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Abstract
Despite various treatment protocols and newly recognized therapeutics, there are no effective treatment approaches against coronavirus disease. New therapeutic strategies including the use of stem cells-derived secretome as a cell-free therapy have been recommended for patients with critical illness. The pro-regenerative, pro-angiogenic, anti-inflammatory, anti-apoptotic, immunomodulatory, and trophic properties of stem cells-derived secretome, extracellular vesicles (EVs), and bioactive factors have made them suitable candidates for respiratory tract regeneration in coronavirus disease 2019 (COVID-19) patients. EVs including microvesicles and exosomes can be applied for communication at the intercellular level due to their abilities in the long-distance transfer of biological messages such as mRNAs, growth factors, transcription factors, microRNAs, and cytokines, and therefore, simulate the specifications of the parent cell, influencing target cells upon internalization and/or binding. EVs exhibit both anti-inflammatory and tolerogenic immune responses by regulation of proliferation, polarization, activation, and migration of different immune cells. Due to effective immunomodulatory and high safety including a minimum risk of immunogenicity and tumorigenicity, mesenchymal stem cell (MSC)-EVs are more preferable to MSC-based therapies. Thus, as an endogenous repair and inflammation-reducing agent, MSC-EVs could be used against COVID-19 induced morbidity and mortality after further mechanistic and preclinical/clinical investigations. This review is focused on the therapeutic perspective of the secretome of stem cells in alleviating the cytokine storm and organ injury in COVID-19 patients.
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Core Tip: The world has witnessed unbelievable damage due to the coronavirus disease 2019 (COVID-19) pandemic. The rapid propagation of the disease requires emerging therapeutic strategies. The central role of the immune system during COVID-19 highlights the importance of a balanced immune response in order to prohibit overexaggerated responses and further multiorgan dysfunction. Stem cell and stem cell-derived secretome-related therapies have gained increasing momentum in the treatment of a broad range of diseases in the past decade. In particular, the immunomodulatory properties of stem cell-derived biofactors could be a new avenue in the treatment of COVID-19 patients.

INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is designated as the etiology of coronavirus disease 2019 (COVID-19), which is a pandemic viral disease. The symptoms from death or acute respiratory distress syndrome (ARDS) to mild upper respiratory symptoms[1]. Excessive systemic immune activation of patients generates a cytokine storm, which is found in severely ill COVID-19 patients. Recent evidence indicates that the cytokine storm could play a key role in disease progression, resulting in the failure of various organs or even death. Hence, approaches which prevent the cytokine storm may be significant in mitigating COVID-19[2,3].
Complications such as cardiovascular system dysfunction, primarily acute myocardial injury, arrhythmia, or heart failure[4], neurological complications[5], gastrointestinal symptoms[6], and acute kidney injury[7] have been identified in a substantial proportion of COVID-19 patients. The unprecedented COVID-19 pandemic demands urgent therapies. Currently, multiple medicines involving anti-viral, anti-malarial, and anti-inflammatory agents are being investigated. Regardless of the patient's recovery and survival due to various therapeutics, lung damage in these patients does not fully recover. Recently, promising stem cell therapies and importantly secreted extracellular vesicles (EVs) have been shown to exhibit anti-inflammatory effects and attenuate COVID-19-related lung injury.
A new therapeutic approach which involves cellular therapies is promising in treating chronic and acute lung diseases due to their anti-inflammatory, immunomodulatory, regenerative, pro-angiogenic, and anti-fibrotic features. Mesenchymal stem cell (MSC)-secretome (a paracrine mechanism) composed of EVs and free soluble proteins mediate those therapeutic impacts[8]. The remarkable properties of exosomes have gained considerable attention as a probable therapeutic option in COVID-19. In vivo and in vitro studies have been conducted to determine the various therapeutic effects of MSC-secretome in tissue regeneration, heart, and lung diseases. The inflammation suppressing effects of MSC-secretome are due to the prevention of monocyte differentiation into dendritic cells, prohibiting natural killer (NK) cells proliferation and cytotoxicity, stimulating macrophage polarization from the pro-inflammatory (M1) to anti-inflammatory (M2) phenotype, regulating the inflammatory characteristics of T helper cells, and inhibiting T cell proliferation. Growth factors found in the MSC-secretome regenerate the damaged lung tissue by increasing proliferation and reducing apoptosis of resident lung epithelial and endothelial cells. Additionally, antimicrobial peptides (AMPs) have been observed in MSC-secretomes and demonstrate antimicrobial properties, whereas protease inhibitors reduce extra protease function in the lung, preserving the protease/anti-protease equilibrium[9]. Exosomes extracted from MSC act as multitargeting agents. Therefore, they diminish the cytokine storm and prevent the inhibition of COVID-19-related anti-viral defenses in hosts[10]. Exosomes may hamper the cytokine storm and inflammatory process due to their reparative properties and thus induce endogenous repair. Hence, MSC-secretome might be a valuable cell-free substitute to cell-based therapies alone or in combination with pharmacological agents. In this review, the therapeutic potential of the secretome of stem cells in mitigating COVID-19-induced cytokine storm and organ damage is presented.

STEM CELL-BASED THERAPEUTICS
Evidence has shown the promising role of MSCs in COVID-19 pneumonia treatment. Human umbilical cord MSCs given to a 65-year-old female with severe COVID-19 induced substantial recovery through modulation of the immune system and regeneration of damaged tissue with high safety[11]. Every three days, MSCs were administered intravenously by clinicians three times (5 × 107 cells each time). Leng et al[12] demonstrated the enhancement of pulmonary function and symptom improvement in seven COVID-19 patients with pneumonia in only two days after administration of MSCs. In their study, only one administration per kilogram of weight containing 1 × 106 cells was performed. The authors proposed that the therapeutic impact mainly occurred based on the immunoregulating features of MSCs. Remarkably, MSCs are not virus infectable as they are angiotensin-converting enzyme 2 negative. Hence, for treating seriously ill COVID-19 patients under certain protocols, MSCs can be considered a potential treatment option[13]. As the severity of this viral infection is closely associated with the host’s immune response, the immunomodulatory effects of MSCs can efficiently prohibit the cytokine storm and thus treat severe cases of COVID-19. Indeed the outcomes of COVID-19 patients can be enhanced by the transplantation of MSCs using various methods, including “as a result of their immunoregulatory impact, as a result of inducing regeneration and repairing tissue, and as a result of their antimicrobial, antifibrotic, and angiogenic properties”.
All these methods improve lung repair and prevent multiple organs from exaggerated immune response-derived damage. The ongoing COVID-19 clinical trials based on MSCs have been reviewed recently[14]. It now seems that MSCs convey their therapeutic effects through the paracrine pathway. As these cells can discharge secretome (active biological substances), therefore they can be potentially addressed as drug stores[15].

THE SECRETOME OF STEM CELLS: A CELL-FREE ALTERNATIVE TO CELL-BASED THERAPEUTICS
The secretome is defined as a stem cell secretion composed of regulatory factors and various soluble molecules, including AMPs, angiogenic growth factors, lipid mediators, and anti-inflammatory cytokines. Evidence has shown that these molecules are packed into EVs, also known as cell-secreted vesicles[16,17].
Common secretory mechanisms are involved in the excretion of secretomes by stem cells (Figure 1). Following the administration of the secretome or the culture medium in patients, through a paracrine signaling pathway, neighboring cells assimilate them[18]. Two important secreted EVs, are exosomes and MVs, also known as microvesicles alongside the apoptotic bodies secreted by stem cells[19]. The fusing of plasma and multi-vesicular bodies facilitates exosome (30-100 nm) elicitation. However, cellular membrane budding generates MVs (100-1000 nm), which possess cellular cytoplasm. EVs are discharged into the extracellular microenvironment and act like soluble components and through endocrine and paracrine methods, they express their biological effects. In a more general definition, MSC-secretome contains all the secreted bioactive factors of MSCs, with both extravesicular and the soluble elements[20,21].

MSC-DERIVED EVS
[bookmark: _Hlk58003098][bookmark: _Hlk58003126]Upon secretion, proteins, and EVs, through ligand-receptor interactions or internalization, engage with the target cells and regulate cellular responses. The secretome stimulates endogenous stem cells and progenitor cells, prevents apoptosis, attenuates the inflammatory response, triggers extracellular matrix remodeling and angiogenesis, prevents fibrosis, and regulates chemoattraction. It was revealed that following the MSCs' functional mitochondria or mitochondrial DNA transfer to target cells, they protect cellular aerobic respiration with non-healthy mitochondria or modulate T cell functions[21]. By resembling their parent cells, EVs from MSCs have characteristics such as immunoregulatory, anti-oxidative, progenerative, pro-metabolic, anti-apoptotic, and anti-inflammatory, in the microenvironment of damaged tissue. In MSC-based therapy, extracted EVs from MSCs are considered a substantial alternative to cell-based treatments[22]. Their efficacy is presently under in vitro examination for lung damage treatment utilizing MSC-derived EVs in various preclinical experiments[22]. EVs extracted from MSCs showed efficacy in lung injury due to influenza in a pig model. Studies have revealed that extracted EVs from MSCs are available 12 h after virus infection and diminish the levels of pro-inflammatory cytokines as well as viral replication[23]. Ang-1 mRNA (an angiogenic trophic factor) is found in EVs from MSCs. Due to this factor's role in limiting leukocytes and vessel endothelial cells' interaction and sustaining the vascular barrier integrity, Ang-1 mRNA is considered substantial in endothelial cell stabilization during the injury process. The impact of EVs extracted from MSCs on lipopolysaccharide-induced acute lung damage in an experimental mouse model sheds light on the contributions of Ang-1 mRNA transfer by EVs to restore pulmonary capillary permeability[24]. Furthermore, EVs extracted from MSCs influence inflammation by inhibiting the expression of tumor necrosis factor alpha (TNF-α) and stimulating interleukin (IL)-10 secretion. Upon Ang-1 mRNA transfer and the internalization of EVs extracted from MSCs into injured endothelium cells, within the damaged lung microvascular endothelium, Ang-1 mRNA partially preserves protein permeability[25]. EVs are increasingly regarded as a substantial alternative to cell-based therapy.
Secretome administration is associated with multiple advantages in comparison with complete MSCs therapy. The secretome lacks self-replication and is not involved in endogenous tumor development, as it has low immunogenicity, and upon intravenous injection, it contributes to low emboli formation. Therefore, the secretome is deemed more advantageous than cells[26]. The MSC-secretome can be altered and preserved more conveniently than cells with fewer costs regarding technological advances. It also suits emergency interventions as the product is ready-to-use[27]. With regard to monoclonal antibody therapy, the costs of the MSC-secretome are lower, which is vital in the management of a pandemic. Nonetheless, many concerns regarding EVs should be resolved before clinical application, and the delivery route (intravenous or inhalation), purification, bio-distribution, production, and characterization should be determined.

EXOSOMES
Exosomes are nanoparticles (40-150 nm) which have various bioactive components, including proteins, growth factors, lipids, microRNAs (miRNA), long noncoding RNAs, and transfer RNAs. The lipid contents of exosomes provide the platform for their infusion with neighboring cells and plasma membrane[28]. Following internalization of the secretome components, neighboring cells alter several downstream pathways, such as fibrosis inhibition, immunoregulation, damaged tissue remodeling, and apoptosis suppression[8].
With regard to exosome isolation and production, MSCs discharge exosomes under circumstances such as cytokine treatment, serum starvation, or hypoxia[29]. Purification and the introduction of exosomes into the body can then take place. It has been shown that exosomes derived from MSCs generate an impact resembling that of MSCs[30]. The multiple proteins, miRNAs, and mRNAs transported from secretory cells to the exosomes' target cells exhibit anti-inflammatory traits[31]. Exosomes can stimulate regulatory cytokines, decrease the production of inflammatory cytokines, and prevent inflammation[32]. Impeding NK cells, CD4+ and CD8+ T cells can occur with MSC-exosomes[33]. They induce T cell IL-7 expression and stimulate the expression of IL-10 by regulatory cells, which are implicated in the suppression of inflammation. Furthermore, MSC-exosomes, by secreting transforming growth factor β (TGF-β) prevent CD4+ and CD8+ T cell differentiation and suppress inflammation in vivo[34]. MSC-exosomes treatment inhibits the activation and proliferation of NK cells[35]. MSC-exosomes engage in prohibiting pro-inflammatory states by shifting M1 macrophages to M2 phenotypes[36]. Moreover, MSC-exosomes prevent the secretion of pro-inflammatory factors including IL-17, interferon (IFN)-γ, IL-1β, TNF-α, and IL-6[37], and stimulate the secretion of anti-inflammatory factors including TGF-β, IL-4, and IL-10[38]. Also, their function decreases the serum chemokine level[39]. The immunoregulatory features of MSC-exosomes are associated with their anti-inflammatory components, including PD-L1, HLA-G, Galectin-1, and IDO[40-42]. Furthermore, MSC-exosomes, by escalating ATP levels in alveolar type II cells, increase their survivability[43]. In addition, exosomes possess adhesion molecules which accurately guide them to the damaged site. The exosome components then cross the blood-brain barrier. They are low-cost and do not undergo independent self-renewal processes. Thus, they impede serious consequences involving tumor development and other adversities.

THE ADVANTAGEOUS THERAPEUTIC IMPACT OF STEM CELL-DERIVED SECRETOME
The therapeutic effects of MSC-derived EVs on lung and heart injuries have been demonstrated. There are also studies on the impact of MSC-EVs on hemagglutination of swine, avian, and human influenza viruses[23]. In addition, MSC-exosomes reduced mortality in H7N9 patients with no concomitant toxic complications during the follow-up period[44]. One study revealed that S proteins within exosomes can be considered a novel vaccine for countering SARS-CoV infections[45]. In a test of S-containing exosomes immunogenicity in mice, the results showed amplified titers of neutralizing antibody. Moreover, with regard to economics, MSC-exosomes therapy was a less expensive treatment than maintaining and extending individualized clonal cell populations[46]. In the following section, we provide a general review of the present findings on stem-cell extracted secretomes in preclinical studies for lung and heart injuries (the organs most damaged by SARS-CoV-2).

STEM CELL-DERIVED SECRETOME IN THE PATHOGENESIS OF ORGANS
EVs extracted from MSCs have been shown to have an impressive impact on ARDS and acute lung injury. This is the result of the immunoregulatory and anti-inflammatory features of MSC-EVs[24], which induces shrinkage of the permeability of the endothelium and epithelium of alveoli[25], enhancing alveolar fluid clearance[43], macrophage phagocytosis improvement[47], and direct mitochondrial transfer with host cells promoting tissue repair.
Secretome in the blood has impressive stability, subsequent to MSC intravenous administration, and reaches the lungs via blood flow. It is then distributed in the tissues and promotes bacterial clearance, resolution of inflammation, enhances immune regulation, and preserves capillary barrier function[19]. The soluble components of MSCs inhibit inflammation, and EVs induce tissue repair. EVs secreted from MSCs, in particular, lung injuries, provide metabolites, DNA, miRNA, mRNA, and proteins to cells thus enhancing lung repair, and restoring and regenerating lung function[48].
Lung accumulation of MSCs occurs after systematic administration. Following secretion of their components, they enhance the pulmonary microenvironment, preserve the epithelial cells of alveoli, inhibit pulmonary fibrosis, and strengthen lung function[13]. Furthermore, distant affected organs (for example, the cardiovascular system) can take advantage of MSCs due to the secretory characteristics of these cells. Various studies have focused on the circulation of the cellular cargo, and preclinical trials revealed their capacity to manipulate diverse pathways to promote cellular communication. miRNA (a composition of exosomes) has been demonstrated to have a significant role in physiological functions, including immune modulation, development, epigenetic modifications, and so on[49]. The manufacture and isolation of EVs could be a beneficial therapy in pulmonary injuries[50].
An experimental mouse model of neonatal hyperoxia showed that MSCs from human bone marrow and Wharton's jelly inhibited lung fibrosis, enhanced pulmonary vascular remodeling, and stimulated lung development in bronchopulmonary dysplasia. MSC-derived exosomes exhibited anti-inflammatory activity and altered the pro-inflammatory M1 pulmonary macrophages to anti-inflammatory M2 macrophages followed by inhibition of lung inflammation and the immune response facilitating organ development[51]. Exosomes derived from MSCs have demonstrated mitigating effects in an asthma and ARDS model of lung damage[52]. The potential role of exosomes in alveoli fluid clearance was identified during an ex vivo experiment involving human donor lung (not suitable for transplantation) perfusion. This was assisted by exosome CD-44 which was involved in the internalization mechanism in damaged host cells[53]. In addition, exosomes extracted from MSCs have been indicated in the direct inhibition of viral multiplication.
Overall, exosomes extracted from MSCs show promising effects on decreasing pulmonary edema and protein permeability, reversing lung inflammation, the proliferation of lung epithelium, and the polarization of lung macrophages[54]. Additionally, MSC-derived exosomes are effective in the treatment of cardiovascular[55] and renal disease[56].
The therapeutic impact of MSC-EVs on acute myocardial infarction has been reported. This has been shown to involve the following underlying mechanisms: Reduction of the inflammatory response[29], reduction of cardiac fibrosis, mitigation of cardiomyocyte apoptosis[57], induction of angiogenesis[58] and promotion of cardiomyocyte autophagy[59]. It was also shown that, fibroblast growth factor, composed of MSC-secretome (derived from adipose tissue), inhibited viral replication processes[60].

STEM CELL-DERIVED EXOSOMES; A NANO-PLATFORM FOR COMBATING COVID-19
COVID-19 patients may develop multiorgan damage. In the initial phases of infection, mainly pneumocyte type II cells are infected, and other target cells may be bronchial cells, monocytes, macrophages, and enteric cells. Moreover, the principal SARS-CoV-2 cardiovascular complication is acute myocardial injury[61]. Heart tissue biopsies from COVID-19 patients revealed mononuclear inflammatory infiltration, more commonly found in cardiomyocyte necrosis sites[62]. Applying stem cell-derived secretome to organs damaged by COVID-19 is possible, according to extracted data. Also, the survival rate of septic mice increased following MSC-derived exosome treatment[63]. With regard to MSC-derived exosomes as supportive therapy in the current pandemic, this can be beneficial in inhibiting the effects of COVID-19 [42] and healing organ damage.
Experimental studies on the biological activity of MSC secretomes have demonstrated the possibility of applying MSC-derived secretomes for seriously ill COVID-19 patients as a cell-free therapy. EVs and proteins contained in MSCs affect endogenous stem and progenitor lung cells. They promote cell differentiation and proliferation, inhibit the inflammatory response, prevent apoptosis, reduce fibrosis, and recover capillary barrier function. Due to their similarity to parental MSCs, they are also effective in the management of chronic and acute lung injuries[64]. Exosomes (ExoFloTM) derived from MSCs of allogeneic bone marrow have been proposed as a treatment for seriously ill COVID-19 patients according to the first prospective nonrandomized open-cohort study conducted. ExoFlo is considered to be a hopeful therapeutic candidate for COVID-19 due to its capacity to restore oxygenation, immunity reconstitution, safety traits, and downregulation of the cytokine storm[10]. This study included twenty-four patients suffering from ARDS with severe and moderate-to-severe symptoms. Exoflo was administered intravenously in a single dose, with no harmful effects identified 72 h after administration. The study showed an 83% survival rate, cytokine storm downregulation, substantial hypoxia recovery, and immune restoration. Exosome-involved COVID-19 clinical trials are ongoing in the United States, China, Turkey, and Russia (NCT04276987, NCT04493242, NCT04491240, ChiCTR2000030484, ChiCTR2000030261, NCT04384445, NCT04389385).
The advantage of MSC-derived secretome therapy is its two forms (inhalable and injectable formulation) for potential clinical applications[9]. Both forms exist as freeze-dried powder and can be used in patients with a severe COVID-19 lung infection. An examination of the inhalable secretome form for COVID-19 pneumonia was conducted in a clinical trial (NCT04276987) in China, and its tolerance was examined in healthy individuals (NCT04313647)[8]. Assessment of its therapeutic efficacy demands further randomized controlled trials with comprehensive delivery of the exosomes. Moreover, in addition to MSC-derived secretomes, the secretome of oral tissue stem cells is also considered to have a therapeutic impact in infected cases due to their immunoregulatory and anti-inflammatory characteristics. Non-invasive therapy is superior to invasive therapy in prophylaxis and results in minimum risk of the treatment process, and prevents COVID-19, offering a novel immunoregulatory pathway for COVID-19 therapy[65].
The potential role of exosomes in treating COVID-19 can be classified into three general divisions. First, instead of cell therapy, the exosomes derived from multiple MSCs are utilized. Second, particular mRNAs and miRNAs are incorporated into the exosomes. Third, exosomes could be used as drug carriers in the treatment of COVID-19[66]. The efficacy of stem cell-derived secretome therapies is the main focus of continuing clinical trials. Nonetheless, the effectiveness, safety, and long-term consequences of these therapies require further study.

CHALLENGES IN TREATING COVID-19 USING STEM CELL-DERIVED SECRETOME
Administering stem-cell EVs as a possible treatment for COVID-19 is supported by initial examinations. However, for the sake of scientific rationale, further understanding and justification of MSC-EVs and other EV treatment effects on COVID-19 are required. MSCs have demonstrated promising effects on COVID-19 pathogenesis. However, their resemblance to exosomes is uncertain. Regulation of the immune response is the main impact of MSC-EVs, rather than impeding it (Figure 2). By regulating the response, they moderate it. They also strengthen tolerance and improve homeostasis[67]. Although stimulating tolerance in graft-vs-host and other non-infectious diseases is effective, it sometimes has an adverse effect on replicating pathogens. Albeit in selected models, Escherichia coli and influenza infection did not escalate but other replicating bacteria and viruses can experience augmented uncontrollable infection due to tolerance stimulation[68].
Prior to MSC-EVs application in COVID-19 patients, particular concerns must be resolved. The EV isolation method, purification, and characterization must be determined. These have a meaningful impact on the examination results, and in clinical trials can generate obscure conclusions. These parameters involve the origin of MSC-EVs. MSCs (as a heterogeneous cell essence) are derivable from various tissues. Even derivatives of the same tissue vary in inter-individual and clone-specific functions[69]. In fact, comparing four MSC-EV samples harvested from separate donor-derived bone marrow placed in conditioned media revealed substantial cytokine component differences[70]. Moreover, in one study MSCs from young individuals (suffering from acute lung injury), but not elderly individuals, attenuated lipopolysaccharide-induced acute lung injury[71].
The problem of EV heterogeneity from dissimilar resources, preparations, and other issues can be solved by manufacturing immortal MSC colonies that can be deliberately examined for potency and production of EVs[72]. Besides the problem of derived MSC-EVs from different origins, another consideration is their various responses to different disease conditions. Therefore, it is unclear whether the divergent immune response regulation of exosomes is due to tissue specificity. Regardless of the immunoregulatory properties, MSC-EVs seem to influence additional biological mechanisms with therapeutic functions[73] and other probable unanticipated effects. Recently conducted studies demonstrated that adipose-derived MSC-EVs had higher thrombogenic traits than bone marrow-derived MSC-EVs[74]. Accordingly, the origin of parental cells can potentially result in a higher thrombosis risk. The complement pathway stimulation accompanied by the procoagulant condition in a fraction of serious COVID-19 cases can result in the devastating microvascular injury syndrome[49], and the application of MSC-EVs may be ineffective.
A further hurdle is sustaining their stability and productivity with time[75]. Exosomes, from MSCs at -80°C, are viable for an extended period. Nevertheless, exosome clustering appears after storage due to freeze-thaw cycles. Moreover, preservation at low temperature during transportation and handling contributes to translational application impediments[76].
The manufacture of EVs requires living cells that are cultured under GMP-compliant (good manufacturing practice-compliant) processes to conserve safety and quality standards criteria. Hence, EV manufacture resembles the ethical and scientific guidelines used for MSCs. Also, basing any therapy on EVs extracted from MSCs requires the approval of national regulatory agencies to ensure their safety and productivity. The International Society for Cellular and Gene Therapies and the International Society for Extracellular Vesicles decrease the risk of critical side effects by deliberately weighing the probable benefits and risks of MSC-EVs for COVID-19 and have already provided preclinical data in connection with animal models and relevant MSC clinical trial-derived data. Additionally, they urge deliberate EV use evaluation by rational clinical trial design, applying well-characterized EV preparations generated according to strict GMP conditions and under proper regulatory oversight[77]. 

CONCLUSION
MSC-derived secretome demonstrates beneficial results as a cell-free therapy for acute and chronic lung diseases. It exhibits immunoregulatory, pro-angiogenic, anti-inflammatory, regenerative, and anti-protease characteristics. Due to the prominent role of MSC-derived exosomes in inhibiting the inflammatory response and in injured tissue regeneration, they may be a valuable therapeutic option in COVID-19-related pneumonia. Additionally, exosomes are considered potential nanocarriers, biomarkers, and vaccines for COVID-19 treatment. Regarding the concerns on their outcome, it is important to assess the risk when utilizing MSC-exosomes for COVID-19 by determining applicable preclinical findings in vivo models.
Upon reaching the lungs, the inhalable administered secretome encounters three main hurdles (anatomical, pathological, and immunological) and exerts their therapeutic effects. Although, the advantages of cell-free therapy are significant, it is considered a novel approach and requires secretome optimization and standardization via a comprehensive investigation of its components, dosing conditions, quality control, formulation and preparation process, and long-term storage strategies. Further data on the therapeutic mechanism, new formulation strategies, scalable and GMP-compliant isolation processes, and the capability to convey EVs and soluble proteins through non-invasive pathways of administration are required. These challenges will be groundbreaking, and will provide impressive clinical outcomes in the treatment of acute and chronic lung diseases.
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Figure Legends
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[bookmark: _Hlk61966603]Figure 1 The stem cell secretome. After the interaction between host angiotensin-converting enzyme 2 (ACE2) receptor and the spike S protein of severe acute respiratory syndrome coronavirus 2, the membrane is fused, and the viral genome is released into the cell or the virus enters the cell by clathrin-dependent/independent endocytosis. Most of the cells in human organs including the intestine, heart, kidney, and alveolar type II (AT2) cells of the lungs express ACE2 receptors. Extracellular matrix metalloproteinase inhibitor (EMMPRIN or CD147) and two proteases transmembrane serine protease 2 (TMPRSS2) are required for virus entry into the host cell. The lungs are damaged after direct destruction of capillary endothelial cells and AT2, the renin-angiotensin system is disrupted or the immune response is diminished indirectly. Following virus-induced infection, pathogen-associated molecular patterns lead to recognition of the virus by the innate immune system, activation of nuclear factor-κappa B and IRF3 pathways, type I interferon (IFN) expression and consequently activation of the JAK/STAT pathway and finally the expression of IFN-stimulated genes (ISG) which have anti-viral activity. The abovementioned effective immune response is required for successful virus clearance and clinical disappearance of the disease. Nonetheless, the IFN response may be delayed due to evasion of IFN and ISG mediated killing by the virus which in turns leads to hyper-inflammatory neutrophils and macrophage infiltration at the pulmonary site accompanied by pro-inflammatory cytokines including granulocyte-colony stimulating factor, tumor necrosis factor, MCP1, and interleukin-1b/2/6/7/8/17[3]. This hyper-activation of T lymphocytes and the innate response is called the ‘cytokine storm’ and is responsible for lung disorders including acute respiratory distress syndrome, pneumonitis, viral sepsis, respiratory and organ failure. A high number of pro-inflammatory cytokines leads to hyaluronan synthase 2 induction which elevates hyaluronan production and fluid accumulation in the lungs[78]. In critical cases of coronavirus disease 2019, the virus enters the peripheral blood and translocates to various target organs including kidney, heart, and intestine and can cause multiple organ failure. ACE2: Angiotensin-converting enzyme 2; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; TNF: Tumor necrosis factor; IL: Interleukin; DC: Dendritic cell.
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Figure 2 Immunomodulation by the stem cell secretome. The behavior of immune cells is altered by the secretion of various immunomodulatory factors. Mesenchymal stem cells (MSCs) secrete SOD3 which inhibits neutrophil activation and infiltration of leukocytes. Also, MSCs secrete PGE2, SDF-1, and interleukin (IL)-10 and lead to macrophage polarization to the M2 phenotype. Furthermore, MSCs induce HLAG5 secretion (shift to CD4β CD25β T reg population), Il-4 secretion (shift to Th2 population), constitutive expression of transforming growth factor β1 (TGF-β1), HGF, COX2, IL-10, IDO, and PGE2 which in turn inhibit T-cell proliferation. The secretion of IL-2 prevents inactivated NK cell proliferation, and secretion of HLAG5, TGF-β1, IDO, and PGE2 prevent cytokine secretion. In addition, MSCs cause B cells arrest in the G0/G1 phase and reduce the level of circulating immunoglobulins and secretion of CXCR4, CXCR5, CXCR7 by B cells. Due to the high amount of ISG gene expression, MSCs induce an antiviral response in the lungs. After secretion of immunomodulatory, anti-inflammatory, and microRNAs mediators and their extracellular vesicles-mediated transfer, MSCs lead to regulatory lymphocyte and M2 macrophage production. Differentiation of MSCs to various lung epithelial cells or differentiation of host tissue-resident stem cells lead to the secretion of numerous growth factors and angiogenic factors to stimulate revascularization, and consequently repair structural injury. Recovery of alveolar cell functions, their ATP stores, and metabolic capacity is feasible by direct transfer of functional mitochondria. Anti-fibrotic cytokines in high amounts reduce collagen fibers and subsequently hyper-inflammation and oxidative stress. A combination of anti-viral drugs with the immunomodulatory cargo of MSCs exosomes is a promising intervention tool in disease treatment[54]. Remdesivir is the best example of drug loading on exosomes[79]. Nevertheless, more studies are needed to clarify the exact mechanism of the specificity, targeted delivery and safety of exosomes.
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