market in 
Wuhan. Due to the fast global transmission οf SARS-CoV-2, the World Health Organization (WHO) 
declared on January 2020 the COVID-19 as a Public Health Emergency of International Concern 
(PHEIC), followed by an upgrade to pandemic status on March 11 of the same year[4,5].

Now, COVID-19 represents a major global issue, counting more than 281484620 total cases and more 
than 5409113 fatalities, since the initial outbreak[6]. Indeed, the COVID-19 pandemic has spread in more 
than 220 countries[6,7]. Accurate date regarding the worldwide spread of COVID-19 can be provided by 
global monitoring platforms such as Johns Hopkins University Coronavirus Research Center[6].

SARS-CoV-2 affects primarily the respiratory system (upper and lower respiratory tract), followed by 
infection of multiple organs (e.g., the liver, kidney, intestine, and heart)[8]. The clinical manifestations of 
SARS-CoV-2 include: (1) Initial mild symptoms, such as cough, fever, fatigue, and general malaise; (2) 
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moderate symptoms, such as pneumonia and low oxygen levels; and (3) severe symptoms, including 
the acute respiratory distress syndrome, cytokine release syndrome, and multiorgan failure[8,9]. 
COVID-19 is currently characterized by an average mortality rate of less than 6% globally; however, in 
patients aged above 65 years old or patients with significant underlying disorders, the mortality rate is 
increasing dramatically[6,10,11]. Currently, it has been reported that the transmission of SARS-CoV-2 
between healthy individuals can be performed through three main ways: (1) Contact transmission with 
SARS-CoV-2 positive subjects; (2) droplet; and (3) aerosol transmission. The latter might explain the fast 
transmission of SARS-CoV-2 globally[12].

The entry of SARS-CoV-2 to the host cells is mediated through the connection between the spike (S) 
protein and the angiotensin-converting enzyme (ACE) II receptor[8-12]. A second receptor named 
transmembrane protease serine 2 (TMPRSS2) favors the priming of the S protein and is implicated in the 
viral entry process[8-12]. After its entrance, SARS-CoV-2 is starting to multiply its virion to infect more 
cells. In this case, the host’s immune system may recognize the SARS-CoV-2[8-12]. This can result in the 
local release of interferons, activation of immune cells (such as macrophages, dendritic cells [DCs], 
natural killer [NK] cells, and T and B lymphocytes), and finally virus clearance[8-12]. However, in case 
of escaping from the immune surveillance and recognition mechanisms, SARS-CoV-2 can induce severe 
pneumonia[13]. SARS-CoV-2 pathophysiology is related to the alveolar epithelial cell damage, which 
could result in ground-glass opacity of the lungs[14]. The latter is mediated mainly by the stimulated T 
helper (Th) 1, 2, and Th17 cells[13]. Critically ill patients are characterized by increased levels of several 
cytokines including IL-2, IL-6, IL-7, G-CSF, IP10, MCP1, MIP1A, and TNF-α, a situation which is also 
known as “cytokine storm”[13,15]. These patients are characterized by lymphopenia, thrombocytopenia, 
NK cell reduction, respiratory failure, and multi-organ injury (e.g., cardiac and lung fibrosis)[16].

To date, several therapeutic strategies, which can ameliorate the above manifestations, have been 
proposed and used in the clinical setting[17]. Among them, antimalarial drugs such as hydroxy-
chloroquine or chloroquine, doxycycline, corticosteroids, monoclonal antibodies against IL-6, and 
convalescent plasma antibodies have been applied in COVID-19 patients with different effectiveness 
results[17,18]. In this way, the prevention of SARS-CoV-2 transmission through the vaccination program 
may represent the best option against this pandemic. However, there are still a great number of patients 
that are hospitalized or require the intensive care unit, accompanied by connection to extracorporeal 
membrane oxygenation.

Considering the great prevalence of COVID-19, more therapeutic strategies targeting the aberrant 
host immune responses must be evaluated. One such therapeutic intervention with potential benefit for 
critically ill patients may be the utilization of mesenchymal stromal cells (MSCs)[19,20].

MSCs are non-hematopoietic stem cells with great immunoregulatory/immunosuppressive abilities. 
MSCs represent a mesodermal multipotent stem cell population, which initially was discovered in bone 
marrow (BM) aspirate samples by Bianco et al[21]. Currently, MSCs can be obtained from various 
sources of the human body, including the liver, lungs, adipose tissue (AT), umbilical cord blood, 
placenta, and umbilical cord tissue (Wharton’s Jelly [WJ] tissue)[22]. Based on the proposed guidelines 
of the MSC Committee of the International Society for Cell and Gene Therapy (ISCT), MSCs must fulfill 
specific criteria[23,24]. Briefly, MSCs must exhibit: (1) Plastic-adhesion ability (spindle-shaped cells); (2) 
tri-lineage differentiation towards “osteocytes”, “chondrocytes”, and “adipocytes” under defined 
conditions; and (3) specific immunophenotype[23,24]. Interestingly, MSCs are characterized by positive 
and negative expression of specific cell surface markers (clusters of differentiation [CDs]). More than 
95% of MSCs express CD73 (5’-nucleotidase), CD90 (Thy-1 antigen), and CD105 (endoglin), and < 2% 
express CD34 (hemopoietic stem cell marker), CD45 (pan-lymphocyte antigen), HLA-DR (HLA class II 
molecules), CD11b (macrophage marker), and CD19 (B-lymphocyte marker)[23,24].

Also, MSCs are considered as immune-evasive stem cells and thus cannot be recognized by the 
immune cells, e.g., macrophages and T and B cells[25,26]. Intriguingly, the immune evasion of MSCs is 
elicited mainly by the lack of HLA class II molecules and costimulatory molecules such as CD80, CD86, 
CD40, and CD40 ligand[25,26].

Besides, according to the proposed guidelines by the ISCT, MSCs from different sources are charac-
terized by variable functional properties. Indeed, fetal MSCs (e.g., derived from amniotic fluid, placenta, 
and WJ tissue) may have significant differences in terms of proliferation and differentiation efficiency, 
telomere length, and telomerase activity, compared to adult MSCs (e.g., adipose tissue and bone 
marrow)[22,27-29]. Also, it has been shown that fetal MSCs are characterized by better immunoregu-
latory/immunosuppressive properties and have acquired less mutagenic or epigenetic changes to their 
genome, in comparison to MSCs derived from adult sources[22,27-29].

MSCs are known for their immunoregulatory properties, mediated either through the cell-cell contact 
mechanisms or through the secretion of bioactive molecules[30]. MSCs have broad effects on the cells of 
innate and adaptive immunity. Specifically, MSCs can orchestrate the phenotype switching from 
proinflammatory M1 to anti-inflammatory M2 macrophages, promote the production of tolerogenic 
DCs, and induce T and B cell inhibition[31]. These functions can be mediated either through direct 
contact of MSCs with the immune cells and activation of cell signaling pathways (promoted after cell 
contact interactions) such as Fas/Fas ligand, TNF-α/TNF-R, PD-L1/PD-1, and HLA-G, or through the 
release of specific molecules, e.g., indoleamine-2.3-dioxygenase (IDO), nitric oxide (NO), galectins, and 
the soluble forms of HLA-G (HLA-G5-G7)[31]. Currently, MSCs have been utilized in over 80 clinical 



Mallis P et al. Potential application of MSCs in COVID-19

WJBC https://www.wjgnet.com 50 March 27, 2022 Volume 13 Issue 2

trials for COVID-19, registered to the international database clinicaltrials.gov (www. clinicaltrials.gov)
[32,33]. In the majority of the studies, the safety and efficiency of the infused MSCs have been well 
evaluated[32-37]. However, in those studies, the exact interplay between MSCs and hyper-stimulated 
immune cells in COVID-19 patients has not been satisfactorily explained.

Furthermore, due to the mesodermal lineage differentiation capacity of MSCs, these cells may exert 
beneficial tissue regeneration of the damaged tissue. The pathogenesis of COVID-19 involves the injury 
of the alveolar epithelium, which further may induce lung fibrosis, a state which is known as ground 
glass opacity. MSCs can either be differentiated to endothelial and epithelial cells or can direct the 
differentiation of epithelial and endothelial progenitor cells, through a paracrine manner. MSCs can 
exert both immunoregulatory properties and tissue regeneration abilities, and therefore, their use as an 
alternative therapeutic strategy in critically-ill COVID-19 patients must be strongly considered by the 
physicians.

Therefore, the aim of the current study was focused on the in vitro evaluation of the immunoregu-
latory properties of MSCs, upon stimulation with serum obtained from critically ill COVID-19 patients. 
COVID-19 patient serum is characterized by high levels of pro-inflammatory cytokines, which can 
stimulate efficiently the MSCs under in vitro conditions. This assessment was performed in 
cryopreserved MSCs derived from WJ and BM samples. In this way, the discrepancy in the key 
immunoregulatory properties between WJ and BM-MSCs may be revealed. The obtained data may give 
fundamental insights into the beneficial effects of MSCs in tolerating the overactivated immune 
responses. Furthermore, the MSCs from both sources may be proven to be a satisfactory cell therapy, 
ameliorating the manifestations of COVID-19.

MATERIALS AND METHODS
Isolation, expansion, and cryopreservation of WJ-MSCs
WJ-MSCs were isolated from the human umbilical cords (hUCs) that were delivered to Hellenic Cord 
Blood Bank (HCBB). In the current study, hUCs (n = 10) derived from full-term (gestational ages 38-40 
wk) normal and caesarian deliveries, were used for the isolation of the WJ-MSCs. All hUCs were 
accompanied by informed consent, which was in accordance with the declaration of Helsinki and 
conformed with the ethical standards of the Greek National Ethical Committee. The informed consent 
was provided by the mothers, few days before the delivery. The overall study has received approval 
from the Institution’s ethical board (Reference No. 1754, January 21, 2021). After the delivery of the 
hUCs to the HCBB, the samples were processed immediately for MSCs isolation. Initially, the hUCs 
were rinsed in excess 1 × phosphate buffer saline (PBS, Sigma-Aldrich, Darmstadt, Germany), to remove 
any blood clots. Then, isolation of WJ tissue was performed with the use of sterile instruments. The 
isolated WJ tissue was dissected into small pieces (0.3 cm × 0.3 cm) and placed in a 6-well culture plate 
(Costar, Corning Life, Canton, MA, United States). Finally, 1 mL of complete culture medium was 
added to each well, and the cultures were transferred to an incubator at 37 °C in an atmosphere 
containing 5% CO2, for a time period of 18 d. After 18 d of cultivation, the cultures were microscopically 
checked and in case of cell confluency near to 80% (in each well), the MSCs were trypsinized (Trypsin-
EDTA solution 0.25% w/v, Gibco, Thermo Fisher Scientific, Waltham, United States) and placed to a 75 
cm2 tissue culture flask. The WJ-MSCs were grown in the cell cultures until reaching passage (P) 3. 
Then, WJ-MSCs at P3 were detached from the flasks and centrifuged at 500 g for 6 min, and the cell 
pellet was cryopreserved using the Bambanker solution (Nippon Genetics, Duren, Germany) into 1.8 
mL cryotubes. Finally, the cryotubes were placed into a Mr. Frosty freezing container (Thermo Fisher 
Scientific), ensuring the control rate freezing (1 oC/min) of the cells. The cryotubes were transferred to a 
liquid nitrogen tank at -196 °C for a time period of 6 mo.

The complete culture medium used in the whole study consisted of α-minimum essentials medium (α
-MEM, Sigma-Aldrich) supplemented with 15% fetal bovine serum (FBS, Sigma-Aldrich), 1% v/v 
penicillin-streptomycin (P-S, Sigma Aldrich), and 1% v/v L-glutamine (L-Glu, Sigma Aldrich).

Isolation, expansion and cryopreservation of BM-MSCs
ΒΜ-MSCs (n = 10) were isolated from donor samples, after obtaining the signed informed consent for 
the current study. BM-MSCs were isolated accordingly. Ten milliliters of BM was transferred to 75 cm2 
tissue cultured flasks supplemented with the complete culture medium. The BM cell cultures were 
placed in an incubator at 37 °C in an atmosphere containing 5% CO2 for a time period of 10 d. BM-MSCs 
were microscopically checked for their morphology and confluency, followed by passaging to 175 cm2 
tissue culture flasks. The BM-MSCs were grown in the cell cultures until reaching P3. Then cryopreser-
vation of BM-MSCs was performed (in the same way as mentioned above). Finally, the cryotubes 
remained in the liquid nitrogen tank for a time period of 6 mo.

Thawing procedure of WJ and BM-MSCs
The thawing procedure of MSCs from both sources involved their quick transfer from -196 °C to a water 
bath at 37 °C (Memmert, Germany). Then, thawed MSCs of each cryotube were transferred to 50 mL 
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conical falcon tubes (Costar, Corning Life) with the addition of 30 mL 1 × PBS (Sigma-Aldrich), followed 
by centrifugation at 500 g for 6 min. Finally, the MSCs were placed to 75 cm2 cell culture flasks (Costar, 
Corning Life) with 14 mL of complete culture medium, and remained until further processing.

Characterization of WJ and BM-MSCs
Following the criteria of the ISCT, the WJ and BM-MSCs were evaluated for their quality characteristics. 
The quality check of the WJ and BM-MSCs at P3 involved: (1) Microscopic examination; (2) evaluation 
of differentiation capacity into “osteocytes”, “adipocytes”, and “chondrocytes”; and (3) flow cytometry 
analysis for the evaluation of specific CDs expression.

Morphological assessment of WJ and BM-MSCs was performed using an inverted light microscope 
(Leica DM L2, Leica, Microsystems, Weltzar, Germany) and images were acquired with IC Imaging 
Control (The ImagineSource, Bremen, Germany) and processed with Image J (v1.533, National Institute 
of Health, United States).

The ability of MSCs from both sources to differentiate to “osteocytes”, “adipocytes”, and 
“chondrocytes” was evaluated. For this purpose, the StemPro Osteogenesis, Adipogenesis, and 
Chondrogenesis kits (Thermo Fischer Scientific) were used, according to the manufacturer’s 
instructions. To validate their successful differentiation, histological analysis with the use of specific 
stains was performed. Alizarin Red S, Oil Red O, and Alcian Blue (Sigma-Aldrich) were applied for the 
evaluation of calcium deposition, lipid droplet, and glycosaminoglycans (sGAGs) production, 
respectively.

Determination of the MSCs’ immunophenotype was performed using a panel of 15 monoclonal 
antibodies, using the FACS Calibur (BD Biosciences, Franklin Lakes, NJ, United States). Specifically, 
fluorescein (FITC) labeled antibodies against CD90, CD45, CD29, CD31, and HLA-ABC, phycoerythrin 
(PE) labeled antibodies against CD44, CD3, CD11b, and CD34, peridinin-chlorophyll-protein (PerCP) 
labeled antibodies against CD105 and HLA-DR, and allophycocyanin (APC) labeled antibodies against 
CD73, CD10, and CD340 were used. All monoclonal antibodies were purchased from Becton Dickinson 
(BD biosciences). For each tube, on average 10000 total events were acquired. Complete flow cytometric 
analysis was performed with FlowJo v10 (BD biosciences).

Stimulation of WJ and BM-MSCs with COVID-19 patient serum
Stimulation of WJ-MSCs (n = 10) and BM-MSCs (n = 10) was achieved using a culture medium supple-
mented with COVID-19 patient serum (COVID-19 culture medium) obtained from five critically ill 
patients. These critically ill patients (n = 5) exhibited moderate to severe symptoms and had pneumonia 
which was confirmed by radiological findings. The COVID-19 patients fulfilled the following criteria: (1) 
Respiratory distress (≥ 30 breaths/min); (2) low oxygen levels (≤ 93% at rest); and (3) arterial partial 
pressure of oxygen (PaO2)/fraction of inspired oxygen (FiO2) ≤ 300 mmHg with no other organ failure. 
All patients were acquired from the 2nd Respiratory Clinic of “Sotiria” General Chest Diseases Hospital, 
Athens, Greece. All patients were informed and provided informed consent for the current study.

Thawed WJ and BM-MSCs at a density of 150 × 103 cells/well were placed in 6-well plates with 1 mL 
of COVID-19 culture medium and incubated for a time period of 48 h. Then, removal of the culture 
medium was performed, followed by extensive washes with 1 × PBS. Finally, α-ΜΕΜ (Sigma-Aldrich) 
supplemented with 1% v/v P-S (Sigma-Aldrich) was added and remained until cytokine and growth 
factor quantification analysis was performed. COVID-19 medium consisted of α-MEM (Sigma-Aldrich) 
supplemented with 15% v/v COVID-19 patient serum and 1% v/v P-S (Sigma-Aldrich).

Characterization of stimulated MSCs
Stimulated MSCs from both sources were evaluated for their morphological features. For this purpose, 
stimulated MSCs were observed using an inverted light microscope (Leica DM L2, Microsystems), and 
images were acquired with IC Imaging Control (The Imagine Source) and processed with Image J 
(v1.533, National Institute of Health, United States). Furthermore, cell viability and number were 
measured in unstimulated and stimulated MSCs. To perform this evaluation, cell counting and viability 
estimation were performed using trypan blue dye. The measurement was performed in the automated 
Cell Countess system (Thermo Fischer Scientific).

Immunophenotype evaluation was also performed in MSCs before and after the stimulation with 
COVID-19 patient serum. Immunophenotype analysis was performed using an antibody panel 
consisting of antibodies against CD73, CD90, CD105, CD29, CD340, CD45, and HLA-DR. The whole 
process was performed as described in the previous section (Characterization of WJ and BM-MSCs).

Cytokine and growth factor quantification analysis
The cytokine and growth factor profile of stimulated WJ and BM MSCs was performed using ELISA. 
Specifically, IL-1 receptor antagonist (RA), IL-6, IL-10, and IL-13 and transforming growth factor (TGF)-
β1, vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF)-1, platelet-derived growth 
factor (PDGF), and IDO were evaluated in unstimulated and stimulated MSCs. The quantification of 
cytokines and growth factors was performed after 12 and 24 h (after the addition of α-MEM with 1% 
v/v P-S, Sigma-Aldrich). All assays were performed according to the manufacturer’s instructions and 
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the final concentration was estimated through interpolation to the standard curve.

Evaluation of HLA-G mRNA expression in stimulated MSCs
Evaluation of the HLA-G expression was performed in unstimulated (n = 3) and stimulated MSCs 
derived either from the WJ (n = 3) or BM (n = 3). Briefly, the mRNA from the aforementioned MSCs was 
isolated using the TRI reagent (Sigma-Aldrich) following the manufacturer’s instructions. Then, the 
mRNA was quantified and 800 ng was used for the performance of reverse transcription (RT)-
polymerase chain reaction (PCR). Complementary DNA (cDNA) was used as a template and amplified 
using the primers listed in Table 1. The PCR was performed on Eppendorf Master Cycler (Eppendorf, 
Hamburg, Germany), involving the following steps: (1) Initial denaturation at 95 °C for 15 s; (2) 
denaturation at 94 °C for 30 s; (3) annealing at 60–61 °C for 90s; and (4) extension at 72 °C for 3 min. The 
current program involved a total of 35 cycles. The PCR products were analyzed by 1% v/v agarose gel 
electrophoresis (Biorad, California, United States). Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) was used as an internal housekeeping gene for the evaluation of the results.

Evaluation of HLA-G protein expression 
Evaluation of HLA-G expression was performed using the flow cytometric and immunofluorescence 
assays. The indirect immunofluorescence assay was performed in unstimulated MSCs (n = 3/from each 
source) and stimulated WJ (n = 3) and BM-MSCs (n = 3). MSCs were placed at a density of 2 × 104 on 
culture slides (Costar, Corning Life). When confluency was observed, the cells were exposed to 10% v/v 
neutral formalin (Sigma-Aldrich) for 20 min and fixed. Initially, antigen epitope retrieval was applied in 
all samples, followed by blocking and addition of primary monoclonal antibody against human HLA-G 
(1:1000, Catalog MA1-10359, Thermo Fisher Scientific). Extensive washes were performed and the 
secondary FITC-conjugated mouse IgG antibody (1:100, Sigma-Aldrich) was added. DAPI (Thermo 
Fisher Scientific) was used to stain nuclei. The slides were mounted and observed under a fluorescence 
microscope. Images were acquired with LEICA SP5 II microscope equipped with LAS Suite v2 software 
(Leica, Microsystems).

Isolation of peripheral blood mononuclear cells and macrophage differentiation
The isolation of human peripheral blood mononuclear cells (PBMCs) was performed from critically ill 
COVID-19 patients (n = 5). Specifically, 10 mL of peripheral blood was diluted (1:1) with 1 × PBS 
(Sigma-Aldrich) and placed carefully on the top of Ficoll (Sigma-Aldrich). Then, centrifugation was 
performed at 450 g for 30 min. PBMCs layer was isolated and placed in a different conical tube, where 
10 mL of 1 × PBS (Sigma-Aldrich) was added. Then, centrifugation at 350 g for 5 min was performed. 
Finally, the CD14+ cells were separated with negative selection using the human CD14+ cell enrichment 
(Stem Cell Technologies) according to the manufacturer’s instructions.

The isolated monocytes were submitted to macrophage differentiation. Monocytes at a density of 1 × 
105/well were added to 24-transwell (bottom) plates with 1 mL of α-MEM supplemented with 1% v/v 
L-Glu, 1% v/v P-S, and 100 ng/ ml granulocyte-macrophage colony-stimulating factor (GM-CSF). The 
differentiation process lasted 9 d, and the medium was changed twice a week.

Co-culture of stimulated MSCs with macrophages
After macrophage differentiation from the patient’s PBMCs, co-culturing experiments with the 
stimulated WJ (n = 5) and BM-MSCs (n = 5) were performed. This set of experiments was performed 
using 24 trans-well plates (Costar, Corning Life) coupled with 3 μm pores. Unstimulated (n = 5) and 
stimulated WJ (n = 5) or BM-MSCs (n = 5) at a density of 5 × 104/well were placed on the top, while 
patient’s macrophages were placed on the bottom of the trans-well plates. Finally, 1 mL of regular 
culture medium was added to each well, and the trans-wells placed were transferred to an incubator at 
37 °C in an atmosphere containing 5% CO2 for 10 d. The change of the medium was performed once a 
week. The cultures were observed under an inverted light microscope (Leica DM L2, Microsystems). 
The images were acquired with IC Imaging Control (The ImagineSource) and processed with Image J 
(v1.533, National Institute of Health, United States). Also, flow cytometry analysis, to determine the 
macrophage phenotype switch from M1 to M2, was performed using the markers CD14-PE, CD45-FITC, 
CD11b-PE, CD29-FITC, and CD163-PerCP. All monoclonal antibodies were purchased from Becton 
Dickinson (BD biosciences). For each tube, on average 10000 total events were acquired. Complete flow 
cytometric analysis was performed with FlowJo v10 (BD biosciences).

Statistical analysis
Statistical analyses were performed using the statistical software GraphPad Prism v 6.01 (GraphPad 
Software, San Diego, CA, United States). All comparisons in the current study were performed by the 
unpaired non-parametric Kruskal–Wallis test. Statistically significant difference between group values 
was considered when the P value was less than 0.05. Values are presented as the mean ± SD.
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Table 1 Primer sequences used in the current study

Gene Forward Reverse Size
HLA-G1 AGGAGACACGGAACACCAAG CCAGCAACGATACCCATGAT 685

HLA-G5 AACCCTCTTCCTGCTGCTCT GCCTCCATCTCCCTCCTTAC 895

HLA-G7 AACCCTCTTCCTGCTGCTCT TTACTCACTGGCCTCGCTCT 331

GAPDH AAGGGCCCTGACAACTCTTT CTCCCCTCTTCAAGGGGTCT 244

RESULTS
Evaluation of WJ and BM-MSCs characteristics
Prior to stimulation of cells with the culture medium containing COVID-19 patient serum, thawed WJ 
and BM-MSCs were comprehensively evaluated for their characteristics. MSCs from both sources were 
characterized as plastic adherent spindle-shaped cells with a few cytoplasmic vacuoles (Figure 1A and 
Supplementary Figure 1). Successful differentiation of MSCs to “osteocytes”, “adipocytes”, and 
“chondrocytes” was confirmed using specific histological stains. Specifically, Alizarin red S and oil red 
O stained positively the calcium deposits and oil-droplets, produced from WJ and BM-MSCs, 
respectively. Further characterization of MSCs involved the immunophenotypic evaluation, using the 
flow cytometry analysis. WJ and BM-MSCs shared similar size features (Figure 1B and C). On the other 
hand, BM-MSCs were characterized by increased cytoplasmic granulation and therefore greater forward 
to side scatter ratio, compared to WJ-MSCs (Figure 1B). Over 95% of both WJ and BM-MSCs expressed 
the CD73, CD90, CD105, CD10, CD29, and CD340, while less than 2% expressed CD34, CD45, HLA-DR, 
CD11b, and CD31(Figure 1C and Supplementary Table 1). The only discrepancy in CDs expression 
between WJ and BM-MSCs was found in HLA-ABC. Specifically, over 75% of WJ-MSCs expressed the 
HLA-ABC, while over 90%of BM-MSCs expressed the same marker (Figure 1C and Supplementary 
Table 1). Thawed MSCs from both sources retained successfully their morphological and immunophen-
otypic characteristics until reaching P4, and hence can be considered as well-defined MSCs, which can 
efficiently be used in the current study.

Evaluation of stimulated WJ and BM-MSCs characteristics
After the initial evaluation of WJ and BM-MSCs characteristics, stimulation with patient-derived 
COVID-19 serum was performed. WJ and BM-MSCs were exposed to culture medium containing 
COVID-19 patient serum for 48 h, followed by morphological, immunophenotypic, and molecular 
evaluations (Figure 2A). Morphological analysis using an inverted light microscope showed the preser-
vation of the fibroblastic-like morphology of stimulated MSCs from both sources. Moreover, stimulated 
WJ and BM-MSCs exhibited increased cytoplasmic granulation, compared to unstimulated MSCs 
(Figure 2B). After 48 h of incubation with COVID-19 culture medium, the total cell number of 
stimulated WJ and BM-MSCs was 4.8 ± 0.4 × 105 and 3.5 ± 0.2 × 105, respectively (Supplementary 
Table 2). The initial cell number of WJ and BM-MSCs was 3.1 ± 0.1 × 105 (for both cell sources). A statist-
ically significant difference was found in cell numbers between unstimulated and stimulated WJ and 
BM-MSCs (P < 0.001, Supplementary Table 2). The viability rate of unstimulated WJ and BM-MSCs was 
94 ± 1% and 93 ± 2%, respectively, while stimulated MSCs presented similar viability rates (Figure 2C). 
Further characterization of stimulated MSCs involved the immunophenotypic analysis. Stimulated WJ 
and BM-MSCs exhibited increased cytoplasmic granulation, thus confirming further the initial morpho-
logical evaluation (Figure 2D). No statistically significant alteration in CD expression was observed 
between stimulated and unstimulated WJ and BM-MSCs. Specifically, in unstimulated and stimulated 
MSCs obtained from both sources, > 95% of the cells expressed CD73, CD90, CD105, CD29, and CD340, 
while < 2% expressed CD45 and HLA-DR (Figure 2D). A detailed description of the CD marker 
expression in unstimulated and stimulated WJ and BM MSCs is provided as supplementary data 
(Supplementary Table 3).

Additional analysis involved the evaluation of the HLA-G expression in stimulated MSCs. For this 
purpose, RNA was isolated from unstimulated and stimulated MSCs, followed by the performance of 
RT-PCR and PCR. Finally, the PCR products were analyzed by agarose gel electrophoresis. In this 
study, the HLA-G1, G5, and G7 isoforms were determined. WJ-MSCs successfully expressed the HLA-G 
isoforms. Specifically, unstimulated WJ MSCs expressed the cytoplasmic HLA-G1 and the soluble forms 
of HLA-G5 and HLA-G7 (Figure 2E). Stimulated WJ-MSCs were characterized by elevated expression of 
the above HLA-G isoforms. On the contrary, BM-MSCs (unstimulated and stimulated) expressed only 
the HLA-G1 (Figure 2E). These results were further confirmed by indirect immunofluorescence. 
Stimulated WJ-MSCs exhibited higher expression of the HLA-G1 compared to the unstimulated cells 
(Figure 2F). On the other hand, BM-MSCs exhibited a weak fluorescence signal regarding the HLA-G1 
(Figure 3F).

https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
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Figure 1 Evaluation of characteristics of Wharton’s Jelly and bone marrow-mesenchymal stromal cells. A: Morphological characteristics of 
mesenchymal stromal cells (MSCs) derived from Wharton’s Jelly (WJ) tissue and bone marrow (BM). MSCs from both sources were characterized as spindle-shaped 
cells with a few internal vacuoles. Both WJ and BM-MSCs were successfully differentiated to “osteocytes”, “adipocytes”, and “chondrocytes”. White squares and black 
squares indicate the presence of calcium deposits and oil droplets, respectively. Black and orange arrows indicate the differentiated and undifferentiated state, 
respectively. a and e: Original magnification 20 ×, scale bars = 50 μm; b-d and f-h: Original magnification 10 ×, scale bars = 100 μm; B: Unlabeled WJ and BM-MSCs; 
C: Evaluation of CD marker expression by WJ and BM-MSCs. BM: Bone marrow; MSCs: Mesenchymal stromal cells; WJ: Wharton’s Jelly.

Quantification of cytokines and growth factors
The next step of the current study involved the examination of the effect of inflammatory stimuli on the 
release of the immunosuppressive cytokines and growth factors by the WJ and BM-MSCs. Stimulated 
MSCs from both sources were evaluated for the cytokine secretion including IL-1Ra, IL-6, IL-10, and IL-
13, growth factor production including TGF-b1, FGF, VEGF, and PDGF, and the release of the 
immunosuppressive agent IDO. The secretion of the aforementioned factors was evaluated after 12 and 
24 h, from the initial activation of MSCs with COVID-19 culture medium. The results of this study 
indicated an increase in the release of the immunoregulatory agents compared to the unstimulated cells 
after 12 and 24 h (Figure 3). Specifically, after 8 h from the initial activation, the levels of IL-1RA, IL-6, 
IL-10, and IL-13 were 924 ± 100, 66 ± 11, 195 ± 51, and 174 ± 23 pg/mL for the stimulated WJ-MSCs, 
respectively, and 432 ± 162, 33 ± 16, 88 ± 24, and 132 ± 24 pg/mL for the stimulated BM-MSCs, 
respectively (Figure 3A-D, Supplementary Table 4). After 24 h, the levels of the same cytokines were 407 
± 57, 44 ± 7, 103 ± 14, and 114 ± 5 pg/mL for the stimulated WJ-MSCs, respectively, and 235 ± 50, 21 ± 4, 
71 ± 8, and 79 ± 14 pg/mL for the stimulated BM-MSCs, respectively (Figure 4A-D, Supplementary 
Table 5). Statistically significant differences were found in cytokine release after 12 and 24 h between 
stimulated and unstimulated MSCs (P < 0.05) and also between stimulated WJ and BM-MSCs (P < 0.05). 
In the same way, the levels of TGF-b1, FGF, VEGFA, and PDGF after 8h of activation for the stimulated 
WJ-MSCs were 955 ± 210, 1048 ± 82, 801 ± 143 and 941 ± 107 pg/mL, respectively, and for stimulated 
BM-MSCs were 840 ± 43, 995 ± 88, 790 ± 108, and 826 ± 145 pg/mL, respectively (Figure 3E-H, 
Supplementary Table 4). After 24 h, the levels of the above growth factors for the stimulated WJ-MSCs 
were 813 ± 140, 669 ± 84, 646 ± 102, and 754 ± 74 pg/mL, respectively, and for the stimulated BM-MSCs 
were 653 ± 182, 627± 107, 585 ± 55, and 672 ± 108 pg/mL, respectively (Figure 4E-H, Supplemen-
tary Table 5). Finally, the levels of the immunosuppressive agent IDO after 12 and 24 h from the initial 
activation for the activated WJ-MSCs were 1228 ± 92 and 835 ± 77 pg/mL and for stimulated BM-MSCs 
were 1152 ± 80 and 674 ± 100 pg/mL, respectively (Figures 3I and 4I, Supplementary Tables 4 and 5). A 
detailed description regarding the levels of all immunomodulatory agents derived from unstimulated 
and stimulated WJ and BM-MSCs is provided in Table S4.

https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
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Figure 2 Comprehensive characterization of characteristics of stimulated Wharton’s Jelly and bone marrow mesenchymal stromal cells. 
A: Experimental workflow; B: Morphological analysis of characteristics of unstimulated and stimulated Wharton’s Jelly (WJ) and bone marrow-mesenchymal stromal 
cells (BM-MSCs). Original magnification 20 ×, scale bars = 50 μm; C: Determination of cell proliferation and viability. Statistically significant differences were observed 
in cell proliferation between stimulated and unstimulated WJ-MSCs (P < 0.05) and stimulated and unstimulated BM-MSCs (P < 0.05). No statistically significant 
difference was observed in cell viability either in an unstimulated or stimulated state (P = 0.873); D: Immunophenotypic analysis of stimulated and unstimulated WJ 
and BM-MSCs. Over 95% of WJ and BM-MSCs in both states expressed CD73, CD90, CD105, CD29, and CD340, and less than 2% expressed CD34 and CD45; E: 
Determination of HLA-G isoforms (HLA-G1, G5, and G7) in unstimulated and stimulated MSCs from both sources; F: Indirect immunofluorescence against HLA-G1 in 
combination with DAPI stain was performed on unstimulated and stimulated WJ and BM-MSCs. Original magnification 63 ×, scale bars = 10 μm. BM: Bone marrow; 
MSCs: Mesenchymal stromal cells; WJ: Wharton’s Jelly.

Evaluation of macrophage polarization
To investigate the ability of WJ and BM-MSCs in inducing an anti-inflammatory phenotype in 
macrophages obtained from COVID-19 patients, co-culturing experiments were performed. Briefly, the 
isolated CD14+ monocytes from PBMCs were induced to differentiate into M1 macrophages in the 
presence of GM-CSF. Over 90% of differentiated cells expressed CD11b in flow cytometry analysis, a 
typical macrophage marker. Then, stimulated WJ and BM-MSCs were added to the top of the transwell 
plates, while the differentiated macrophages were placed in the bottom of the plate. Initially, 
macrophages were characterized by a round-shape morphology, which is a typical feature of the M1 
phenotype. After 9 d of co-culturing, shapeshift of macrophages was observed with the use of an 
inverted light microscope (Figure 5). Specifically, macrophages exhibited a spindle-shaped morphology, 
a common characteristic of the M2 phenotype. In addition, flow cytometry analysis showed an increase 
in the integrin b1 subunit (CD29) and the scavenger receptor (CD163) expression in macrophages after 9 
d of co-culturing either with WJ or BM-MSCs (Supplementary Table 6). Statistically significant 
differences regarding the CD29 and CD163 were observed in macrophages before and after the co-
culturing with the MSCs (P < 0.001). The above data indicated the positive effect of stimulated MSCs in 
macrophage polarization into the anti-inflammatory M2 phenotype.

DISCUSSION
The pandemic COVID-19, which was initiated at the end of 2019, has been considered a severe life-
threatening condition[1-5]. COVID-19 now is a global public and economic burden for most countries[1-
5]. SARS-CoV-2 is responsible for the severe acute respiratory distress syndrome occurrence, which may 
further cause lung fibrosis, multiorgan failure, and eventually life loss. The pathophysiologic 
mechanisms of SARS-CoV-2 include also the induction of CRS, which is associated with increased levels 
of IL-2, IL-6, IL-7, G-CSF, IP10, MCP1, MIP1A, and TNF-α[13-15]. CRS is also related to altered host 

https://f6publishing.blob.core.windows.net/33aec4d1-5fcb-4656-b9f3-f5674afead84/WJBC-13-47-supplementary-material.pdf
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Figure 3 Quantification of immunosuppressive agents after 12 h from the initial activation with coronavirus disease 2019 patient serum. 
A-D: Quantification of cytokines including IL-1Ra, IL-6, IL-10, and IL-13 in unstimulated and stimulated Wharton’s Jelly (WJ) and bone marrow-mesenchymal stromal 
cells (BM-MSCs); E-H: Quantification of growth factors including TGF-b1, FGF, VEGFA, and PDGF in unstimulated and stimulated WJ and BM-MSCs; I: 
Quantification of indoleamine-2,3-dioxygenase in unstimulated and stimulated WJ and BM-MSCs. BM: Bone marrow; MSCs: Mesenchymal stromal cells; WJ: 
Wharton’s Jelly.

immune responses, and activation mostly of M1 macrophages, Th1, and Th17 cells. Until now, several 
therapeutic protocols have been evaluated, including the administration of antivirals drugs (such as 
remdesivir and favipiravir), corticosteroids, and monoclonal antibodies against IL-6, with the 
vaccination to emerge as the most promising solution[17,18]. However, besides the vaccination, modern 
cell therapies are now evaluated and considered as promising strategies for critically ill COVID-19 
patients. In this way, MSCs, which are sharing key immunoregulatory properties, may serve as a 
potential stem cell therapy[25-32]. Currently, a great number of clinical trials (where the MSCs are used) 
are being performed, with very encouraging results[33-37]. However, until now, the studies focusing on 
the molecular mechanisms by which  MSCs may exert their beneficial properties against COVID-19 are 
limited. Therefore, in the current study, we evaluated the immunoregulatory properties of stimulated 
WJ and BM-MSCs as a result stimulation with COVID-19 patient serum.

Initially, the characterization of the thawed WJ and BM-MSCs was performed, and no discrepancies 
were observed according to the already published literature[22-24]. Both thawed WJ and BM-MSCs 
fulfilled the criteria outlined by the ISCT and hence were considered as well-defined cells[23,24]. Then, 
stimulation of MSCs from both sources using COVID-19 patient serum was performed. Stimulated 
MSCs retained their initial morphology; however, increased cytoplasmic granulation was observed in 
the stimulated cells. Besides that, no alteration was observed in MSCs markers. Importantly, no 
variability in CD340 expression was observed between unstimulated and stimulated MSCs (from both 
sources). CD340 is a stem cell marker, and its preservation after the stimulation indicated no alteration 
in the stemness properties of MSCs[38]. Indeed, Kim et al[39] showed that increased levels of CD340 
were associated with MSCs that can exert high stem cell characteristics and therapeutic benefits. 
Moreover, in the study of Kim et al[39], CD340+ MSCs highly expressed OCT4 and NANOG, 
accompanied by elevated growth ability and differentiation potential. Specifically, CD340+ MSCs 
exhibited increased differentiation capacity towards the “osteogenic” lineage, as it was also confirmed 
by the increased alkaline phosphatase signal intensity[39]. Moreover, in our study, it was shown that 
CD340+ WJ and BM-MSCs, besides the differentiation potential, were efficiently stimulated and 
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Figure 4 Quantification of immunosuppressive agents after 24 h from the initial activation with coronavirus disease 2019 patient serum. 
A-D: Quantification of cytokines including IL-1Ra, IL-6, IL-10, and IL-13 in unstimulated and stimulated Wharton’s Jelly (WJ) and bone marrow mesenchymal stromal 
cells (BM-MSCs); E-H: Quantification of growth factors including TGF-b1, FGF, VEGFA, and PDGF in unstimulated and stimulated WJ and BM-MSCs; I: 
Quantification of IDO in unstimulated and stimulated WJ and BM-MSCs. BM: Bone marrow; MSCs: Mesenchymal stromal cells; WJ: Wharton’s Jelly.

secreted a high amount of immunomodulatory agents.
Initially, the expression of the immunomodulatory molecule HLA-G was evaluated. Specifically, 

unstimulated and stimulated WJ-MSCs expressed the HLA-G1, HLA-G5, and HLA-G7 whereas only 
weak expression of HLA-G1 was found in BM-MSCs. HLA-G shares a close relationship with the 
extraembryonic tissues, where can induce the mother’s tolerance against the semi-allogeneic fetus[40]. 
Considering this, it may explain the elevated levels of HLA-G expression in WJ-MSCs compared to BM-
MSCs. WJ-MSCs are derived from the umbilical cord, an extraembryonic tissue, which is characterized 
by high HLA-G expression levels. Moreover, Yen et al[41] showed that adult MSCs (such as BM-MSCs) 
are characterized by different methylation patterns in the promoter region of the HLA-G, compared to 
MSCs from fetal tissues. Importantly, it was shown that different methylation patterns were also evident 
within the HLA-G gene between different MSCs sources[41]. Accordingly, the difference in methylation 
patterns might also explain the variability of HLA-G expression between the WJ and BM-MSCs. In the 
literature, controversial data regarding the expression of the HLA-G between MSCs from fetal and adult 
sources have also been reported[42-46]. It is well known that HLA-G shares important immunomodu-
latory properties, which can efficiently modulate the immune responses exerted by stimulated immune 
cells such as macrophages, DCs, NK cells, and T and B cells[31]. In this way, HLA-G might have a 
significant role in tolerating the CRS in critically ill COVID-19 patients.

Furthermore, priming of MSCs with COVID-19 patient serum enhanced both the secreted immunore-
gulatory and regenerative agents in response to the inflammatory stimuli. In the current study, it was 
observed that the COVID-19 inflammatory stimuli were able to increase the production of IL-1Ra, IL-6, 
IL-10, and IL-13 by WJ and BM-MSCs. It has been shown in the past that the secreted anti-inflammatory 
cytokines may act positively in the inflamed microenvironment, tolerating the over-activated immune 
responses[47-49]. Specifically, IL-1Ra which binds selectively to the secreted IL-1 can efficiently block 
the immune cell activation through downregulation of signaling pathways such as the nuclear factor 
kappa-light-chain-enhancer (NF-κB) of the stimulated B cells[50,51]. Importantly, several studies have 
shown that IL-1Ra and IL-10 have a synergistic effect in modulating the immune responses[52]. IL-10 
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Figure 5 Co-culturing experiments of M1 macrophages with stimulated Wharton’s Jelly and bone marrow-mesenchymal stromal cells. A: 
Schematic representation of the experimental workflow; B: Macrophage morphology was changed 9 d after co-culture either with Wharton’s Jelly or bone marrow-
mesenchymal stromal cells. After 9 d, macrophages exhibited a more elongated shape and plastic adherence. Black arrows indicate the presence of elongated plastic 
adherent cells; C: Flow cytometry analysis showed the positive expression of CD45, CD14, and CD11b by the differentiated macrophages. After 9 d, the 
macrophages exhibited an increase in the CD29 and CD163 expression, compared to the cells at day 0. Statistically significant differences regarding the CD29 and 
CD163 were observed in M2 compared to M1 macrophages (P < 0.001). BM: Bone marrow; MSCs: Mesenchymal stromal cells; WJ: Wharton’s Jelly; PBMCs: 
Peripheral blood mononuclear cells.

can suppress the stimulated cellular population of innate and adaptive immunity such as the activated 
macrophages, inhibit the Th1 and promote the Th2 response, and also can act as an antagonist of IL-1 
and TNF-a[52,53]. In the same way, IL-13 can cause a shift towards the Th2 response. Indeed, upon IL-
13 binding to its receptor, activation of JAK-STAT1/STAT6 and IRS-1/IRS-2 pathways is induced, 
which further leads to the adaptation of Th2 response[54,55]. IL-13 is a known anti-inflammatory 
cytokine, which is also implicated in M2 phenotype switch and acts as an antagonist of IL-1β, IL-3, IL-12, 
and TNF-α[56-58]. In addition, COVID-19 stimulated MSCs secreted high levels of IL-6. IL-6 is a 
pleiotropic cytokine produced in the initial stages of inflammation, and exerts key functions in immune 
cells[58,59]. Critically ill COVID-19 patients have increased IL-6 levels, which is considered as the main 
mediator for the orchestration of the pro-inflammatory cytokines to the infected region[60]. However, 
there are several studies indicating that IL-6 can serve as a regulator between pro- and anti-inflam-
matory responses[61,62]. IL-6 can stimulate IL-10 production, which synergistically can act on activated 
immune cells[61-63]. Specifically, both cytokines can suppress the antigen presentation function of the 
activated DCs, thus resulting in the formation of the tolerogenic DCs[61-63]. Recently, Dorronsoro et al
[64] showed that silencing of IL-6 with shRNA significantly induced impaired immunoregulatory 
functions by human MSCs. Therefore, IL-6 seems to play a significant role in the immunomodulation 
mediated by the activated MSCs[64]. The anti-inflammatory actions of the aforementioned cytokines can 
be enhanced by other immunosuppressive agents such as the secreted IDO. IDO is a strong immunoreg-
ulatory molecule that is implicated in the T cell cycle, by inhibiting the tryptophan catabolism to 
kynurenine[65]. In this way, T cells can be poised to G1 arrest state, thus their proliferation is stopped
[66,67]. Besides T cells, IDO can exhibit an immunosuppressive action on B and NK cells, while its 
production is elevated by IFN-γ stimulated MSCs[31].

In addition, several growth factors are produced by the MSCs in response to the COVID-19 inflam-
matory stimuli. Among them, TGF-β, FGF, VEGF, and PDGF play a crucial role in the regulation of 
various fundamental immune functions, such as cell stimulation, migration, proliferation, and apoptosis
[31]. Notably, the suppression of CD4+ and CD8+ T cell proliferation is induced through the upregu-
lation of cyclin-dependent kinase (CDK) inhibitors p15, p21, and p27 and downregulation of c-Myc, 
cyclin D2, and E, a process which can be regulated by the secreted growth factors[68]. T cell suppression 
is mediated through the TGF-β/SMAD3-dependent downregulation of CDK4, as has been proposed by 
several research teams[69,70]. Secreted growth factors in combination with the anti-inflammatory 
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cytokines besides the described immunomodulation, can induce the proliferation of progenitor cells, 
favoring the tissue regeneration of the damaged tissue[71,72].

The immunoregulatory properties of the stimulated MSCs were further verified by the co-culture 
experiments. Differentiated macrophages derived from COVID-19 patients successfully adapted the 
anti-inflammatory M2 phenotype after their interaction with the stimulated MSCs. It has been proposed 
in the past that MSCs can educate and tolerate the inflammatory macrophages[73,74]. In the current 
study, we noticed the elevated expression of CD29 and CD163. Of note, CD163 represents a specific 
marker of the M2 phenotype[75,76]. CD29 represents the β1 integrin subunit, which is also related to the 
fibroblastic shape of the M2 macrophages[77,78]. M2 macrophage phenotype is closely related to the 
expression of anti-inflammatory properties, thus contributing both to immunomodulation and tissue 
regeneration. The results of this study were in agreement with the study of Domenis et al[79], showing 
the successful M2 phenotype switch after exosome (derived from MSCs) mediated crosstalk. In 
addition, de Witte et al[80] and Weiss et al[81] have shown that infused MSCs may follow the apoptotic 
or necroptotic program, thus undergoing phagocytosis by the alveolar macrophages. Through this 
process, the macrophages shift to the M2 phenotype efficiently.

MSCs currently are considered as Advanced Therapeutic Medicinal Products (ATMPs), hence clinical 
trials establishing the safe and tolerability of these cells must be conducted[20,32-37]. In the majority of 
the clinical trials, allogeneic or autologous MSCs are intravenously (IV) administrated in COVID-19 
patients. Possible adverse events (AEs) that are associated with the IV administration include fever risk, 
toxicity, infection, pulmonary embolism, and possible malignancy formation. However, in the currently 
conducted clinical trials utilizing the MSCs as a possible COVID-19 treatment strategy, only an 
increased risk of fever was reported. Furthermore, after IV administration of MSCs, the AEs are 
considered mild to moderate. Besides the aforementioned AEs, other incidences also have been reported 
and evaluated for the possible relation with MSCs administration. The study of Shi et al[82] reported an 
increase in lactic acid dehydrogenase, serum alanine aminotransferase, creatine phosphatase, aspartate 
aminotransferase, and uric acid, and reported hypokalemia during the 1-year follow-up. However, all 
these AEs were on-site judged and considered as unrelated to the MSCs administration[82]. Considering 
these data, MSCs are a safe and tolerable therapy, therefore more clinical trials (phases I, II, and III) have 
been registered (www.clinicaltrials.gov) and are currently performed to further evaluate the potential 
application of these cells in critically ill COVID-19 patients.

At this point, it is worthy to mention the limitations of the current study. This study involved an 
initial evaluation of immunomodulatory agent release in a small sample size of WJ and BM-MSCs. 
Further evaluation of the immunomodulatory agents in a greater number of samples must be performed 
to verify better our initial results. Future experiments should also involve the evaluation of the direct 
interaction between MSCs and immune cells. Also, further assessment of the beneficial properties of 
MSCs may include their utilization in humanized ACE2 transgenic mouse models.

The results of this study represent only preliminary evidence; however, in this study, significant data 
which may decipher the molecular mechanisms associated with the immunomodulatory activity of 
MSCs have been presented. Besides the immunomodulatory properties, MSCs possess key differen-
tiation capabilities, committed mostly to mesodermal lineage cell types. In this way, MSCs can act in 
both the immune regulation of the overactivated immune responses and alveolar epithelium 
regeneration. The latter may be related with the rapid reversal of ground-glass opacity in the lung, 
which consists of a major underlying disorder in critically ill COVID-19 patients. Additionally, in this 
study, it was shown that MSC therapy can be quickly administrated to COVID-19 patients, upon 
demand. Therefore, allogeneic MSCs can be isolated, expanded at great numbers, and cryopreserved 
over a long time. Upon IV administration to patients, MSCs can be activated by the microenvironment 
stimuli, therefore no need for initial in vitro priming is required.

MSCs should be considered as a safe alternative therapeutic option, which may improve the COVID-
19 patients’ condition and result in less loss of life.

CONCLUSION
In conclusion, MSCs derived either from the WJ or BM, can exert key immunoregulatory functions 
towards inflammation. SARS-CoV-2 have a broad effect in patients’ body, orchestrating the production 
of the pro-inflammatory cytokines and also inducing extensive damage to alveolar epithelial cells[83]. 
MSCs are currently used in a great number of clinical trials, ameliorating efficiently the immune system 
dysregulation[32-37]. Importantly, MSCs from the BM are characterized by lower production of the 
studied immunoregulatory agents compared to WJ-MSCs. However, more research is required to 
characterize better the immunoregulation mediated by MSCs from various tissue sources. WJ-MSCs 
possess more naïve cells compared to MSCs derived from adult sources. Moreover, it has been shown 
that MSCs derived from fetal tissues are characterized by fewer mutations and epigenetic modifications, 
greater proliferation, and differentiation capacity, compared to adult MSCs[22] In addition, MSCs from 
fetal tissues can be isolated noninvasively (compared to adult MSCs)[22]. Allogeneic MSCs are 
considered immune-evasive cells, as they are not expressing either the HLA-DR or stimulatory (CD40) 

http://www.clinicaltrials.gov
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and co-stimulatory molecules (CD80 and CD86)[22,26]. Therefore, their infusion in human subjects 
should be considered safe. Furthermore, Avanzini et al[84] showed that MSCs are negative for ACE2 
and TMPRSS2, and thus can evade the intrabody SARS-CoV-2infection. This may represent an 
additional benefit for the application of MSC therapy in critically ill COVID-19 patients, reversing in this 
way the manifestation of the current disease.

MSCs may also be utilized efficiently in the recovery phase of COVID-19 patients. COVID-19 patients 
are suffering from extensive lung fibrosis and multiorgan damage of variable severity. Importantly, 
MSCs after their IV infusion: (1) Are initially distributed widespread in the body through the systemic 
circulation; (2) accumulate early in the lungs and then in the spleen and liver; (3) migrate to the injury or 
inflamed sites; and (4) finally persist to the migrated tissue for a short time before their clearance[32]. In 
such a way, and due to accumulation in the lung capillary network, MSCs can give rise to differentiated 
cells such as endothelial and epithelial cells, which can replace the damaged tissue[32]. The latter may 
be translated to less required recovery time for COVID-19 patients.

Considering the results of this study, MSCs may represent an important therapeutic tool for 
clinicians, as they can exert drastic key immunoregulatory and tissue regenerative properties. Alongside 
the modern therapeutic strategies, MSCs can be considered as an advanced cellular therapy, which can 
be applied, besides COVID-19, to other immune-related disorders such as autoimmune diseases.

ARTICLE HIGHLIGHTS
Research background
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for the coronavirus 
disease 2019 (COVID-19) pandemic, which was initiated in December 2019. COVID-19 is characterized 
by a low mortality rate (< 6%); however, this percentage is higher in elderly people and patients with 
underlying disorders. COVID-19 is characterized by mild to severe outcomes. Currently, several 
therapeutic strategies have been evaluated, such as the use of anti-viral drugs, prophylactic treatment, 
monoclonal antibodies, and vaccination. Advanced cellular therapies are also investigated, thus repres-
enting an additional therapeutic tool for clinicians. Mesenchymal stromal cells (MSCs), which are 
known for their immunoregulatory properties, may halt the induced cytokine release syndrome 
mediated by SARS-CoV-2, and can be considered as a potential stem cell therapy.

Research motivation
Currently, a great number of clinical trials, which include the intravenous infusion of MSCs in COVID-
19 patients, are performed worldwide. Preliminary data of those studies are providing encouraging 
results regarding the application of MSCs for better management of COVID-19. However, the exact 
mechanisms by which MSCs exert their beneficial properties is not fully understand. Moreover, the 
majority of the currently performed studies are focusing primarily to the final outcome. In this study, an 
initial evaluation of the immunoregulatory properties of MSCs stimulated by COVID-19 patient serum 
was performed. The results of this study will provide significant insights into the role of MSCs as novel 
immunoregulatory players.

Research objectives
The main objective of this study was to evaluate the immunoregulatory properties of WJ and BM-MSCs, 
which may be used as a potential advanced cellular therapy against COVID-19. The secondary 
objectives were to determine any discrepancies between WJ- and BM-MSCs regarding the secretion of 
the immunoregulatory agents (such as cytokines and growth factors) and their ability to perform M2 
phenotype switch of macrophages derived from COVID-19 patients.

Research methods
Initially, WJ and BM-MSCs were isolated, expanded, and characterized according to the criteria 
provided by the ISCT. Then, stimulation of MSCs with a culture medium containing COVID-19 patient 
serum was performed. After 48 h, the COVID-19 culture medium was removed, and extensive washes 
of MSCs cultures were performed. Finally, new culture medium (without FBS) was added for another 48 
h. Cytokine levels (IL-1Ra, IL-6, IL-10, and IL-13), growth factor levels (TGF-β1, FGF, VEGF, and PDGF), 
and the immunoregulatory molecule (IDO) were measured in the conditioned medium of stimulated 
MSCs. Also, using molecular and protein assays, the HLA-G isoforms (HLA-G1, G5, and G7) were 
determined. Finally, the ability of stimulated WJ and BM-MSCs to modulate the M2 macrophage 
phenotype was also investigated.

Research results
WJ and BM-MSCs were successfully expanded and characterized, before the performance of the 
stimulation experiments. MSCs from both sources exhibited a spindle-shaped morphology and 
successfully expressed CD73, CD90, CD105, CD29, and CD340, but did not express CD34 or CD45. 
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Furthermore, MSCS were successfully differentiated to “osteocytes”, “chondrocytes”, and “adipocytes”, 
and therefore fulfilled the minimum criteria as defined by the ISCT. Then, the well-defined MSCs were 
stimulated with culture medium containing COVID-19 patient serum. Stimulated WJ and B-MSCs 
expressed increased levels of IL-1Ra, IL-6, IL-10, and IL-13 (P < 0.05) compared to unstimulated MSCs. 
Also, increased levels of TGF-β1, FGF, VEGF, and PDGF were observed in stimulated MSCs (from both 
sources) in comparison to the control group (P < 0.05). Co-culturing experiments of stimulated MSCs 
with macrophages obtained from COVID-19 patients showed the successful switch towards the M2 
phenotype. Interestingly, M2 macrophages were characterized by high levels of CD206 and CD29 and 
low level of CD80, while CD11b was stable expressed.

Research conclusions
MSCs were successfully activated by COVID-19 patient serum and secreted anti-inflammatory 
cytokines and growth factors, in response towards to the initial stimuli. It has been shown that this 
specific set of anti-inflammatory cytokines and growth factors can efficiently modulate the 
overactivated immune responses in a paracrine manner. In this way, the “cytokine storm” may be 
halted in critically ill COVID-19 patients. Besides that, MSCs can exert key regenerative properties and 
thus can reverse the lung alveolar damage. This study provided evidence regarding the beneficial 
application of MSCs in immune-related disorders such as COVID-19.

Research perspectives
The next step of this study will be focused on performing more experiments under both in vitro and in 
vivo conditions. Specifically, the RNA-seq and proteomic analysis in unstimulated and stimulated WJ 
and BM-MSCs will provide further evidence regarding the differentially expressed proteins. 
Furthermore, the infusion of stimulated MSCs in animal models exhibiting acute respiratory distress 
syndrome will provide significant data for their immunoregulatory properties. To this direction, well-
defined MSCs may represent an additional therapeutic tool for critically ill COVID-19 patients.
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