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Abstract
BACKGROUND
[bookmark: OLE_LINK3708][bookmark: OLE_LINK3709][bookmark: OLE_LINK3710]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 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.

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

METHODS
[bookmark: OLE_LINK3706][bookmark: OLE_LINK3707]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 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 characterized 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 unstimulated 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. 
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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.

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) 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 hydroxychloroquine 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 characterized 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 immunoregulatory/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 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 immunoregulatory 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 cryopreservation 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 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 supplemented 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 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.

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 immunophenotypic 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 preservation 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 statistically 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 morphological 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).

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, Supplementary 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.

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 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 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 immunomodulatory 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 immunoregulatory 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 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-inflammatory 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 immunoregulatory 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 inflammatory 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 upregulation 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 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 differentiation 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) 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 representing 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. 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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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.
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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.
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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.
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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.
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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.





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
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