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RESUMO 

A Coronavirus Disease 2019 (COVID-19), causada pelo SARS-CoV-2, é uma doença 

sistêmica caracterizada por uma inflamação maciça e um desequilíbrio do sistema 

imunológico. Apesar dos esforços globais, o acesso a vacinas e tratamentos antivirais 

continua desigual. Portanto, terapias complementares de múltiplos alvos facilitariam o 

manejo dos pacientes. As células-tronco mesenquimais (CTMs) são conhecidas pelo seu 

potencial imunomodulador através da liberação de proteínas e outras moléculas no espaço 

extracelular, seja como elementos solúveis ou transportados por vesículas extracelulares 

(VEs). As VEs surgiram como uma opção terapêutica devido às suas propriedades 

intrínsecas, como o diâmetro nanométrico, e o seu conteúdo heterogêneo, incluindo 

pequenas sequências não codificantes envolvidas na repressão ou degradação de genes 

pós-transcricionais, como os microRNAs. O principal objetivo deste doutorado foi avaliar 

se as VEs das CTMs poderiam desempenhar um papel terapêutico durante o 

desenvolvimento da COVID-19. Primeiramente, através de análise bioinformática, 

analisamos quatro conjuntos de dados de miRNA utilizando diferentes fontes de tecido 

de células-tronco (medula óssea, cordão umbilical e tecido adiposo) e cruzamos seu 

conteúdo. Cinquenta e oito miRNAs se sobrepuseram nos quatro conjuntos de dados de 

miRNA analisados. Sequencialmente, esses miRNAs presentes em pelo menos dois 

conjuntos de dados foram submetidos ao software miRWalk, que previu 258, 267 e 148 

miRNAs direcionados ao 3'UTR de citocinas e quimiocinas, genes de morte celular e 

cascatas de coagulação, respectivamente. Sequencialmente, para validar os achados in 

silico, obtivemos CTMs de tecido adiposo humano e avaliamos in vitro o potencial anti-

inflamatório de suas VEs durante a infecção por SARS-CoV-2. As VEs das CTMs foram 

isoladas dos sobrenadantes de culturas celulares utilizando centrifugação diferencial 

seguida de cromatografia de exclusão por tamanho (SEC) e caracterizadas por citometria 

de fluxo, Análise de Rastreamento de Nanopartículas e imunoblotting. A microscopia 

confocal confirmou que as VEs das CTMs foram internalizadas pela linha celular 

alveolar, A549-hACE2, e se localizaram ao longo da via endocítica. Para determinar sua 

funcionalidade, as células A549-hACE2 foram infectadas com SARS-CoV-2 e tratadas 

com 3, 10, 30, 100 e 300 VEs das CTMs/célula por 24 horas, e os sobrenadantes das 

culturas celulares foram coletados. A análise multiplex de 30 VEs das CTMs/célula foi 

suficiente para alterar 32 de 48 mediadores imunológicos. Entre estes, MCP-1, IL-6 e IL-

8 foram confirmados por ELISA, resultando em uma redução dependente da dose. Além 
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disso, a atividade antiviral das VEs das CTMs foi avaliada. Concentrações mais baixas 

(3, 10 e 30 VEs das CTMs/célula) não tiveram efeito na redução da replicação viral, 

embora concentrações mais altas (100 e 300 VEs/célula) mostraram reduções 

significativas. 

 

Em conclusão, este trabalho mostra que as VEs das CTMs do tecido adiposo têm um 

potencial terapêutico contra a COVID-19, principalmente no que diz respeito à atenuação 

da inflamação após a infecção por SARS-CoV-2, possivelmente devido ao conteúdo de 

miRNA das VEs das CTMs, sendo necessárias mais pesquisas para estabelecer qual 

mecanismo de ação é responsável por essa ação. 

 

ABSTRACT 

The Coronavirus Disease 2019 (COVID-19), caused by SARS-CoV-2, is a 

systemic disease characterized by massive inflammation and immune system imbalance. 

Despite global efforts, access to vaccines and antiviral treatments remains unequal. 

Therefore, complementary multi-target therapies would facilitate patient management. 

Mesenchymal stem cells (MSCs) are known for their immunomodulatory potential 

through the release of proteins and other molecules into the extracellular space, either as 

soluble elements or carried by extracellular vesicles (EVs). EVs have emerged as a 

therapeutic option due to their intrinsic properties, such as nanosized diameter, and their 

heterogeneous cargo, including small noncoding sequences involved in post-

transcriptional gene repression or degradation, such as microRNAs. The main objective 

of this PhD was to evaluate whether MSC-EVs could play a therapeutic role during 

COVID-19 development. Firstly, through bioinformatics analysis, we analyzed four 

datasets of miRNA using different stem cell tissue sources (bone marrow, umbilical cord, 

and adipose tissue) and crossed their content. Fifty-eight miRNAs overlapped in the four 

miRNA analyzed datasets. Sequentially, those miRNAs present in at least two datasets 

were submitted to miRWalk software, which predicted 258, 267, and 148 miRNAs 

targeting the 3’UTR of cytokines and chemokines, cell death genes, and coagulation 

cascades, respectively. Sequentially, to validate in silico findings, we obtained MSCs 

from human adipose tissue and evaluated in vitro the anti-inflammatory potential of their 

EVs during SARS-CoV-2 infection. MSC-EVs were isolated from cell-culture 
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supernatants using differential centrifugation followed by size exclusion chromatography 

(SEC) and characterized by flow cytometry, Nano Tracking Analysis, and 

immunoblotting. Confocal microscopy confirmed that MSC-EVs were internalized by the 

alveolar cell line, A549-hACE2, and they localized along the endocytic pathway. To 

determine their functionality, A549-hACE2 cells were infected with SARS-CoV-2 and 

treated with 3, 10, 30, 100 and 300 MSC-EVs/cell for 24 hours, and cell culture 

supernatants were collected. Multiplex analysis of 30 MSC-EV/cell, sufficed to alter 32 

of 48 immune mediators. Among these, MCP-1, IL-6, and IL-8 were confirmed by 

ELISA, resulting in a dose-dependent reduction. Also, antiviral activity of MSC-EVs was 

evaluated. Lower concentrations (3, 10, and 30 MSC-EVs/cell) had no effect on reducing 

viral replication, although higher concentrations (100 and 300 EVs/cell) showed 

significant reductions. 

In conclusion, this work shows that MSC-EVs from adipose tissue have a 

therapeutic potential against COVID-19, mainly regarding the attenuation of 

inflammation after SARS-CoV-2 infection, possibly due to the miRNA content of MSC-

EVs and further research is necessary to establish which mechanism of action is 

responsible for this action.  
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1. INTRODUCTION 

1.1. Epidemiology 

At the end of 2019, a new virus from the Coronaviridae family was isolated from 

a series of pneumonia cases in patients in Wuhan, China (Zhu et al., 2020). Due to its 

genomic similarity to the severe acute respiratory syndrome coronavirus (SARS-CoV), 

responsible for the 2003 epidemic, this new virus was initially called 2019-novel 

coronavirus (2019-nCoV). However, its nomenclature was modified by the International 

Committee on Taxonomy of Viruses to severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2), and the World Health Organization named the disease caused by the viral 

infection as Coronavirus Disease 2019 (COVID-19). The WHO classified COVID-19 as 

pandemic on March 11, 2020, and three years later, on May 5, 2023, ended its global 

emergency status. Although, since its beginning, the disease has infected approximately 

775 million people with a mortality rate of 1%, accounting for around 7 million deaths 

(WHO, 2024). 

 

1.2. SARS-CoV-2 

Like other coronaviruses, SARS-CoV-2 is composed of a single strand of positive-

sense ribonucleic acid (RNA) (Woo et al., 2009) and it is composed of the structural 

proteins: Membrane protein (M), Spike protein (S), Nucleocapsid protein (N) and 

Envelope protein (E) (Figure 1). 

 

 

Figure 1. SARS-CoV-2 morphology and structural components. Adapted from (Jackson 

et al., 2022). 
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The S protein comprises two subunits, S1 and S2, the S1 has an amino-terminal 

domain (NTD), the receptor-binding domain (RBD) and two carboxy-terminal (C-

terminal) domains (CTD1 and CTD2). The RBD contains the receptor-binding motif 

(RBM) and, together with the NTD, serves as the primary target for neutralizing 

antibodies and both are susceptible to immune-evasive mutations. Indeed, ongoing 

evolution of SARS-CoV-2 has been characterized by the emergence of variants that have 

mutations mainly in the NTD and RBD, resulting in ACE2 binding changes impacting 

virus infectivity and transmissibility (Steiner et al., 2024). 

 

 

Figure 2. Representation of some SARS-CoV-2 variants of concern with their mutations 

in the S protein. Adapted from (Huang et al., 2022). 

 

 

According to the SARS-CoV-2 Interagency Group (SIG), created in the USA, the 

variants and their lineages are classified in four different groups: Variant of high 

consequence (VOHC), Variant of concern (VOC), Variant of interest (VOI) and Variants 

being monitored (VBM). The classification considers the variant impact on vaccines 

efficacy, treatment response, diagnostics and pathophysiology. This classification has 

changed dynamically in the last years, and constant surveillance is based on research 

studies and clinical cases reported to official databases.  
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Currently, the Centers for Disease Control and Prevention (CDC) classify SARS-

CoV-2 variants as listed in Table 1: 

 

Table 1. List of SARS-CoV-2 variants. Adapted from www.cdc.gov/coronavirus. 

WHO Label Pango lineage Current status Date of designation 

N/A Variants 

containing the 

F456L spike 

mutations* 

VOI VOI: September 1, 2023 

Omicron BA.2.86 VBM VBM: September 1, 2023 

Omicron XBB.1.9.1 VBM VBM: September 1, 2023 

Omicron XBB.1.9.2 VBM VBM: September 1, 2023 

Omicron XBB.2.3 VBM VBM: September 1, 2023 

Omicron XBB.1.16 VBM VBM: September 1, 2023 

Omicron XBB.1.5 VBM VBM: September 1, 2023 

Omicron CH.1.1 VBM VBM: September 1, 2023 

Omicron BA.2.74 VBM VBM: September 1, 2023 

Alpha B.1.1.7 and Q 

lineages 

VBM VOC: December 29, 2020 

VBM: September 21, 2021 

Beta B.1.351 and 

descendent 

lineages 

VBM VOC:  December 29, 2020 

VBM: September 21, 2021 

 

Gamma P.1 and 

descendent 

lineages 

VBM VOC:  December 29, 2020 

VBM: September 21, 2021 

 

Delta B.1.617.2 and 

descendant 

lineages 

VBM VOC: June 15, 2021 

VBM: April 14, 2022 

Epsilon B.1.427 and 

B.1.429 

VBM VOC: March 19, 2021 

VOI: February 26, 2021 

VOI: June 29, 2021 

VBM: September 21, 2021 

Eta B.1.525 VBM VOI:  February 26, 2021 

VBM: September 21, 2021 

Iota B.1.526 VBM VOI:  February 26, 2021 

VBM: September 21, 2021 

Kappa B.1.617.1 VBM VOI:  May 7, 2021 

VBM: September 21, 2021 

N/A B.1.617.3 VBM VOI:  May 7, 2021 

VBM: September 21, 2021 

Omicron 

(parent 

lineages)** 

B.1.1.529 and 

descendant 

lineages 

VOC VOC: November 26, 2021 

Zeta P.2 VBM VOI:  February 26, 2021 

VBM: September 21, 2021 
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Mu B.1.621, 

B.1.621.1 

VBM VBM: September 21, 2021 

* Many lineages have acquired the F456L mutation and common examples include EG.5, 

FL.1.5.1, and XBB.1.16.6. ** Omicron parent lineages include BA.1 or similar. 
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1.3. SARS-CoV-2 replication 

To infect the host, the virus enters through the upper airways and, via the Spike 

protein, attaches to the host cell's ACE2 receptor. The Spike protein is divided into S1 

and S2 subunits, with the S1 subunit responsible for docking to the ACE2 receptor. The 

S2 subunit, after cleavage by the transmembrane serine protease 2 (TMPRSS2) enzyme, 

enables fusion of the virus's lipid bilayer with the host cell, internalizing its viral RNA 

(P. Zhou et al., 2020). Another mechanism that can also be used for viral particle 

internalization is through endocytosis (Lamers & Haagmans, 2022). Other co-receptors, 

such as neuropilin 1, are also suggested to facilitate entry of SARS-CoV-2 into host cells, 

but their contribution to pathogenesis needs to be investigated more deeply (Cantuti-

Castelvetri et al., n.d.; Daly et al., n.d.; Hoffmann et al., 2021). As depicted in Figure 3, 

after the internalization of the viral particle by the host cell, SARS-CoV-2 mobilizes the 

cellular machinery for the assembly of new viral copies that will be released into the 

extracellular space through exocytosis. 
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Figure 3. SARS-CoV-2 internalization mechanism and replication process in the host 

cells. Adapted from (Steiner et al., 2024). 
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1.4. COVID-19 Pathophysiology 

In most cases, after cellular infection occurs, a cascade of signaling is initiated to 

resolve the infectious process. The interferon response is initiated, activating cells of the 

innate immune system to combat the external pathogen and perform viral clearance. 

However, during SARS-CoV-2 infection, some people face alterations in the interferon 

response, occurring in a reduced or delayed manner, thus allowing prolonged viral 

replication (L. Yang et al., 2021).  

Regardless of the cell type infected by SARS-CoV-2, cell death by highly 

inflammatory pyroptosis is induced (Figure 4). During pyroptosis, molecules such as 

interleukin-1β, interleukin-18, and other damage-associated molecular patterns (DAMPs) 

are released in high amounts into the extracellular environment. Epithelial cells, alveolar 

cells, and alveolar macrophages detect pathogen-associated molecular patterns (PAMPs), 

like viral RNA, and DAMPs including ATP, DNA, and ASC oligomers through receptors, 

initiating the inflammatory process with the secretion of pro-inflammatory cytokines and 

chemokines such as IL-6, IL-1β, IL-2, IL-7, IL-8, IL-9, IL-10, IL-17, G-CSF, GM-CSF, 

MCP-1 (CCL2), MIP1α (CCL3), TNF-α, CXCL10 (IP-10) into the bloodstream of 

affected patients (Can & Coskun, 2020; Cao, 2020a; Rogers et al., 2020; Wiklander et al., 

2019a). The synergy between TNF-α and IFN-γ has also been reported as responsible for 

a PANoptosis (pyroptosis, apoptosis, and necrosis) cell death signature both in vitro and 

in vivo in COVID-19 (Karki et al., 2021). This secretion of cytokines attracts other 

immune cells such as monocytes, neutrophils, and T lymphocytes from the bloodstream 

to the primary site of infection contributing to immunothrombosis formation.   
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Figure 4. COVID-19 pathophysiology. SARS-CoV-2 infection triggers signaling 

changes, including interferon alterations, fostering viral persistence. Pyroptosis elicits 

cytokine release, amplifying inflammation via PAMPs and DAMPs detected by cell 

receptors. TNF-α and IFN-γ synergize to induce PANoptosis, recruiting immune cells 

like monocytes and T lymphocytes, promoting immunothrombosis at infection sites. 

Adapted from (Tay et al., 2020). 
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1.5. Diagnosis 

The main transmission route of SARS-CoV-2 is through physical contact or 

contact with aerosols released in the air. Different diagnostic methods were suggested, 

since 2020, to diagnose and monitor the stages of infection. Considered the gold standard 

method for COVID-19 diagnosis is the reverse transcription followed by real-time 

polymerase chain reaction (RT-qPCR) (Alcoba-Florez et al., 2020). This is a molecular 

test which identifies the presence of SARS-CoV-2 proteins in nasopharyngeal samples. 

Additionally, to molecular tests, serological tests can be used for retrospective 

analysis, epidemiological mapping and evaluation of seroconversion rates assessing 

vaccine efficacy for everyone. It is not recommended as a single method for diagnosis 

during the acute phase of infection. 

Currently, antigen-detection rapid diagnostic tests (Ag-RDTs) are available, and 

they are affordable, disposable, single-use cassettes that require minimal training and 

provide the result in 15–20 min. These tests are much more feasible as a screening tool 

than molecular tests, which are more costly and require technical formation. They were 

created to help the population to monitor their infective status and manage physical 

distancing (quarantine) periods and can be used as a complement to molecular assays 

(Vandenberg et al., 2021; Wells et al., 2022). Therefore, it is recommended for people 

with low risk of infection, asymptomatic or people with no contact with infected 

individuals, once it has negative predictive value (NPV) correlated with decreasing 

disease prevalence (Peeling et al., 2021). 

 



23 
 

 

1.6. Risk Factors 

Some risk factors such as age, obesity and male sex are correlated to disease 

severity progression. Also, people with common cardiac, respiratory and metabolic 

comorbidities are more susceptible to get infected with SARS-CoV-2 and progress to 

advanced stages of COVID-19 (Guan et al., 2020). Genetic factors, like Down syndrome, 

could increase viral internalization process once individuals have 60% more TMPRSS2 

gene expression (De Toma & Dierssen, 2021). Individuals living with diabetes melitus 

have higher levels of IL-6 which maintain the platelets in continuous active state 

contributing to prothrombotic state (Ayres, 2020; Guo et al., 2020). Other risk factors 

include racial and social aspects with black population and low socio demographics status 

being more susceptible to get infected with SARS-CoV-2 and progress to severe stages 

of COVID-19 (Muñoz-Price et al., 2020).    

 

1.7. COVID-19 classification 

Due to the vaccination protocols currently underway and episodes of reinfection 

with different viral variants by the same individual, the symptomatology of COVID-19 is 

diversified. However, commonly manifested symptoms include fever, cough, headache, 

anosmia, and in more severe cases, it can progress to pneumonia and escalate to acute 

respiratory distress syndrome (ARDS). 

According to manifested symptoms, the WHO stratified patients as follows 

(World Health Organization, 2023):  

● Non-severe (mild and moderate): Defined as the absence of any criteria 

for severe or critical COVID-19. 

● Severe: Defined by any of: 

- oxygen saturation < 90% on room air. 

- Signs of pneumonia. 

- Signs of severe respiratory distress (in adults, accessory muscle use, 

inability to complete full sentences, respiratory rate > 30 breaths per 

minute; and, in children, very severe chest wall in-drawing, grunting, 

central cyanosis, or presence of any other general danger signs 

including inability to breastfeed or drink, lethargy, convulsions or 

reduced level of consciousness). 
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● Critical: Defined by the criteria for acute respiratory distress syndrome 

(ARDS), sepsis, septic shock, or other conditions that would normally 

require the provision of life-sustaining therapies such as mechanical 

ventilation (invasive or non-invasive) or vasopressor therapy. 

 

The concept of long COVID-19 still remains under discussion and investigation 

and its pathophysiology remains elusive. However, multiple studies showed significant 

consequences in patients after disease resolution. About 10% of patients report the 

persistence of at least 1 symptom manifested in the acute phase of COVID-19 (Robineau 

et al., 2022). The incidence is estimated at 10–30% of non-hospitalized cases, 50–70% of 

hospitalized cases and 10–12% among vaccinated cases. It is associated with all ages, 

with the highest number of diagnoses between 36 and 50 years old, and most cases are in 

non-hospitalized patients with a mild acute illness (Altmann et al., 2023; Davis et al., 

2023). 

 

1.8. Treatment and vaccines against SARS-CoV-2 

There are ten COVID-19 vaccines approved by the World Health Organization, 

for which usage recommendations have been issued and which are produced by the 

following manufacturers: Pfizer/BioNTech, AstraZeneca/Oxford, Janssen, Moderna, 

Sinopharm, Sinovac, Bharat, Novavax, Casino, and Valneva. Although the vaccines are 

available, their adherence rates and distribution among countries remains unequal. 

According to WHO, 67% of the world's population have the 1st dose of the vaccine and 

30% have a boost dose (WHO, 2024). In Brazil, 85% have the 1st and 2nd dose of the 

vaccine against COVID-19 and 50% have a boost dose (CVI, 2024).   

According to current WHO guidelines (November 2023), approved treatments for 

non-severe, severe and critical COVID-19 patients and its specific indications are 

represented in Figure 5 (World Health Organization, 2023). 

 



25 
 

 

 

Figure 5. World Health Organization treatment guidelines on treatments for COVID-19 

patients. Adapted from (World Health Organization, 2023). 

 

In Brazil, the ANVISA approved 6 approved medications to treat COVID-19: 

● Remdesivir (antiviral) 

● Sotrovimab (monoclonal ab anti-S protein) 

● Baracitinib (selective inhibitor JAK 1 e 2) 

● Paxlovid (antiviral) 

● Molnupiravir (antiviral) 
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● Tocilizumab (monoclonal ab anti-IL-6R) 

 

1.9. Mesenchymal Stem cells 

Considering that at the onset of COVID-19 there were no specific medications for 

its treatment and that during the development of COVID-19 disease, there is an excessive 

inflammatory process culminating in tissue damage, the therapeutic use of mesenchymal 

stem cells (MSCs) was suggested. 

MSCs are known for their multipotent potential with differentiation into multiple 

lineages (adipocytes, chondrocytes, and osteocytes) (Ghannam et al., 2010). They have 

been extensively studied in recent decades due to their immunomodulatory activity in the 

innate and adaptive immune system, including the phenotype shift from pro-

inflammatory M1 macrophages to anti-inflammatory M2 macrophages, which are 

important in resolving exacerbated inflammatory processes. To exert this 

immunomodulatory activity, MSCs release molecules into the extracellular environment 

either freely or encapsulated in extracellular vesicles. Some of the anti-inflammatory 

molecules released by MSCs are IL-4, IL-10, TGF-α, CCL18, prostaglandin E2, IDO, 

nitric oxide, and lipoxin A4 (Mao et al., 2015; Zheng et al., 2018a). 

Due to these intrinsic characteristics, the safety and effectiveness of MSCs have 

been investigated in various clinical trials for the treatment of multiple diseases, including 

graft-versus-host disease, inflammatory bowel disease, osteoarthritis, rheumatoid 

arthritis, and multiple sclerosis (Xu et al., 2022). In COVID-19, multiple clinical trials 

were registered on clinicaltrials.gov to evaluate their safety and efficacy, and there are 

some case reports of clinical use of MSCs from different tissue sources in severe COVID-

19 patients in the first year of the pandemic (Leng et al., 2020a; Liang et al., 2020; L. Shu 

et al., 2020; Soetjahjo et al., 2023). After the administration of cell therapy to these severe 

patients, researchers showed that inflammatory markers that were previously elevated in 

the patients, such as IL-6 and C-reactive protein, decreased after treatment. Furthermore, 

a follow-up of patients in a randomized clinical trial after two years of MSC treatment 

showed a sustained reduction in these inflammatory markers (T. T. Li et al., 2023a). 
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Figure 6. Schematic representation of Mesenchymal stem cells performing their 

immunomodulatory and tissue repair actions in COVID-19. Adapted from (Xu et al., 

2022).  

 

 

1.10. Extracellular vesicles  

 

Extracellular vesicles (EVs) are spherical structures of nanometric and 

micrometric scale that are released by all cell types (Wiklander et al., 2019a). They are 

classified according to their biogenesis pathway as shown in Figure 7:  
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Figure 7. Extracellular vesicles classification in exosomes, microvesicles and apoptotic 

bodies according to their biogenesis route, size, protein markers and contents. Adapted 

from Ozturk 2020.  

 

Due to their intrinsic characteristics, such as their reduced size, EVs have been 

explored as diagnostic and prognostic biomarkers, as well as for molecule transport and 

drug delivery (Kumar et al., 2024; Morrison et al., 2017). Because they contain a similar 

cargo to their parent cells that release them, EVs contain proteins, miRNAs, mRNAs, 

long non-coding RNAs, DNA, lipids, and organelles such as mitochondria, which shape 

the behavior of target cells. In the case of MSC-derived EVs, this contributes to 

immunomodulatory and regenerative activities (Bulut & Gürsel, 2020). 

Compared to their parent cells, EVs have several advantages for therapeutic use. 

Their reduced size allows them to reach distant locations without getting trapped in the 

bloodstream's microcirculation. EVs can overcome natural defense barriers like the 

blood-brain barrier, reaching distant sites that cells cannot reach. Additionally, EVs are 

considered acellular products, meaning they cannot differentiate into other cell types and 

do not carry the risk of malignant transformation (Majolo et al., 2020; Monsel et al., 2016; 

Öztürk et al., 2020a). 
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Figure 8. Table of advantages and disadvantages of using extracellular vesicles 

comparatively to their parental cells, the stem cells, as therapies. Adapted from (Öztürk 

et al., 2020b). 

 

1.11. Micrornas 

One of the cargoes encapsulated by extracellular vesicles is microRNAs 

(miRNAs). miRNAs are small structures of genetic material synthesized in the cell 

nucleus and composed of 18-25 nucleotides. As shown in Figure 9, after synthesis, they 

are transported to the cell cytoplasm where they are responsible for post-transcriptional 

modifications by binding to messenger RNAs (mRNAs), preventing the translation of 

functional proteins (Bartel, 2004a; He & Hannon, 2004; J. O’Brien et al., 2018; Shang et 

al., 2023). 
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Figure 9. MicroRNA biogenesis pathway. It begins with the transcription of miRNA 

genes by RNA polymerase II into primary miRNA (pri-miRNA) transcripts. These pri-

miRNAs are typically several kilobases long and undergo cleavage by the 

microprocessor complex, composed of Drosha and DGCR8, in the cell nucleus. This 

cleavage generates precursor miRNAs (pre-miRNAs), which are approximately 70 

nucleotides in length and feature a stem-loop structure. Following export to the 

cytoplasm by Exportin-5, pre-miRNAs are further processed by Dicer, an RNase III 

enzyme, into mature miRNA duplexes. One strand of the duplex, known as the guide 

strand, is preferentially selected to form the RNA-induced silencing complex (RISC) 

with Argonaute proteins. The guide strand directs RISC to target mRNAs based on 

sequence complementarity, leading to mRNA degradation or translational repression, 

thereby regulating gene expression. Adapted from (Krol et al., 2010). 
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Over the last decade, miRNAs have been studied for their use as diagnostic and 

prognostic tools in oncology (B. Zhou et al., 2020). The number of miRNAs circulating 

in the bloodstream can indicate the presence and extent of tumoral development (Bertoli 

et al., 2015). In inflammatory and respiratory diseases like COVID-19, miRNAs could 

have therapeutic effects by binding to inflammatory cytokines and chemokines mRNAs, 

reducing the translation of their functional proteins (Bayraktar et al., 2019; Chauhan et 

al., 2020; Girardi et al., 2018; Tahamtan et al., 2018; Weidner et al., 2020; Ying et al., 

2021). For that, in animals, most miRNAs bind to the target 3′ UTR (untranslated region) 

with perfect or imperfect complementarity (Bartel, 2004b). Although less common, 

miRNAs also bind to other parts of the mRNAs such as the CDS (coding sequence) and 

the 5’UTR of the mRNAs. This multi-targeting binding potential allows the same miRNA 

to interact with different regions of the same mRNA but also interact with more than one 

mRNA, interacting with multiple pathways at the same time (H. Zhou et al., 2023).  

 

Therefore, considering COVID-19 pathophysiology and the intrinsic 

characteristics of MSCs and their derived EVs, the aim of this doctoral project is to 

evaluate the anti-inflammatory potential of MSC-EVs during SARS-CoV-2 infection. For 

that, an in silico analysis will be performed to evaluate the miRNA content of MSC-EVs 

and the treatment of lung cells infected with SARS-CoV-2 with MSC-EVs to assess 

therapeutic potential.  

 

 

 

 

 

 

2. OBJECTIVES 

 

Main objective 
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Evaluate therapeutic potential of Mesenchymal stem cells derived extracellular 

vesicles against COVID-19. 

 

Specific Objectives 

I. Perform an in silico analysis to evaluate targeting potential of MSC-EVs miRNA 

to relevant genes involved in COVID-19 development. 

II. Isolate and culture mesenchymal stem cells from adipose tissue. 

III. Isolate and characterize the extracellular vesicles from adipose MSCs. 

IV. Evaluate the anti-inflammatory potential of the MSC-EVs during SARS-CoV-2 

infection. 

 

 

 

 

 

 

 

 

 

 

 

 

3. CHAPTER 1: Mesenchymal Stem Cell-derived extracellular vesicles carrying 

miRNAs as a potential multi-target therapy to COVID-19: an in silico analysis 

 

Stem Cell Reviews and Reports (https://link.springer.com/journal/12015) 

Impact factor (2022) – 4.8 



33 
 

 

Status: Accepted 

doi: 10.1007/s12015-021-10122-0 

 



34 
 

 



35 
 

 



36 
 

 



37 
 

 



38 
 

 



39 
 

 



40 
 

 



41 
 

 



42 
 

 



43 
 

 



44 
 

 



45 
 

 



46 
 

 



47 
 

 



48 
 

 

 

 

 

 

 

 



49 
 

 

In view of the results obtained in Chapter 1, with the in silico analysis, and 

considering the emergence of notifications of consequences in the central nervous system, 

we decided to suggest that extracellular vesicles could be applied for the clinical 

management of the patient attenuating the damage cause in the CNS by the exacerbated 

inflammation and preventing neurologic sequelae.  

 

4. CHAPTER 2: MSC-Exosomes Carrying miRNA - Could they Enhance 

Tocilizumab Activity in Neuropathology of COVID-19? 
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To corroborate the in silico findings, we evaluated the anti-inflammatory potential 

of MSC-EVs in vitro by infecting an alveolar cell line with SARS-CoV-2, treating it with 

MSC-EVs, and sequentially quantifying the panel of inflammatory markers.   

 

5. CHAPTER 3: Targeting cytokines: Evaluating the potential of Mesenchymal Stem 

Cells derived extracellular vesicles in the Management of COVID-19 
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5 Axe Neurosciences, Centre de Recherche du Centre Hospitalier Universitaire de 
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6. CONCLUSION 

After 4 years since its emergence in 2019, COVID-19 has impacted the lives of the 

global population by infecting approximately 775 million people with SARS-CoV-2, 

resulting in the death of approximately 1% of these individuals. Vaccines and treatments 

were developed in record time; however, their adherence and distribution are not equal 

worldwide. In this doctoral work, the therapeutic potential of extracellular vesicles 

derived from mesenchymal stem cells against COVID-19 was evaluated. 

Using bioinformatics analyses, predictions of interactions of microRNAs contained 

in EVs with inflammation modulators, PANoptosis cell death signature, and coagulation 

cascades, important for COVID-19 development, were performed. Fifty-eight miRNAs 

shared among 4 different tissue source databases were identified. Additionally, miRNAs 

capable of binding to the 3’UTR portion of cytokines and chemokines, PANoptosis cell 

death pathway, and coagulation cascades were identified. This highlights the potential 

use to reduce the systemic inflammation process and coagulation disorders presented by 

severe COVID-19 patients. Subsequently, considering studies associating inflammatory 

markers, such as IL-6, with neurological and neuropsychiatric consequences, we suggest 

that treatment with EVs containing their miRNAs in combination with Tocilizumab could 

be advantageous for patients, as our in silico analyses showed the potential interaction of 

miRNAs with IL-6, IL-6R, and IL-6ST. 

To evaluate the functionality of EVs, lung epithelial cells that overexpress the ACE2 

receptor, A549-hACE2, were infected with active SARS-CoV-2 and subsequently treated 

with a concentration curve of MSC-EVs derived from adipose tissue. After treatment, a 

screening of the supernatant from the 30EVs/cell point on the curve was performed using 

multiplex analysis, which detected modulation of 32 out of 48 elements in the cytokines 

and chemokines panel. Then, severity and mortality biomarkers IL-6, IL-8, and MCP-1 

were tested with the concentration curve of 3, 10, and 30 EVs/cell, showing a dose-

dependent reduction. MSC-EVs also showed anti-SARS-CoV-2 activity. However, 

antiviral activity was not detected at lower concentrations where anti-inflammatory 

activities were observed (3, 10, and 30EVs/cell), but rather at higher concentrations on 

the concentration curve (100 and 300EVs/cell). 

The mechanism of action in anti-inflammatory and antiviral activities has not been 

thoroughly elucidated. However, confocal microscopy images show that MSC-EVs were 

internalized by lung epithelial cells and were located along the endosomal route, visually 
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more abundant in the early endosome compartment. This is where many studies report 

the fusion of endosomal membranes with EVs and the release of EV cargo into the 

cytoplasm, enabling their action. Therefore, it can be affirmed that extracellular vesicles 

derived from adipose tissue mesenchymal stem cells are internalized by lung epithelial 

cells, located along the endosomal route, and possibly release their miRNA cargo into the 

cytoplasm of cells, leading to the reduction of experimentally quantified inflammatory 

markers and viruses. However, further research is needed to validate the mechanism and 

hypothesis of miRNA targeting inflammatory and viral markers of COVID-19.  
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