
Fanelli et al. Extracell Vesicles Circ Nucleic Acids 2024;5:517-37
DOI: 10.20517/evcna.2024.20

Extracellular Vesicles and 
Circulating Nucleic Acids

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 
International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, 
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as 

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and 
indicate if changes were made.

www.oaepublish.com/evcna

Open AccessReview

Flow cytometry for extracellular vesicle 
characterization in COVID-19 and post-acute 
sequelae of SARS-CoV-2 infection

1Department of Experimental Medicine, University of Rome Tor Vergata, Rome 00133, Italy.
2Department of Medicine - DIMED, Thrombotic and Hemorrhagic Diseases Unit, University of Padua, Padua 35128 Italy.
#Authors contributed equally.

Correspondence to: Dr. Marialaura Fanelli, Department of Experimental Medicine, University of Rome Tor Vergata, Via 
Montpellier, 1, Rome 00133, Italy. E-mail: fanellimarialaura@gmail.com

How to cite this article: Fanelli M, Petrone V, Chirico R, Radu CM, Minutolo A, Matteucci C. Flow cytometry for extracellular 
vesicle characterization in COVID-19 and post-acute sequelae of SARS-CoV-2 infection. Extracell Vesicles Circ Nucleic Acids 
2024;5:517-37. https://dx.doi.org/10.20517/evcna.2024.20

Received: 15 Mar 2024  First Decision: 21 May 2024  Revised: 19 Jul 2024  Accepted: 5 Aug 2024  Published: 9 Aug 2024

Academic Editor: Yoke Peng Loh   Copy Editor: Pei-Yun Wang   Production Editor: Pei-Yun Wang

Abstract
Infection with SARS-CoV-2, the virus responsible for COVID-19 diseases, can impact different tissues and induce 
significant cellular alterations. The production of extracellular vesicles (EVs), which are physiologically involved in 
cell communication, is also altered during COVID-19, along with the dysfunction of cytoplasmic organelles. Since 
circulating EVs reflect the state of their cells of origin, they represent valuable tools for monitoring pathological 
conditions. Despite challenges in detecting EVs due to their size and specific cellular compartment origin using 
different methodologies, flow cytometry has proven to be an effective method for assessing the role of EVs in 
COVID-19. This review summarizes the involvement of plasmatic EVs in COVID-19 patients and individuals with 
Long COVID (LC) affected by post-acute sequelae of SARS-CoV-2 infection (PASC), highlighting their dual role in 
exerting both pro- and antiviral effects. We also emphasize how flow cytometry, with its multiparametric approach, 
can be employed to characterize circulating EVs, particularly in infectious diseases such as COVID-19, and suggest 
their potential role in chronic impairments during post-infection.
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INTRODUCTION
The capacity and necessity to communicate are fundamental to normal cell functioning. Cell activity and 
survival are closely linked to the reception and processing of information from itself and the external 
environment. Cells can communicate directly with each other through a series of chemical and mechanical 
signals, enabling the specialization of groups of cells that can form tissues such as muscles, blood, and brain 
tissue[1]. The ability of cells to communicate is also mediated through the release of vesicles into the 
extracellular environment, commonly called extracellular vesicles (EVs). EVs can reach target cells through 
biological fluid and transmit their cargo molecules, determining the fate of the recipient cell through 
endocrine, paracrine, or autocrine signaling[2]. They also play the role of removing unwanted molecular 
material or cellular waste[3].

EVs are cell-derived vesicles characterized by a lipid bilayer and cannot replicate with a size between 30 nm 
and 5 µm; they are secreted into the extracellular space by various cells under physiological and pathological 
conditions. EVs are primarily distinguished into three main categories: exosomes, which have a diameter of 
less than 200 nm and originate from endosomal cellular compartments within the cell; ectosomes [also 
called microvesicles (MVs)], which originate from the cellular membrane surface; and apoptotic bodies, 
which are derived from cells undergoing programmed cell death. EVs are further classified into two main 
groups based on size: small EVs (with a diameter < 200 nm) and large EVs (with a diameter > 200 nm) 
diameter. This classification is due to the overlapping size of exosomes and MVs[4,5]. The term “exosomes” 
specifically refers to vesicles originating from the endosomal system and are generally less than 200 nm.

Ectosomes are vesicles that arise from the plasma membrane and can vary in size, including sizes similar to 
those of exosomes[5]. The functional impact of EVs on recipient cells and their cellular origin contribute to 
their heterogeneity[6-8].

The lipid bilayer of EVs is characterized by the presence of membrane proteins including tetraspanins such 
as CD9, CD63, CD81 and CD82, cell adhesion-related proteins, MVB-related proteins (TSG101, ALIX and 
Rab proteins), antigen presentation-related proteins (class I and II of the major histocompatibility 
complex), peptide death receptors [fasL and tumor necrosis factor (TNF) - apoptosis inducing ligand], and 
iron transport proteins (transferrin receptor)[9].

The formation of EVs is mediated by the presence of various fatty acids and lipids belonging to plasma 
membranes, including ceramide, cholesterol, sphingomyelin, and phosphatidylserine[10-13]. The presence of 
EVs has been demonstrated in different biological fluids [blood, urine, milk, nasal secretions, amniotic fluid, 
cerebrospinal fluid (CSF), and broncho-alveolar lavage fluid (BALF)], highlighting their physiological ability 
as transducers and carriers[14,15].

THE IMPACT OF SARS-COV-2 INFECTION ON CELLS: FROM CELLULAR ORGANELLES 
ALTERATION TO EVS PRODUCTION
Due to external insults such as infectious pathogens (viruses, bacteria, fungi)[16], drugs, physical agents[17,18], 
or tumorigenesis[19], cells modify their phenotype at the membrane surface and intracellular levels. In 
particular, during viral infections, host cells undergo major changes in their morphology and molecular 
composition, deviating from their normal physiological state. Virus infection results in various cytopathic 
effects (CPE), such as rounding of the infected cell, increased fusion processes with adjacent cells (also 
known as syncytia), and the formation of nuclear or cytoplasmic inclusion bodies. Other important effects 
involving the alteration of normal functions include the activation of signal cascades, transcription 
activation or inhibition, changes in cell membrane permeability, metabolism and the cell cycle[20,21], and 
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known genotoxic effects[22] [Figure 1].

The consequences at the multidistrict level of SARS-CoV-2 infection have been extensively described[23], 
demonstrating how virus replication has an impact in the human body.

The ability of SARS-CoV-2 to induce changes in cell and/or tissue physiology is closely related to the 
specific cell type involved[24].

The widespread expression of ACE2, a receptor that SARS-CoV-2 uses to enter cells, in multiple organs 
facilitates the spread of the virus. Therefore, SARS-CoV-2 can induce neurological, cardiac, pulmonary, 
gastrointestinal, hepatic, renal, and vascular impairment[25]. More specifically, the Spike protein, a viral 
glycoprotein, is cleaved by TMPRSS2, which triggers viral activation and is a crucial host factor for SARS-
CoV-2 pathogenicity. This mechanism is similar to that observed in other coronaviruses, such as SARS-
CoV and influenza viruses like H1N1 influenza[26]. This makes TMPRSS2 an attractive pharmacological 
target for impeding viral entry[27]. Additionally, other membrane proteins participate in the internalization 
of SARS-CoV-2. One such protein is Siglec-1/CD169, which is known to bind and internalize HIV at the 
cellular level[28,29]. Siglec-1/CD169 interacts with sialylated gangliosides on the membranes of SARS-CoV-2 
variants. Research has shown that blocking Siglec-1 on monocyte-derived dendritic cells reduces the viral 
transfer of SARS-CoV-2 to target cells[30]. Another important protein is neuropilin 1[31], a surface protein 
with various functions that binds to VEGF and semaphorin[32] and has an important role in the development 
of neurons and the cardiovascular system. During infection, NRP1-promoted virus entry is thought to 
facilitate the infection of cells with low levels of ACE2 expression, such as olfactory endothelial cells[33], 
possibly aiding the separation of S1 and S2 subunits of the Spike protein[34]. Indeed, NRP1-mediated entry 
could have important neurological implications, especially in the olfactory-related region of the CNS, 
contributing to the neurological symptoms associated with SARS-CoV-2[35]. Once inside the host cell, SARS-
CoV-2 disrupts the cellular microenvironment by altering cellular structures and organelles [Figure 1].

In particular, SARS-CoV-2 has been shown to contribute to the alteration of mitochondrial homeostasis[36]. 
Shang et al. demonstrated the presence of SARS-CoV-2 viral RNA in mitochondria, causing increased 
reactive oxygen species (ROS) release and inhibition of mitophagy at an early stage[37].

Among its numerous effects, SARS-CoV-2 has also been shown to significantly impact the endoplasmic 
reticulum[38], Golgi apparatus[39], and cytoskeleton[40], which are all structures physiologically involved in the 
biogenesis and secretion of EVs[41,42]. As with many other viruses, vesicular structures appear to play a key 
role in SARS-CoV-2 infection at the morphological level, participating in virus assembly, egress from 
infected cells, and spread to other cellular targets.

EVs can have either beneficial or detrimental effects on SARS-CoV-2 infection, depending on their load. 
Virus-infected cells show increased production of EVs, which transfer viral nucleic acids, proteins, entire 
virions, or viral entry receptors to healthy cells. This not only facilitates the spread of the virus but also 
influences the immune responses and susceptibility of target cells to infection[43].

Considering the important damage generated by SARS-CoV-2 at the cellular, systemic, and immunological 
levels, EVs represent another element to be considered due to their ability to transport material (RNA, 
DNA, proteins) from the infected or non-infected secreting cell[15,43]. Indeed, EVs generated from virus-
infected cells can act as carriers of virulence factors, including viral proteins and genetic material, sustaining 
the infection itself[44] [Figure 1].
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Figure 1. The release of EVs as a result of the multilevel impairments resulting from SARS-CoV-2 infection. Created with BioRender.com. 
EVs: Extracellular vesicles.
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compartment, SARS-CoV-2 induces several cytopathic effects (alteration at the level of the Endoplasmic 
reticulum and Golgi apparatus, mitochondrial, cytoskeleton, cell cycle, and membrane permeability), some 
of which are strictly involved in EVs biogenesis and release.

Based on this evidence, characterizing patient responses by exploiting the molecular profiling of EVs to find 
biomarkers of disease progression may be of great importance in finding therapeutic targets to mitigate the 
effects of SARS-CoV-2 infection. For instance, as reported by the proteomic analysis of EV load from a 
cohort of COVID-19 patients, three clusters with specific functions (exRNAs related to liver damage, EVs 
proteins related to antiviral response, and coagulation-related markers) were clearly defined, indicating that 
EVs may reflect host-specific responses to infection, as well as disease progression[45].

STATE OF THE ART: THE EVS INVOLVEMENT IN COVID-19 AND POST-ACUTE 
SEQUELAE OF SARS-COV-2 INFECTION
COVID-19, caused by the SARS-CoV-2 virus infection, is a disease with a multidistrict impact. It has been 
widely documented that it can lead to failures in the respiratory, immune, cardiovascular, and neurological 
systems[46,47].

In many cases, resolving the infection does not fully address the major impairments that affect various parts 
of the body. Complex symptoms can persist for four weeks or more after the initial infection and are 
defined by the Centers for Disease Control and Prevention (CDC) as “post-COVID conditions” (PCC) or 
post-acute sequelae of SARS-CoV-2 infection (PASC). These conditions are characterized by social, 
physical, and psychological impairments[48-50].

The symptoms of PASC are very heterogeneous and could emerge during the acute phase of the infection 
and continue after its resolution, or they may develop as a consequence of COVID-19[51-53].

In this complex scenario, this review aims to describe and highlight the potential role of EVs in both 
COVID-19 and PASC. Due to their peculiar characteristics (small size, varied membrane markers, and 
ability to carry different materials), detecting EVs is difficult. Currently, there is no highly accurate and 
standardized method that can simultaneously assess all these features.

In the COVID-19 context, different methods have been used for the detection and characterization of EVs. 
As reported in a recent work, different approaches such as ultracentrifugation, density gradient 
centrifugation, size exclusion chromatography, immunoaffinity isolation methods, microfluidics-based 
methods, and reduced solubility approaches have been developed to better isolate EVs and especially to 
establish standard guidelines[54,55]. Various methodologies such as transmission electron microscope, 
immunofluorescence, mass spectrometry, enzyme-linked immunosorbent assay (ELISA), western blot, and 
flow cytometry have been used for EV characterization [Figure 2].

In the context of COVID-19, EVs were studied and evaluated in terms of their potential role as mediators of 
infection and associated pathological disorders.

In recent work, the exosomes recovered from the plasma of COVID-19 patients were demonstrated to carry 
fragments derived from the spike protein, through chip-based immunofluorescence. In addition, it was 
shown by mass spectrometry that the exosome proteome from patients with mild conditions correlated with 
adequate immune system activity, while that of severe patients with increased and chronic inflammation[56]. 

SARS-CoV-2 can generate multidistrict infection, resulting in alterations in different organs. At the cellular 
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Figure 2. The potential role of EVs in COVID-19 and PASC: from isolation methods to characterization. Created with BioRender.com. 
EVs: Extracellular vesicles; PASC: post-acute sequelae of SARS-CoV-2 infection.
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Moreover, EVs have been found to incorporate the Spike protein of SARS-CoV-2 and serve as a target for 
antibodies derived from the serum of COVID-19 convalescent patients, which can interfere with their 
ability to block virus entry[57]. Berry et al. demonstrated that EVs present in mucus produced by human 
nasal epithelial cells express receptor ACE2 and the activated protease TMPRSS2 and have been shown to 
trigger Spike prefusion by promoting viral tropism[58].

In the context of infection, Xia et al. demonstrated by transmission electron microscopy analysis that SARS-
CoV-2-induced EVs contain large amounts of live viral particles. Notably, the SARS-CoV-2 virus carried in 
vesicles was resistant to neutralizing antibodies and was able to reinfect cells independently of receptors and 
signaling cofactors[59]. Interestingly, the quantitative proteomics confirmed that the Spike protein could have 
the ability to interact with the machinery involved in EV biogenesis[60,61].

However, due to their similar sizes, completely separating EVs from viral particles is very challenging. 
Although there is considerable heterogeneity between EVs and viruses, numerous isolation methods are 
sometimes used for both. McNamara et al. define several techniques for the isolation of EVs and viruses, 
highlighting the advantages and limitations of each method. Notably, their work highlights the peculiarity of 
the flow cytometry method (nanoFACS), which can separate EVs from viruses based on specific markers[62]. 
Furthermore, it is important to note that not all viral inactivation methods, which are used to safely 
manipulate samples, are compatible with the protocols for EV isolates contaminated with SARS-CoV-2[63]. 
Therefore, any infection experiment using EV isolates from virus-containing samples must be interpreted 
with caution.

In contrast, the EVs-mediated antiviral effects were investigated. In particular, mesenchymal stem cell-
derived (MSC) EVs have shown the ability to suppress viral replication and attenuate virion release and 
production in Calu-3 cells infected with SARS-CoV-2. Furthermore, this mechanism does not interfere with 
the virus entry process[64]. Furthermore, miRNAs present in EVs block SARS-CoV-2 through direct binding 
to the 3’ UTR portion, resulting in translational repression and the ability to prevent cytokine storms and 
counteract inflammatory responses and immunopathogenesis[65]. Furthermore, in hospitalized patients with 
severe COVID-19, intravenous administration of MSC-SEV significantly alleviated hypoxia, immune 
recovery, and cytokine storm, without causing adverse reactions[66].

In COVID-19 patients, an increase in circulating EVs expressing ACE2, and their ability to neutralize 
SARS-CoV-2 have been demonstrated. This antiviral mechanism is explained by competition between the 
ACE2 receptors present in the vesicles (ACE2-positive EVs) and those on the cells[67].

EVs could also contribute to the progression of COVID-19. Proteomic analysis of patient-derived exosomes 
has identified several molecules involved in the main mechanisms of COVID-19-related tissue damage and 
multiple organ dysfunction, such as immune response, inflammation, and coagulation, including the 
presence of SARS-CoV-2 RNA[68]. In connection with the coagulation abnormalities observed in COVID-19 
patients[69], Rosell et al. reported the presence of plasmatic EVs expressing tissue factor (TF), the main 
activator of the coagulation cascade; furthermore, the activity of TF-bearing EVs was linked to disease 
severity and mortality, and showed a correlation with D-Dimer levels[70].

Multidistrict impairments resulting from COVID-19 progression often persist even after the infection has 
resolved, leading to a condition known as Long COVID (LC). Individuals with LC are affected by PASC, 
which are often associated with severe neurological disorders.
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In this context, there is limited information regarding the involvement of EVs involvement in PASC 
syndrome.

A recent study analyzed the levels of Spike protein and viral RNA contained in circulating EVs of 
hospitalized patients with acute COVID-19, as well as patients with and without PASC symptoms. The 
study found that 30% of the PASC individuals were positive for both Spike and viral RNA, while none of the 
individuals without symptoms tested positive[71].

In individuals with PASC, analysis using ELISA method revealed high expression of S1 and nucleocapsid 
(N) proteins of SARS-CoV-2 in circulating neuron- and astrocyte-derived EVs from plasma. Notably, 
higher levels of N proteins were associated with neuropsychiatric symptoms[72].

In other research, neuronal-enriched EVs (nEVs), characterized by the expression of the neuronal marker 
L1CAM, were detected in the plasma of PASC individuals. Compared to healthy controls, nEVs from PASC 
individuals showed elevated levels of protein markers associated with neuronal dysfunction. This suggests 
ongoing peripheral neuroinflammation following COVID-19, which may influence neurological sequelae by 
altering nEV proteins[73] [Figure 2].

This evidence underscores the dual role of EVs during SARS-CoV-2 infection. They can function both as 
vehicles for promoting and spreading the virus and as elements that can counteract viral mechanisms. In the 
complex scenario of COVID-19 and its post-infection sequelae, several studies suggest that EVs are capable 
of transmitting pro-inflammatory and immune-stimulatory signals from various parts of the body, 
including the nervous system.

Different isolation and characterization methods have enabled the evaluation of the possible roles of EVs 
(MVs and exosomes). The anti- and pro-infection roles of EVs were highlighted based on the presence of 
endogenous (ACE2 receptor) and SARS-CoV-2-derived materials (RNA and protein).

FLOW CYTOMETRY APPROACH DECIPHERING COVID-19 AND PASC: FROM CELLS TO 
EVS
In recent years, the quest to uncover and understand the mechanisms underlying complex diseases has led 
researchers to adopt a multiparametric approach. The integration and refinement of various methods have 
improved the study of different parameters that contribute to the development and resolution of these 
pathologies[74]. Among the many approaches, flow cytometry stands out as a highly reliable and sensitive 
multiparametric method. It is ideal for a detailed analysis of single cells or particles in suspension. Flow 
cytometry provides both qualitative and quantitative assessments of multiple characteristics, enabling the 
discrimination of size, complexity, and the expression of extra- and intracellular molecules. Therefore, it has 
been applied to the study of various complex diseases, including cancer, neurodegenerative disorders, 
infectious diseases, and cardiovascular conditions[75].

Flow cytometry has also been used to analyze single EVs. The primary challenges in identifying and 
characterizing EVs include their small size and high heterogeneity of biomarkers, as well as low refractive 
index. However, advancements in nanotechnology have led to the development of improved tools for 
analyzing small particles, which enhances the study of EVs from various sources (animal, plant, and 
microbial) and highlights their heterogeneity[76].
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Nano-flow cytometry (nFCM) is an emerging technique for nanoparticle characterization and can detect 
particles as small as 30 nm. The high sensitivity of nFCM’s lateral scattering detection enables multi-
parameter quantitative analysis of single particles based on their distribution and concentration[77].

Through flow cytometry, the heterogeneity of EVs can be analyzed through phenotyping and 
quantification[78,79].

Cells characterization
To study and characterize the immune response to COVID-19, flow cytometry was employed to phenotype 
T cells, B cells, NK cells, dendritic cells, and monocyte subpopulations, evaluating their differentiation and 
activation status[80-83]. This approach revealed several alterations in both innate and adaptive immunity, 
facilitating the identification of predictive markers associated with disease stage and progression[84-86].

The ability of SARS-CoV-2 to induce the expression of the adhesion molecule CD169/SIGLEC1 in myeloid 
lineage as an early marker of viral infection was demonstrated through flow cytometry[87-89]. In this context, 
we demonstrated that the high median fluorescence intensity ratio of CD169 between monocytes and 
lymphocytes (CD169 RMFI) in COVID-19 patients correlated with CD8 T-cell senescence and exhaustion 
(CCR7, CD45RA, CD28, CD27, CD57), and with B-cell maturation and differentiation markers (CD45, 
CD19, CD27, IgM, IgD). The SARS-CoV-2 spike protein has also been shown to activate CD169 RMFI in a 
dose-dependent manner[90]. Recently, the alteration of CD169 and HLA-DR expression in monocytes and 
inflammation indices in COVID-19 patients upon different waves of the pandemic and their persistence in 
PASC individuals were also observed[91].

Furthermore, in the context of new biomarkers associated with COVID-19, the contribution of the 
endogenous human retrovirus W family envelope protein (HERV-W ENV) was evaluated. By flow 
cytometry analysis, the expression of HERV-W ENV was found elevated in leukocytes from COVID-19 
patients but not in healthy donors, and the expression correlated with markers of T-cell differentiation and 
exhaustion, cytokine levels in the blood, and severity of pneumonia. Notably, HERV-W ENV expression 
reflected the respiratory outcome of COVID-19 patients during hospitalization[92].

Although most infected people develop asymptomatic or mild COVID-19 disease, SARS-CoV-2 can induce 
profound immune dysregulation, leading to chronic inflammation.

Several works have demonstrated the alteration and persistence of inflammation and complex symptoms 
even after SARS-CoV-2 infection. PASC subjects may develop symptoms that persist or emerge beyond the 
acute phase of COVID-19, lasting for weeks or months[93-95]. Indeed, dysregulation of immune cell subtypes 
was found in convalescent COVID-19 patients up to 6 months after infection[96,97], including alterations in 
mucosal immune parameters, redistribution of CD8+β7 Integrin+ T cells and IgA[98]. It was recently shown 
that the inflammatory state of PASC is due to ongoing neutrophil activation, alterations in B-cell memory, 
and self-reactivity more than one year after COVID-19[99]. The dysfunction of the immune system and the 
resulting inflammatory state can, therefore, be considered as prognostic markers for the outcome of the 
disease and for possible re-infection.

Further studies using flow cytometry also offered new treatment insights for PASC individuals with long-
standing chronic inflammation. The administration of thymosin alpha 1 has been shown to be very effective 
in compromised PASC individuals, restoring an anti-inflammatory response in those who require 
respiratory support during the acute phase, and in those with systemic and psychiatric symptoms specific to 
PASC[100].
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In a recent study using “omics” analytical approaches combined with mass cytometry, immunophenotypic 
dysregulations in CD4 and CD8 T cells were highlighted in individuals showing post-SARS-CoV-2 infection 
alterations (LC). Moreover, an uncoordinated adaptive immune response to SARS-CoV-2 was 
demonstrated[101].

In the cellular context, flow cytometry made it possible to characterize the harmful conditions of COVID-
19, especially in the immunological context. At the same time, this initial evidence enriched the complex 
scenario found in PASC individuals, thus opening a possible way for research.

EVs
In recent years, multiparametric flow cytometry technology has also been applied in the field of extracellular 
particle (EP), including EVs of animal and plant origin[102].

Research groups are currently working to improve conditions for the EVs detection and evaluation by flow 
cytometry. A standardized protocol is crucial for characterizing EVs and defining their possible role as 
diagnostic markers.

To address these issues, a working group (WG) consisting of researchers in EV-flow cytometry (FC) from 
the International Society for Extracellular Vesicles (ISEV), the International Society for Advancement of 
Cytometry (ISAC), and the International Society on Thrombosis and Haemostasis, Inc. (ISTH) has 
developed a consensus list of essential information that should be provided about EV-FCs. This list is based 
on the MISEV and MIFlowCyt guidelines. All critical issues related to sample staining, detection and 
measurement of EVs, and experimental design in manuscripts reporting EV-FC data are analyzed here in a 
specific manner to EVs (MIFlowCyt-EV). MIFlowCyt-EV has been developed specifically for the reporting 
of single EV-FC experiments and is generally applicable to other small particles, such as viruses[103]. 
Considering the rapid evolution of analysis tools and methods, MIFlowCyt-EV provides a framework for 
sharing EV-FC results by not prescribing specific protocols and will be improved and revised periodically as 
EV-related technologies and applications develop, as is the case with MIFlowCyt and MISEV guidelines.

Key information regarding the flow cytometry approach in the detection and characterization of EVs has 
been brought together in a review aimed at promoting guidelines for robust and reproducible results[103]. 
Furthermore, in a recent work, a method based on flow cytometry imaging (IFCM) was proposed to 
characterize plasma EVs without previous isolation, in order to exclude possible biases caused by EV 
isolation[104]. Although there is ongoing debate over consensus on specific markers and protocols for EVs, 
the application of conventional flow cytometry assay in EV research could aid in the development of 
standardized methodologies. For example, regarding the general use of carboxyfluorescein diacetate 
succinimidyl ester (CFSE) in the characterization of EVs, it was observed that when cells were labeled with 
CFSE, there was a fluorescence transition on EVs that were reconstituted from the pellet but not on those 
that remained in the supernatant, suggesting the indirect labeling of EVs based on the mode of biogenesis as 
a specific method for distinguishing exosomes and ectosomes. Thus, this was a good approach to 
characterizing EVs by distinguishing the ectosomes produced from the outer cell membrane labeled by 
CFSE from the exosomes formed inside the cell by the multivesicular bodies not labeled by CFSE[105].

Advances in flow cytometry have opened the possibility for analyzing EVs at high resolution, highlighting 
not only the different aspects that characterize a single EV, but also the complexity and different functions 
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[Table 1]. In particular, to better analyze EVs less than 100 nm in size, such as exosomes, nano-flow 
cytometry methods are increasingly used in the field[106].

A more detailed characterization of EVs is essential to define their contribution not only in physiological 
conditions, but especially in various diseases. Numerous studies have examined the potential involvement of 
EVs in different tumor-related, inflammatory and immune processes[107].

The study of EVs has been intensified in the cardiovascular field to define their pathophysiological 
importance. Davidson et al. summarize the main separation methods and techniques for identifying and 
determining EV proteins, RNAs, and lipids content, including methodologies for the clinical use of EVs in 
cardiovascular diseases[108].

In the context of COVID-19, several detrimental conditions, effects related to coagulation alteration, 
thrombotic complications, and endothelial activation have been widely described[109,110]. The plasmatic EVs 
expressing endothelial markers such as CD62E-selectin (CD62E) were characterized by flow cytometry. The 
increase in endothelial CD62E+ EVs in COVID-19 patients at the time of hospitalization was significantly 
associated with critical disease, highlighting the potential role of circulating CD62E+ EVs as a marker to 
identify individuals with increased risk of fatal outcomes[111].

The role of activated platelets that can release EVs as bioactive shuttles, which transfer their contents, has 
been widely discussed. In particular, in the case of viral infection, platelets are activated and release EVs that 
also contain virions[112,113]. Indeed, in SARS-CoV-2 infected cells, tissue factor activates thrombin, which 
signals to platelets of protease-activated receptors[114].

Recent research demonstrated that the mean fluorescence intensity of the CD62P-selectin (CD62P) platelet 
activation marker was significantly higher in the large EVs of COVID-19 patients compared to healthy 
donors. The characterization of large EVs with cell-derived markers showed higher expression of CD41 
(platelets), CD235a (erythrocytes), and CD31 (endothelial cells) than in healthy donors[115,116].

Brambilla et al. demonstrated that in patients with SARS-CoV-2 infection, large plasma vesicles show a 
procoagulant potential dependent on the presence of tissue factor. This study showed that in patients, the 
resolution of the disease led to the restoration of physiological concentrations and procoagulant function of 
large vesicles[117].

The high expression of tissue factor (also known as CD142) on the surface of vesicles of COVID-19 patients 
was also found to be biologically active and a reliable prognostic marker correlating with serum levels of 
TNF-α[118,119]. An increase in EVs from cells involved in COVID-19-associated coagulopathy, particularly 
those derived from activated pericytes expressing SARS-CoV-2-nucleoprotein (NP), was also found. This 
study showed that after discharge, EVs of endothelium decreased, while those of leukocytes and platelets 
increased further. This suggests that in the disease course, there is a differential distribution of EVs of 
various cellular origins, contributing to sustained activation following the acute phase[120].

Supporting coagulation alterations and thrombotic events, EVs of patients with severe COVID-19 showed 
elevated levels of platelet markers (CD41) and coagulation factors. Patients with moderate/severe disease 
showed EVs expressing significantly higher levels of immune cell markers (CD4/CD8/CD14)[121].
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Interestingly, EVs were assessed by flow cytometry in plasma and CSF. High levels of circulating EVs in 
plasma derived from neutrophils (MPO+) and platelets (CD61+) and complement component C5b-9 
(TCC+) were observed in patients with COVID-19 compared with controls[122].

An increase in plasma-level circulating EVs expressing ACE2 (evACE2) capable of neutralizing SARS-CoV-
2 infection by competing with cellular ACE2, supporting an antiviral mechanism, was also demonstrated in 
COVID-19 patients. The authors suggest a mechanism in which ACE2-expressing small EVs can delay the 
binding of cellular ACE2 by linking SARS-CoV-2. This is due to the higher affinity of ACE2 proteins 
present on EVs to the virus spike protein[67].

Table 1. The contribution of flow cytometry in the study of EVs in the context of COVID-19 and PASC

EVs Sample Disease       Isolation
methodology Detected molecules Characterization

methodology Ref.

Exosomes Plasma COVID-19 Centrifugation Anti-SARS-CoV-2-S-RBD Anti-CD63-conjugated bead
purification

[56]

Large EVs Plasma COVID-19 Centrifugation E-cadherin (CD144+), 
PECAM-1 (CD31+CD41-), 
E-selectin (CD62E+)

Gigamix (beads of sizes 0.1, 
0.16, 0.2, 0.24, 0.3, 0.5, and 
0.9 μm)

[111]

Small and 
Large EVs

Plasma COVID-19 Ultracentrifugation and 
filtration (Small EVs) 
Centrifugation and 
filtration (Large EVs)

CD63, CD81, CD41, CD235a, 
CD31, CD62P

Sub-micron particle 
0.1, 0.2, 0.5 µm

[116]

Small and 
Large EVs

Serum COVID-19 Capture beads coated 
with antibodies (CD9, 
CD63, CD81)

TF (CD142) and CD63 Capture beads coated with 
antibodies (CD9, CD63, 
CD81)

[118]

Small and 
Large EVs

Serum COVID-19 Ultracentrifugation CD49e, CD209, CD86, 
CD133/1, CD69, CD142, 
CD20

Capture beads coated with 
antibodies (CD9, CD63, 
CD81)

[119]

Small and 
Large EVs

Plasma COVID-19 CD62E, TF, ACE2, CD62P, 
CD45, PDGF-β, 
anti-SARS-CoV-2-NP

Gigamix (beads of sizes 0.1, 
0.16, 0.2, 0.24, 0.3, 0.5, and 
0.9 μm) and calcein-AM

[120]

Small and 
Large EVs

Plasma COVID-19 Centrifugation CD253, CD144, CD62E, 
CD41, CD62P, CD142, 
CD141, EPCR, CD4, CD8, 
CD28, CD154, CD14, CD22

Megamix beads (0.5, 0.9, 3, 
and 0.78 μm)

[121]

Small and 
Large EVs

Plasma 
CSF

COVID-19 Centrifugation Lactadherin, CD61, C3a, 
MPO, C4d, TCC, CD51/61, 
CD45, CD142 
Lactadherin, CD51/61, CD61, 
TCC, MPO, CD45

Megamix-plus SSC beads of 
sizes 0.16, 0.20, 0.24, 
and 0.5 μm

[122]

Small and 
Large EVs

Cells culture 
supernatant 
Plasma

COVID-19 Centrifugation and 
ultracentrifugation

ACE2, CD81, CD63, TSG101 Fluorescent polystyrene 
beads (180, 240, 300, 590, 
880, and 1,300 nm)

[67]

Small and 
Large EVs

HEK293A 
supernatant 
Serum

COVID-19 Filtration, centrifugation 
and ultracentrifugation

SARS�CoV�2 Spike S1, 
CD63, CD45, CD38+, IgA+, 
IgG+

Silica nanoparticles (66, 91, 
113, and 155 nm)

[123]

Small and 
Large EVs

Plasma COVID-19 
LC-19

Centrifugation 
Anti-CD63-conjugated 
bead purification

CD14, CD1C, CD11C, CD142, 
CD105, MCSP, CD4, CD8, 
CD41b, CD62P

Capture beads coated with 
antibodies (CD9, CD81)

[130]

Small and 
Large EVs

Plasma COVID-19 Filtration, centrifugation 
and ultracentrifugation

CD41, CD14, CD66, CD146, 
TF, TFPI

CD81, CD9, CD63, and 
calcein-AM

[117]

Small and 
Large EVs

Plasma COVID-19        Centrifugation and
polymer for gently
precipitates

CD31, CD45, N�cadherin, 
CD56, CD140b, CD34 and 
CD42b, CD63

Fluorescent beads (200-500-
1,000 nm) and CFSE

[125]

Small and 
Large EVs

293F cell media 
carrying the SARS-
CoV-2 spike 
protein

COVID-19        Centrifugation, FPLC-
mediated size exclusion,
ultrafiltration

CD29, CD326, CD56, HLA-
DR, CD3, CD29, CD44, 
CD24, CD146, MCSP, ROR1, 
CD49a

Capture beads coated with 
antibodies (CD9, CD63, 
CD81), CFSE

[126]

EVs: Extracellular vesicles; PASC: post-acute sequelae of SARS-CoV-2 infection; TF: tissue factor; NP: nucleoprotein; CSF: cerebrospinal fluid; 
SSC: Side Scatter; LC: Long COVID; CFSE: carboxyfluorescein diacetate succinimidyl ester; FPLC: fast performance liquid chromatography.
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Interestingly, using nano-flow cytometry, the serum EVs from COVID-19 patients were analyzed and 
multiparametric phenotyping was performed to characterize immune-associated subpopulations of EVs. 
The presence of EVs derived from specialized small immune cells (classical monocytes, B cells, NK cells) 
reflects the dynamics of COVID-19 progression and partial recovery of the immune system toward the final 
stage of infection[123].

In another study, it was shown that plasma exosomes of COVID-19 patients contain double-stranded RNA 
(dsRNA) of SARS-CoV-2 and are responsible for the production of IL-6, IL-8, and TNF-α by mononuclear 
cells, particularly in CD4+ T cells, CD8+ T cells, and CD14+ monocytes[124].

With respect to the severity of COVID-19, CFSE staining was used to identify the cytoplasm of EVs, and 
CFSE-labeled EVs were stained with antibodies specific for the antigens of interest to determine the 
immunophenotype of each EV subgroup[125]. In addition, delivery of Spike EVs to PBMCs also characterized 
by CFSE resulted in specific immune activation as assessed by expression of T-cell activation markers. 
Furthermore, Spike EVs were largely taken up by antigen-presenting cells (monocytes, dendritic cells, and B 
cells)[126]. All these aspects confirm how CFSE tagging can contribute to the characterization of these EVs in 
the course of COVID-19 disease and its associated etiopathogenetic mechanisms.

Considering their ability to convey pro-inflammatory and immunostimulatory information to different 
parts of the body, these data support the involvement of EVs in the disease.

The severe multiorgan failure and the inflammation resulting from COVID-19 progression persist over time 
after infection, leading to PASC syndrome, often associated with wide-ranging neurological disorders[127-129]. 
It is essential to characterize EVs in individuals with sequelae post COVID-19 using flow cytometry. In a 
recent paper, the profiles of EVs remain distinct several weeks after COVID-19 disease. Co-culture with 
EVs has an impact on the effector functions of healthy T cells and their metabolism in vitro, demonstrating 
suppressive capacity[130].

Results obtained by other methods[55,56] showed a possible contribution of EVs in the persistence of 
symptoms, considering their ability to spread viral material and the inflammatory response.

DISCUSSION AND CONCLUSION
COVID-19 can be defined as a multidistrict disease because, despite the primary sites of infection 
(nasopharynx, trachea, and nasal olfactory mucosa)[131], the SARS-CoV-2 virus is able to reach different 
tissues and infect several cells[24]. The cytopathic effect induced by SARS-CoV-2, in particular alteration of 
the endoplasmic reticulum, the Golgi apparatus, and the cytoskeleton, has been widely documented[36,38-40]. 
These impairments compromise cellular activity and also interfere with the biogenesis and secretion of EVs 
such as exosomes and MVs.

EVs are fundamental in cellular communication through both the expression of specific surface markers 
and the release of their contents[15,132]. Their phenotype and internal materials reflect the state of the 
organism, where EVs could restore disrupted homeostasis in diseases or promote viral propagation during 
infections[133]. Due to their size and surface markers heterogeneity, EVs have been widely studied to establish 
guidelines for their characterization. Several methodological approaches have been explored to standardize 
protocols[5,55,134], but the study and characterization of EVs are ongoing. Current guidelines are contained in 
the MISEV 2024 document[5]. Additionally, efforts to establish standardized protocols and identify specific 
EV markers are evolving. For example, the EV-FC working group, comprised of researchers from ISEV, 
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ISAC and ISTH, has developed a consensus framework outlining the minimum information required for 
EV-FC studies.

In the context of COVID-19, various studies have highlighted the potential role of EVs as markers of 
pathology. Specifically, EVs have shown both pro-SARS-CoV-2 and anti-SARS-CoV-2 properties. Research 
has demonstrated that exosomes isolated from the plasma of COVID-19 patients can carry the Spike 
protein, RNA residues, and SARS-CoV-2 viral particles. These exosomes may act as decoys to neutralize 
antibodies[56-59]. Additionally, ACE2-expressing plasma EVs have been shown to block the spread of SARS-
CoV-2[67].

Compared to other methods, the multiparametric approach of flow cytometry has been fundamental to 
identify immunologic impairment and evaluate new predictive biomarkers in COVID-19 patients[90-93]. 
Advances in flow cytometry technology have enabled the adaptation of this approach to the study of EVs.

Furthermore, subpopulations of immune-associated EVs in the sera of COVID-19 patients have been 
characterized. Notably, nano-flow cytometry has allowed for the identification of EVs derived from 
specialized immune cells (monocytes, B cells, and NK cells), which reflect the progression of COVID-19. In 
this context, the ability of EVs to promote immune response has also been demonstrated[123]. These findings 
highlight the important role of EVs in COVID-19, particularly in relation to disease severity and 
complications.

A notable finding is the close relationship between EVs and cells. The production of EVs with specific 
markers, such as those from coagulation or immune system cells, is closely dependent on the cell of origin 
and reflects the status of different tissues. This connection further supports the use of circulating EVs as 
indicators of changes in different body districts.

COVID-19 is known to cause multiorgan dysfunction, particularly neurological changes that can persist 
even after the infection has resolved. Several studies have characterized plasmatic EVs of individuals with 
LC who experience sequelae after infection[71-72]. For example, neuron-derived EVs isolated from the plasma 
of PASC individuals have been characterized using various methods such as chemiluminescent 
microparticle immunoassay, electron microscopy, Luminex bead assay, and ELISA. These studies 
highlighted the capacity of these EVs to carry SARS-CoV-2 proteins and their role in neuronal 
dysfunction[57]. Moreover, in COVID-19 patients, EVs have been shown to deliver fragments, RNA and 
virions of SARS-CoV-2. In PASC, this evidence highlights the role of EVs as a vehicle for the virus, thus 
supporting the Trojan horse theory[135]. In this way, surveillance of the immune system is deviated, since 
transported proteins act as bait for neutralizing antibodies, while internalization of the proteins and virus 
promotes spread to different districts.

There is a need for new evidence from flow cytometry to characterize tissue-derived plasmatic EVs in 
COVID-19 and, more specifically, in the post-infection context. Plasma and serum, components of blood, 
are the only fluids circulating throughout all organs and carrying different materials including cytokines 
from different tissues, proteins, antibodies, electrolytes, and EVs of different cellular origins. While EVs are 
normally present in plasma, it is crucial to characterize them based on structural markers (CD63, CD81, 
CD9) and cell-derived markers to define threshold values for both concentration and marker expression.

To accurately characterize EVs, it is important to combine flow cytometry with other methods, such as 
“omics”[136]. This approach can also be applied to other diseases, such as post-COVID-19, to identify new 
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Figure 3. The employment of flow cytometry and nano-flow cytometry in COVID-19 and PASC syndrome. Created with BioRender.com. 
PASC: Post-acute sequelae of SARS-CoV-2 infection.
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biomarkers, including EVs.

Once physiological parameters are defined, it will be possible to identify specific markers associated with 
different alterations.

Flow cytometry is a multiparametric approach that simultaneously evaluates the size, content, quantity, and 
expression of both internal and external markers. Advances in nanotechnology now enable the analysis and 
sorting of small-diameter particles such as viruses, bacteria and EVs[137,138], aided by the development of 
nanoscale flow cytometers [Figure 3].

Flow cytometry is a multiparametric approach to analyze material of different sizes (cells, EVs, molecules, 
and proteins). Physical feature-dependent signals (Forward Scatter or FCS and Side Scatter or SSC) and the 
presence of fluorescent markers (fluorescence or FL) are generated from a light released by a laser. Due to 
this ability, it is widely used to study various diseases.

DECLARATIONS
Authors’ contributions
Conceptualization: Fanelli M, Minutolo A, Matteucci C
Literature search and manuscript writing: Fanelli M, Petrone V, Chirico R
Figure generation: Fanelli M
Review and editing: Fanelli M, Petrone V, Chirico R, Radu CM, Minutolo A, Matteucci C
Final manuscript editing: Fanelli M, Radu CM, Minutolo A, Matteucci C
Supervision: Minutolo A, Matteucci C

Availability of data and materials
Not applicable.

Financial support and sponsorship
The study was supported by the HERVCOV project funded by the HORIZONHLTH-2021-DISEASE 
project (Personalized medicine and infectious disease: understanding the individual host response to virus) 
of the European Commission under the Horizon Europe Framework Program (G.A.101057302).

Conflicts of interest
The authors declare the following financial interests/personal relationships which may be considered as 
potential competing interests: Fanelli M and Petrone V reported that financial support was provided by 
HERVCOV project funded by the HORIZONHLTH-2021-DISEASE G.A.101057302.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2024.



Fanelli et al. Extracell Vesicles Circ Nucleic Acids 2024;5:517-37 https://dx.doi.org/10.20517/evcna.2024.20 Page 533

REFERENCES
Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. General principles of cell communication. In: Molecular Biology of the 
Cell. New York: Garland Science; 2002. Available from: https://www.ncbi.nlm.nih.gov/books/NBK26813/. [Last accessed on 8 Aug 
2024].

1.     

Pitt JM, Kroemer G, Zitvogel L. Extracellular vesicles: masters of intercellular communication and potential clinical interventions. J 
Clin Invest 2016;126:1139-43.  DOI  PubMed  PMC

2.     

Ståhl AL, Johansson K, Mossberg M, Kahn R, Karpman D. Exosomes and microvesicles in normal physiology, pathophysiology, and 
renal diseases. Pediatr Nephrol 2019;34:11-30.  DOI  PubMed  PMC

3.     

György B, Szabó TG, Pásztói M, et al. Membrane vesicles, current state-of-the-art: emerging role of extracellular vesicles. Cell Mol 
Life Sci 2011;68:2667-88.  DOI  PubMed  PMC

4.     

Welsh JA, Goberdhan DCI, O’Driscoll L, et al; MISEV Consortium. Minimal information for studies of extracellular vesicles 
(MISEV2023): from basic to advanced approaches. J Extracell Vesicles 2024;13:e12404.  DOI  PubMed  PMC

5.     

Tkach M, Kowal J, Théry C. Why the need and how to approach the functional diversity of extracellular vesicles. Philos Trans R Soc 
Lond B Biol Sci 2018;373:20160479.  DOI  PubMed  PMC

6.     

Maisano D, Mimmi S, Russo R, et al. Uncovering the exosomes diversity: a window of opportunity for tumor progression 
monitoring. Pharmaceuticals 2020;13:180.  DOI  PubMed  PMC

7.     

Yáñez-Mó M, Siljander PRM, Andreu Z, et al. Biological properties of extracellular vesicles and their physiological functions. J 
Extracell Vesicles 2015;4:27066.  DOI  PubMed  PMC

8.     

Kowal J, Tkach M, Théry C. Biogenesis and secretion of exosomes. Curr Opin Cell Biol 2014;29:116-25.  DOI  PubMed9.     
Yokoi A, Ochiya T. Exosomes and extracellular vesicles: rethinking the essential values in cancer biology. Semin Cancer Biol 
2021;74:79-91.  DOI  PubMed

10.     

Doyle LM, Wang MZ. Overview of extracellular vesicles, their origin, composition, purpose, and methods for exosome isolation and 
analysis. Cells 2019;8:727.  DOI  PubMed  PMC

11.     

Skotland T, Hessvik NP, Sandvig K, Llorente A. Exosomal lipid composition and the role of ether lipids and phosphoinositides in 
exosome biology. J Lipid Res 2019;60:9-18.  DOI  PubMed  PMC

12.     

van Niel G, Carter DRF, Clayton A, Lambert DW, Raposo G, Vader P. Challenges and directions in studying cell-cell 
communication by extracellular vesicles. Nat Rev Mol Cell Biol 2022;23:369-82.  DOI  PubMed

13.     

Negahdaripour M, Vakili B, Nezafat N. Exosome-based vaccines and their position in next generation vaccines. Int 
Immunopharmacol 2022;113:109265.  DOI  PubMed

14.     

Murillo OD, Thistlethwaite W, Rozowsky J, et al. exRNA Atlas analysis reveals distinct extracellular RNA cargo types and their 
carriers present across human biofluids. Cell 2019;177:463-77.e15.  DOI  PubMed  PMC

15.     

Adams K, Weber KS, Johnson SM. Exposome and immunity training: how pathogen exposure order influences innate immune cell 
lineage commitment and function. Int J Mol Sci 2020;21:8462.  DOI  PubMed  PMC

16.     

Bril M, Fredrich S, Kurniawan NA. Stimuli-responsive materials: a smart way to study dynamic cell responses. Smart Mater Med 
2022;3:257-73.  DOI

17.     

Fleenor CJ, Higa K, Weil MM, DeGregori J. Evolved cellular mechanisms to respond to genotoxic insults: implications for radiation-
induced hematologic malignancies. Radiat Res 2015;184:341-51.  DOI  PubMed  PMC

18.     

Nagpal S, Mande SS. Environmental insults and compensative responses: when microbiome meets cancer. Discov Oncol 
2023;14:130.  DOI  PubMed  PMC

19.     

Leroy H, Han M, Woottum M, et al. Virus-mediated cell-cell fusion. Int J Mol Sci 2020;21:9644.  DOI  PubMed  PMC20.     
Thaker SK, Ch’ng J, Christofk HR. Viral hijacking of cellular metabolism. BMC Biol 2019;17:59.  DOI  PubMed  PMC21.     
Albrecht T, Fons M, Boldogh I, Rabson AS. Effects on cells. In: Baron S, editor. Medical microbiology. Galveston (TX): University 
of Texas Medical Branch at Galveston; 1996. Chapter 44.  PubMed

22.     

Fanelli M, Petrone V, Buonifacio M, et al. Multidistrict host-pathogen interaction during COVID-19 and the development post-
infection chronic inflammation. Pathogens 2022;11:1198.  DOI  PubMed  PMC

23.     

Delorey TM, Ziegler CGK, Heimberg G, et al. COVID-19 tissue atlases reveal SARS-CoV-2 pathology and cellular targets. Nature 
2021;595:107-13.  DOI  PubMed  PMC

24.     

Ashraf UM, Abokor AA, Edwards JM, et al. SARS-CoV-2, ACE2 expression, and systemic organ invasion. Physiol Genomics 
2021;53:51-60.  DOI  PubMed  PMC

25.     

Mollica V, Rizzo A, Massari F. The pivotal role of TMPRSS2 in coronavirus disease 2019 and prostate cancer. Future Oncol 
2020;16:2029-33.  DOI  PubMed  PMC

26.     

Shapira T, Monreal IA, Dion SP, et al. A TMPRSS2 inhibitor acts as a pan-SARS-CoV-2 prophylactic and therapeutic. Nature 
2022;605:340-8.  DOI  PubMed  PMC

27.     

Akiyama H, Ramirez NG, Gudheti MV, Gummuluru S. CD169-mediated trafficking of HIV to plasma membrane invaginations in 
dendritic cells attenuates efficacy of anti-gp120 broadly neutralizing antibodies. PLoS Pathog 2015;11:e1004751.  DOI  PubMed  
PMC

28.     

Gutiérrez-Martínez E, Benet Garrabé S, Mateos N, et al. Actin-regulated Siglec-1 nanoclustering influences HIV-1 capture and virus-
containing compartment formation in dendritic cells. Elife 2023;12:e78836.  DOI  PubMed  PMC

29.     

Perez-Zsolt D, Muñoz-Basagoiti J, Rodon J, et al. SARS-CoV-2 interaction with Siglec-1 mediates trans-infection by dendritic cells. 30.     

https://www.ncbi.nlm.nih.gov/books/NBK26813/
https://dx.doi.org/10.1172/jci87316
http://www.ncbi.nlm.nih.gov/pubmed/27035805
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4811136
https://dx.doi.org/10.1007/s00467-017-3816-z
http://www.ncbi.nlm.nih.gov/pubmed/29181712
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6244861
https://dx.doi.org/10.1007/s00018-011-0689-3
http://www.ncbi.nlm.nih.gov/pubmed/21560073
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3142546
https://dx.doi.org/10.1002/jev2.12404
http://www.ncbi.nlm.nih.gov/pubmed/38326288
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10850029
https://dx.doi.org/10.1098/rstb.2016.0479
http://www.ncbi.nlm.nih.gov/pubmed/29158309
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5717434
https://dx.doi.org/10.3390/ph13080180
http://www.ncbi.nlm.nih.gov/pubmed/32759810
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7464894
https://dx.doi.org/10.3402/jev.v4.27066
http://www.ncbi.nlm.nih.gov/pubmed/25979354
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4433489
https://dx.doi.org/10.1016/j.ceb.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24959705
https://dx.doi.org/10.1016/j.semcancer.2021.03.032
http://www.ncbi.nlm.nih.gov/pubmed/33798721
https://dx.doi.org/10.3390/cells8070727
http://www.ncbi.nlm.nih.gov/pubmed/31311206
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6678302
https://dx.doi.org/10.1194/jlr.r084343
http://www.ncbi.nlm.nih.gov/pubmed/30076207
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6314266
https://dx.doi.org/10.1038/s41580-022-00460-3
http://www.ncbi.nlm.nih.gov/pubmed/35260831
https://dx.doi.org/10.1016/j.intimp.2022.109265
http://www.ncbi.nlm.nih.gov/pubmed/36252477
https://dx.doi.org/10.1016/j.cell.2019.02.018
http://www.ncbi.nlm.nih.gov/pubmed/30951672
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6616370
https://dx.doi.org/10.3390/ijms21228462
http://www.ncbi.nlm.nih.gov/pubmed/33187101
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7697998
https://dx.doi.org/10.1016/j.smaim.2022.01.010
https://dx.doi.org/10.1667/rr14147.1
http://www.ncbi.nlm.nih.gov/pubmed/26414506
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4617554
https://dx.doi.org/10.1007/s12672-023-00745-9
http://www.ncbi.nlm.nih.gov/pubmed/37453005
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10349797
https://dx.doi.org/10.3390/ijms21249644
http://www.ncbi.nlm.nih.gov/pubmed/33348900
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7767094
https://dx.doi.org/10.1186/s12915-019-0678-9
http://www.ncbi.nlm.nih.gov/pubmed/31319842
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6637495
http://www.ncbi.nlm.nih.gov/pubmed/21413282
https://dx.doi.org/10.3390/pathogens11101198
http://www.ncbi.nlm.nih.gov/pubmed/36297256
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9607297
https://dx.doi.org/10.1038/s41586-021-03570-8
http://www.ncbi.nlm.nih.gov/pubmed/33915569
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8919505
https://dx.doi.org/10.1152/physiolgenomics.00087.2020
http://www.ncbi.nlm.nih.gov/pubmed/33275540
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7900915
https://dx.doi.org/10.2217/fon-2020-0571
http://www.ncbi.nlm.nih.gov/pubmed/32658591
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7359420
https://dx.doi.org/10.1038/s41586-022-04661-w
http://www.ncbi.nlm.nih.gov/pubmed/35344983
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9095466
https://dx.doi.org/10.1371/journal.ppat.1004751
http://www.ncbi.nlm.nih.gov/pubmed/25760631
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4356592
https://dx.doi.org/10.7554/elife.78836
http://www.ncbi.nlm.nih.gov/pubmed/36940134
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10065798


Page 534                                   Fanelli et al. Extracell Vesicles Circ Nucleic Acids 2024;5:517-37 https://dx.doi.org/10.20517/evcna.2024.20

Cell Mol Immunol 2021;18:2676-8.  DOI  PubMed  PMC
Pizzato M, Baraldi C, Boscato Sopetto G, et al. SARS-CoV-2 and the host cell: a tale of interactions. Front Virol 2022;1:815388.  
DOI

31.     

Pellet-Many C, Frankel P, Jia H, Zachary I. Neuropilins: structure, function and role in disease. Biochem J 2008;411:211-26.  DOI  
PubMed

32.     

Cantuti-Castelvetri L, Ojha R, Pedro LD, et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and infectivity. Science 
2020;370:856-60.  DOI  PubMed  PMC

33.     

Li ZL, Buck M. Neuropilin-1 assists SARS-CoV-2 infection by stimulating the separation of spike protein S1 and S2. Biophys J 
2021;120:2828-37.  DOI  PubMed  PMC

34.     

Wayhelova M, Vallova V, Broz P, et al. A unique case of Bloom syndrome with a combination of genetic hits: a lesson from 
trio�based exome sequencing: a case report. Mol Med Rep 2023;27:110.  DOI  PubMed  PMC

35.     

Gonzalez-Garcia P, Fiorillo Moreno O, Zarate Peñata E, et al. From cell to symptoms: the role of SARS-CoV-2 cytopathic effects in 
the pathogenesis of COVID-19 and Long COVID. Int J Mol Sci 2023;24:8290.  DOI  PubMed  PMC

36.     

Shang C, Liu Z, Zhu Y, et al. SARS-CoV-2 causes mitochondrial dysfunction and mitophagy impairment. Front Microbiol 
2021;12:780768.  DOI  PubMed  PMC

37.     

Upadhyay M, Gupta S. Endoplasmic reticulum secretory pathway: potential target against SARS-CoV-2. Virus Res 2022;320:198897.  
DOI  PubMed  PMC

38.     

Sicari D, Chatziioannou A, Koutsandreas T, Sitia R, Chevet E. Role of the early secretory pathway in SARS-CoV-2 infection. J Cell 
Biol 2020;219:e202006005.  DOI  PubMed  PMC

39.     

Kloc M, Uosef A, Wosik J, Kubiak JZ, Ghobrial RM. Virus interactions with the actin cytoskeleton - what we know and do not know 
about SARS-CoV-2. Arch Virol 2022;167:737-49.  DOI  PubMed  PMC

40.     

Cooper GM. The mechanism of vesicular transport. In: The cell: a molecular approach. Sunderland (MA): Sinauer Associates; 2000. 
Available from: https://www.ncbi.nlm.nih.gov/books/NBK9886//. [Last accessed on 8 Aug 2024].

41.     

Bonifacino JS, Glick BS. The mechanisms of vesicle budding and fusion. Cell 2004;116:153-66.  DOI  PubMed42.     
Sbarigia C, Vardanyan D, Buccini L, Tacconi S, Dini L. SARS-CoV-2 and extracellular vesicles: an intricate interplay in 
pathogenesis, diagnosis and treatment. Front Nanotechnol 2022;4:987034.  DOI

43.     

Kumar A, Kodidela S, Tadrous E, et al. Extracellular vesicles in viral replication and pathogenesis and their potential role in 
therapeutic intervention. Viruses 2020;12:887.  DOI  PubMed  PMC

44.     

Fujita M, Ureshino H, Sugihara A, Nishioka A, Kimura S. Immune thrombocytopenia exacerbation after COVID-19 vaccination in a 
young woman. Cureus 2021;13:e17942.  DOI  PubMed  PMC

45.     

van Eijk LE, Binkhorst M, Bourgonje AR, et al. COVID-19: immunopathology, pathophysiological mechanisms, and treatment 
options. J Pathol 2021;254:307-31.  DOI  PubMed  PMC

46.     

Yang L, Liu S, Liu J, et al. COVID-19: immunopathogenesis and immunotherapeutics. Signal Transduct Target Ther 2020;5:128.  
DOI  PubMed  PMC

47.     

Centers for Disease Control and Prevention (CDC). Long COVID basics. Available from: https://www.cdc.gov/coronavirus/2019-
ncov/long-term-effects/. [Last accessed on 8 Aug 2024].

48.     

Chevinsky JR, Tao G, Lavery AM, et al. Late conditions diagnosed 1-4 months following an initial coronavirus disease 2019 
(COVID-19) encounter: A matched-cohort study using inpatient and outpatient administrative data - United States, 1 March-30 June 
2020. Clin Infect Dis 2021;73:S5-16.  DOI  PubMed  PMC

49.     

O’Laughlin KN, Thompson M, Hota B, et al; INSPIRE Investigators. Study protocol for the Innovative Support for Patients with 
SARS-COV-2 Infections Registry (INSPIRE): a longitudinal study of the medium and long-term sequelae of SARS-CoV-2 infection. 
PLoS One 2022;17:e0264260.  DOI  PubMed  PMC

50.     

Soriano JB, Murthy S, Marshall JC, Relan P, Diaz JV; WHO Clinical Case Definition Working Group on Post-COVID-19 Condition. 
A clinical case definition of post-COVID-19 condition by a Delphi consensus. Lancet Infect Dis 2022;22:e102-7.  DOI  PubMed  
PMC

51.     

Carfì A, Bernabei R, Landi F; Gemelli Against COVID-19 Post-Acute Care Study Group. Persistent symptoms in patients after acute 
COVID-19. JAMA 2020;324:603-5.  DOI  PubMed  PMC

52.     

Takao M, Ohira M. Neurological post-acute sequelae of SARS-CoV-2 infection. Psychiatry Clin Neurosci 2023;77:72-83.  DOI  
PubMed  PMC

53.     

Shami-shah A, Travis BG, Walt DR. Advances in extracellular vesicle isolation methods: a path towards cell-type specific EV 
isolation. Extracell Vesicles Circ Nucleic Acids 2023;4:447-60.  DOI

54.     

Malhotra S, Amin ZM, Dobhal G, Cottam S, Nann T, Goreham RV. Novel devices for isolation and detection of bacterial and 
mammalian extracellular vesicles. Mikrochim Acta 2021;188:139.  DOI  PubMed

55.     

Pesce E, Manfrini N, Cordiglieri C, et al. Exosomes recovered from the plasma of COVID-19 patients expose SARS-CoV-2 spike-
derived fragments and contribute to the adaptive immune response. Front Immunol 2021;12:785941.  DOI  PubMed  PMC

56.     

Troyer Z, Alhusaini N, Tabler CO, et al. Extracellular vesicles carry SARS-CoV-2 spike protein and serve as decoys for neutralizing 
antibodies. J Extracell Vesicles 2021;10:e12112.  DOI  PubMed  PMC

57.     

Berry F, Morin-Dewaele M, Majidipur A, et al. Proviral role of human respiratory epithelial cell-derived small extracellular vesicles 
in SARS-CoV-2 infection. J Extracell Vesicles 2022;11:e12269.  DOI  PubMed  PMC

58.     

https://dx.doi.org/10.1038/s41423-021-00794-6
http://www.ncbi.nlm.nih.gov/pubmed/34782760
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8591443
https://dx.doi.org/10.3389/fviro.2021.815388
https://dx.doi.org/10.1042/bj20071639
http://www.ncbi.nlm.nih.gov/pubmed/18363553
https://dx.doi.org/10.1126/science.abd2985
http://www.ncbi.nlm.nih.gov/pubmed/33082293
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7857391
https://dx.doi.org/10.1016/j.bpj.2021.05.026
http://www.ncbi.nlm.nih.gov/pubmed/34087218
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8169233
https://dx.doi.org/10.3892/mmr.2023.12997
http://www.ncbi.nlm.nih.gov/pubmed/37052241
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10119849
https://dx.doi.org/10.3390/ijms24098290
http://www.ncbi.nlm.nih.gov/pubmed/37175995
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10179575
https://dx.doi.org/10.3389/fmicb.2021.780768
http://www.ncbi.nlm.nih.gov/pubmed/35069483
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8770829
https://dx.doi.org/10.1016/j.virusres.2022.198897
http://www.ncbi.nlm.nih.gov/pubmed/35988898
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9387115
https://dx.doi.org/10.1083/jcb.202006005
http://www.ncbi.nlm.nih.gov/pubmed/32725137
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7480111
https://dx.doi.org/10.1007/s00705-022-05366-1
http://www.ncbi.nlm.nih.gov/pubmed/35102456
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8803281
https://www.ncbi.nlm.nih.gov/books/NBK9886//
https://dx.doi.org/10.1016/s0092-8674(03)01079-1
http://www.ncbi.nlm.nih.gov/pubmed/14744428
https://dx.doi.org/10.3389/fnano.2022.987034
https://dx.doi.org/10.3390/v12080887
http://www.ncbi.nlm.nih.gov/pubmed/32823684
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7472073
https://dx.doi.org/10.7759/cureus.17942
http://www.ncbi.nlm.nih.gov/pubmed/34660131
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8513936
https://dx.doi.org/10.1002/path.5642
http://www.ncbi.nlm.nih.gov/pubmed/33586189
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8013908
https://dx.doi.org/10.1038/s41392-020-00243-2
http://www.ncbi.nlm.nih.gov/pubmed/32712629
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7381863
https://www.cdc.gov/coronavirus/2019-ncov/long-term-effects/
https://www.cdc.gov/coronavirus/2019-ncov/long-term-effects/
https://dx.doi.org/10.1093/cid/ciab338
http://www.ncbi.nlm.nih.gov/pubmed/33909072
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8135331
https://dx.doi.org/10.1371/journal.pone.0264260
http://www.ncbi.nlm.nih.gov/pubmed/35239680
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8893622
https://dx.doi.org/10.1016/s1473-3099(21)00703-9
http://www.ncbi.nlm.nih.gov/pubmed/34951953
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8691845
https://dx.doi.org/10.1001/jama.2020.12603
http://www.ncbi.nlm.nih.gov/pubmed/32644129
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7349096
https://dx.doi.org/10.1111/pcn.13481
http://www.ncbi.nlm.nih.gov/pubmed/36148558
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9538807
https://dx.doi.org/10.20517/evcna.2023.14
https://dx.doi.org/10.1007/s00604-021-04790-5
http://www.ncbi.nlm.nih.gov/pubmed/33772384
https://dx.doi.org/10.3389/fimmu.2021.785941
http://www.ncbi.nlm.nih.gov/pubmed/35111156
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8801440
https://dx.doi.org/10.1002/jev2.12112
http://www.ncbi.nlm.nih.gov/pubmed/34188786
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8213968
https://dx.doi.org/10.1002/jev2.12269
http://www.ncbi.nlm.nih.gov/pubmed/36271885
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9587708


Fanelli et al. Extracell Vesicles Circ Nucleic Acids 2024;5:517-37 https://dx.doi.org/10.20517/evcna.2024.20 Page 535

Xia B, Pan X, Luo RH, et al. Extracellular vesicles mediate antibody-resistant transmission of SARS-CoV-2. Cell Discov 2023;9:2.  
DOI  PubMed  PMC

59.     

Serretiello E, Ballini A, Smimmo A, et al. Extracellular vesicles as a translational approach for the treatment of COVID-19 disease: 
an updated overview. Viruses 2023;15:1976.  DOI  PubMed  PMC

60.     

Choi D, Khan N, Montermini L, et al. Quantitative proteomics and biological activity of extracellular vesicles engineered to express 
SARS-CoV-2 spike protein. J Extracell Biol 2022;1:e58.  DOI  PubMed  PMC

61.     

McNamara RP, Dittmer DP. Modern techniques for the isolation of extracellular vesicles and viruses. J Neuroimmune Pharmacol 
2020;15:459-72.  DOI  PubMed  PMC

62.     

Kongsomros S, Pongsakul N, Panachan J, et al. Comparison of viral inactivation methods on the characteristics of extracellular 
vesicles from SARS-CoV-2 infected human lung epithelial cells. J Extracell Vesicles 2022;11:e12291.  DOI  PubMed  PMC

63.     

Chutipongtanate S, Kongsomros S, Pongsakul N, et al. Anti-SARS-CoV-2 effect of extracellular vesicles released from mesenchymal 
stem cells. J Extracell Vesicles 2022;11:e12201.  DOI  PubMed  PMC

64.     

Park JH, Choi Y, Lim CW, et al. Antiviral effects of miRNAs in extracellular vesicles against severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) and mutations in SARS-CoV-2 RNA virus. bioRxiv. [Preprint] Jul 27, 2020 [accessed on 2024 Aug 8]. 
Available from: https://doi.org/10.1101/2020.07.27.190561.  DOI

65.     

Sengupta V, Sengupta S, Lazo A, Woods P, Nolan A, Bremer N. Exosomes derived from bone marrow mesenchymal stem cells as 
treatment for severe COVID-19. Stem Cells Dev 2020;29:747-54.  DOI  PubMed  PMC

66.     

El-Shennawy L, Hoffmann AD, Dashzeveg NK, et al. Circulating ACE2-expressing extracellular vesicles block broad strains of 
SARS-CoV-2. Nat Commun 2022;13:405.  DOI  PubMed  PMC

67.     

Barberis E, Vanella VV, Falasca M, et al. Circulating exosomes are strongly involved in SARS-CoV-2 infection. Front Mol Biosci 
2021;8:632290.  DOI  PubMed  PMC

68.     

Bautista-Vargas M, Bonilla-Abadía F, Cañas CA. Potential role for tissue factor in the pathogenesis of hypercoagulability associated 
with in COVID-19. J Thromb Thrombolysis 2020;50:479-83.  DOI  PubMed  PMC

69.     

Rosell A, Havervall S, von Meijenfeldt F, et al. Patients with COVID-19 have elevated levels of circulating extracellular vesicle
tissue factor activity that is associated with severity and mortality-brief report. Arterioscler Thromb Vasc Biol 2021;41:878-82.  DOI
PubMed  PMC

70.     

Craddock V, Mahajan A, Spikes L, et al. Persistent circulation of soluble and extracellular vesicle-linked Spike protein in individuals 
with postacute sequelae of COVID-19. J Med Virol 2023;95:e28568.  DOI  PubMed  PMC

71.     

Peluso MJ, Deeks SG, Mustapic M, et al. SARS-CoV-2 and mitochondrial proteins in neural-derived exosomes of COVID-19. Ann 
Neurol 2022;91:772-81.  DOI  PubMed  PMC

72.     

Sun B, Tang N, Peluso MJ, et al. Characterization and biomarker analyses of post-COVID-19 complications and neurological 
manifestations. Cells 2021;10:386.  DOI  PubMed  PMC

73.     

Pereira AC, Tenreiro A, Cunha MV. When FLOW-FISH met FACS: combining multiparametric, dynamic approaches for microbial 
single-cell research in the total environment. Sci Total Environ 2022;806:150682.  DOI  PubMed

74.     

Pang K, Dong S, Zhu Y, et al. Advanced flow cytometry for biomedical applications. J Biophotonics 2023;16:e202300135.  DOI  
PubMed

75.     

Di Bella MA. Overview and update on extracellular vesicles: considerations on exosomes and their application in modern medicine. 
Biology 2022;11:804.  DOI  PubMed  PMC

76.     

Liu H, Tian Y, Xue C, Niu Q, Chen C, Yan X. Analysis of extracellular vesicle DNA at the single-vesicle level by nano-flow 
cytometry. J Extracell Vesicles 2022;11:e12206.  DOI  PubMed  PMC

77.     

Kwon Y, Park J. Methods to analyze extracellular vesicles at single particle level. Micro Nano Syst Lett 2022;10:14.  DOI78.     
Gul B, Syed F, Khan S, Iqbal A, Ahmad I. Characterization of extracellular vesicles by flow cytometry: challenges and promises. 
Micron 2022;161:103341.  DOI  PubMed

79.     

Notarbartolo S, Ranzani V, Bandera A, et al. Integrated longitudinal immunophenotypic, transcriptional and repertoire analyses 
delineate immune responses in COVID-19 patients. Sci Immunol 2021;6:eabg5021.  DOI  PubMed

80.     

Kiaee F, Jamaati H, Shahi H, et al. Immunophenotype and function of circulating myeloid derived suppressor cells in COVID-19 
patients. Sci Rep 2022;12:22570.  DOI  PubMed  PMC

81.     

Gurshaney S, Morales-Alvarez A, Ezhakunnel K, et al. Metabolic dysregulation impairs lymphocyte function during severe SARS-
CoV-2 infection. Commun Biol 2023;6:374.  DOI  PubMed  PMC

82.     

Laing AG, Lorenc A, Del Molino Del Barrio I, et al. A dynamic COVID-19 immune signature includes associations with poor 
prognosis. Nat Med 2020;26:1623-35.  DOI  PubMed

83.     

Kreutmair S, Unger S, Núñez NG, et al. Distinct immunological signatures discriminate severe COVID-19 from non-SARS-CoV-2-
driven critical pneumonia. Immunity 2021;54:1578-93.e5.  DOI  PubMed  PMC

84.     

Yu S, Di C, Chen S, et al. Distinct immune signatures discriminate between asymptomatic and presymptomatic SARS-CoV-2pos 
subjects. Cell Res 2021;31:1148-62.  DOI  PubMed  PMC

85.     

Zhao XN, You Y, Cui XM, et al. Single-cell immune profiling reveals distinct immune response in asymptomatic COVID-19 
patients. Signal Transduct Target Ther 2021;6:342.  DOI  PubMed  PMC

86.     

Bourgoin P, Soliveres T, Barbaresi A, et al. CD169 and CD64 could help differentiate bacterial from CoVID-19 or other viral 
infections in the Emergency Department. Cytometry A 2021;99:435-45.  DOI  PubMed  PMC

87.     

https://dx.doi.org/10.1038/s41421-022-00510-2
http://www.ncbi.nlm.nih.gov/pubmed/36609376
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9821354
https://dx.doi.org/10.3390/v15101976
http://www.ncbi.nlm.nih.gov/pubmed/37896755
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10611252
https://dx.doi.org/10.1002/jex2.58
http://www.ncbi.nlm.nih.gov/pubmed/36710959
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9874654
https://dx.doi.org/10.1007/s11481-019-09874-x
http://www.ncbi.nlm.nih.gov/pubmed/31512168
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7065924
https://dx.doi.org/10.1002/jev2.12291
http://www.ncbi.nlm.nih.gov/pubmed/36468940
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9721205
https://dx.doi.org/10.1002/jev2.12201
http://www.ncbi.nlm.nih.gov/pubmed/35289102
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8920959
https://doi.org/10.1101/2020.07.27.190561
https://dx.doi.org/10.1101/2020.07.27.190561
https://dx.doi.org/10.1089/scd.2020.0080
http://www.ncbi.nlm.nih.gov/pubmed/32380908
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7310206
https://dx.doi.org/10.1038/s41467-021-27893-2
http://www.ncbi.nlm.nih.gov/pubmed/35058437
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8776790
https://dx.doi.org/10.3389/fmolb.2021.632290
http://www.ncbi.nlm.nih.gov/pubmed/33693030
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7937875
https://dx.doi.org/10.1007/s11239-020-02172-x
http://www.ncbi.nlm.nih.gov/pubmed/32519164
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7282470
https://dx.doi.org/10.1002/jmv.28568
http://www.ncbi.nlm.nih.gov/pubmed/36756925
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10048846
https://dx.doi.org/10.1002/ana.26350
http://www.ncbi.nlm.nih.gov/pubmed/35285072
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9082480
https://dx.doi.org/10.3390/cells10020386
http://www.ncbi.nlm.nih.gov/pubmed/33668514
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7918597
https://dx.doi.org/10.1016/j.scitotenv.2021.150682
http://www.ncbi.nlm.nih.gov/pubmed/34600998
https://dx.doi.org/10.1002/jbio.202300135
http://www.ncbi.nlm.nih.gov/pubmed/37263969
https://dx.doi.org/10.3390/biology11060804
http://www.ncbi.nlm.nih.gov/pubmed/35741325
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9220244
https://dx.doi.org/10.1002/jev2.12206
http://www.ncbi.nlm.nih.gov/pubmed/35373518
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8977970
https://dx.doi.org/10.1186/s40486-022-00156-5
https://dx.doi.org/10.1016/j.micron.2022.103341
http://www.ncbi.nlm.nih.gov/pubmed/35985059
https://dx.doi.org/10.1126/sciimmunol.abg5021
http://www.ncbi.nlm.nih.gov/pubmed/34376481
https://dx.doi.org/10.1038/s41598-022-26943-z
http://www.ncbi.nlm.nih.gov/pubmed/36581679
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9799710
https://dx.doi.org/10.1038/s42003-023-04730-4
http://www.ncbi.nlm.nih.gov/pubmed/37029220
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10080180
https://dx.doi.org/10.1038/s41591-020-1038-6
http://www.ncbi.nlm.nih.gov/pubmed/32807934
https://dx.doi.org/10.1016/j.immuni.2021.05.002
http://www.ncbi.nlm.nih.gov/pubmed/34051147
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8106882
https://dx.doi.org/10.1038/s41422-021-00562-1
http://www.ncbi.nlm.nih.gov/pubmed/34561618
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8461439
https://dx.doi.org/10.1038/s41392-021-00753-7
http://www.ncbi.nlm.nih.gov/pubmed/34531370
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8443960
https://dx.doi.org/10.1002/cyto.a.24314
http://www.ncbi.nlm.nih.gov/pubmed/33491921
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8014466
https://doi.org/10.1161/atvbaha.120.315547


Page 536                                   Fanelli et al. Extracell Vesicles Circ Nucleic Acids 2024;5:517-37 https://dx.doi.org/10.20517/evcna.2024.20

Affandi AJ, Olesek K, Grabowska J, et al. CD169 defines activated CD14+ monocytes with enhanced CD8+ T cell activation capacity. 
Front Immunol 2021;12:697840.  DOI  PubMed  PMC

88.     

Michel M, Malergue F, Ait Belkacem I, et al. A rapid, easy, and scalable whole blood monocyte CD169 assay for outpatient 
screening during SARS-CoV-2 outbreak, and potentially other emerging disease outbreaks. SAGE Open Med  
2022;10:20503121221115483.  DOI  PubMed  PMC

89.     

Minutolo A, Petrone V, Fanelli M, et al. High CD169 monocyte/lymphocyte ratio reflects immunophenotype disruption and oxygen 
need in COVID-19 patients. Pathogens 2021;10:1639.  DOI  PubMed  PMC

90.     

Fanelli M, Petrone V, Maracchioni C, et al. Persistence of circulating CD169+monocytes and HLA-DR downregulation underline the 
immune response impairment in PASC individuals: the potential contribution of different COVID-19 pandemic waves. Curr Res 
Microb Sci 2024;6:100215.  DOI  PubMed  PMC

91.     

Balestrieri E, Minutolo A, Petrone V, et al. Evidence of the pathogenic HERV-W envelope expression in T lymphocytes in 
association with the respiratory outcome of COVID-19 patients. EBioMedicine 2021;66:103341.  DOI  PubMed  PMC

92.     

Munblit D, O'Hara ME, Akrami A, Perego E, Olliaro P, Needham DM. Long COVID: aiming for a consensus. Lancet Respir Med 
2022;10:632-4.  DOI  PubMed  PMC

93.     

Sherif ZA, Gomez CR, Connors TJ, Henrich TJ, Reeves WB; RECOVER Mechanistic Pathway Task Force. Pathogenic mechanisms 
of post-acute sequelae of SARS-CoV-2 infection (PASC). Elife 2023;12:e86002.  DOI  PubMed  PMC

94.     

Parotto M, Gyöngyösi M, Howe K, et al. Post-acute sequelae of COVID-19: understanding and addressing the burden of multisystem 
manifestations. Lancet Respir Med 2023;11:739-54.  DOI  PubMed

95.     

Ryan FJ, Hope CM, Masavuli MG, et al. Long-term perturbation of the peripheral immune system months after SARS-CoV-2 
infection. BMC Med 2022;20:26.  DOI  PubMed  PMC

96.     

Phetsouphanh C, Darley DR, Wilson DB, et al. Immunological dysfunction persists for 8 months following initial mild-to-moderate 
SARS-CoV-2 infection. Nat Immunol 2022;23:210-6.  DOI  PubMed

97.     

Santa Cruz A, Mendes-Frias A, Azarias-da-Silva M, et al. Post-acute sequelae of COVID-19 is characterized by diminished 
peripheral CD8+β7 integrin+ T cells and anti-SARS-CoV-2 IgA response. Nat Commun 2023;14:1772.  DOI  PubMed  PMC

98.     

Woodruff MC, Bonham KS, Anam FA, et al. Chronic inflammation, neutrophil activity, and autoreactivity splits long COVID. Nat 
Commun 2023;14:4201.  DOI  PubMed  PMC

99.     

Minutolo A, Petrone V, Fanelli M, et al. Thymosin alpha 1 restores the immune homeostasis in lymphocytes during Post-Acute 
sequelae of SARS-CoV-2 infection. Int Immunopharmacol 2023;118:110055.  DOI  PubMed  PMC

100.     

Sousa KP, Rossi I, Abdullahi M, Ramirez MI, Stratton D, Inal JM. Isolation and characterization of extracellular vesicles and future 
directions in diagnosis and therapy. Wiley Interdiscip Rev Nanomed Nanobiotechnol 2023;15:e1835.  DOI  PubMed  PMC

101.     

Qiu L, Liu X, Zhu L, Luo L, Sun N, Pei R. Current advances in technologies for single extracellular vesicle analysis and its clinical 
applications in cancer diagnosis. Biosensors 2023;13:129.  DOI  PubMed  PMC

102.     

Welsh JA, Arkesteijn GJA, Bremer M, et al. A compendium of single extracellular vesicle flow cytometry. J Extracell Vesicles 
2023;12:e12299.  DOI  PubMed  PMC

103.     

Woud WW, van der Pol E, Mul E, et al. An imaging flow cytometry-based methodology for the analysis of single extracellular 
vesicles in unprocessed human plasma. Commun Biol 2022;5:633.  DOI  PubMed  PMC

104.     

Ender F, Zamzow P, Bubnoff NV, Gieseler F. Detection and quantification of extracellular vesicles via FACS: membrane labeling 
matters! Int J Mol Sci 2019;21:291.  DOI  PubMed  PMC

105.     

Hilton SH, White IM. Advances in the analysis of single extracellular vesicles: a critical review. Sens Actuators Rep 2021;3:100052.  
DOI  PubMed  PMC

106.     

Buzas EI. The roles of extracellular vesicles in the immune system. Nat Rev Immunol 2023;23:236-50.  DOI  PubMed  PMC107.     
Davidson SM, Boulanger CM, Aikawa E, et al. Methods for the identification and characterization of extracellular vesicles in 
cardiovascular studies: from exosomes to microvesicles. Cardiovasc Res 2023;119:45-63.  DOI  PubMed  PMC

108.     

Chen AT, Wang CY, Zhu WL, Chen W. Coagulation disorders and thrombosis in COVID-19 patients and a possible mechanism 
involving endothelial cells: a review. Aging Dis 2022;13:144-56.  DOI  PubMed  PMC

109.     

Biswas I, Khan GA. Coagulation disorders in COVID-19: role of Toll-like receptors. J Inflamm Res 2020;13:823-8.  DOI  PubMed  
PMC

110.     

Mezine F, Guerin CL, Philippe A, et al. Increased circulating CD62E+ endothelial extracellular vesicles predict severity and in- 
hospital mortality of COVID-19 patients. Stem Cell Rev Rep 2023;19:114-9.  DOI  PubMed  PMC

111.     

Eustes AS, Dayal S. The role of platelet-derived extracellular vesicles in immune-mediated thrombosis. Int J Mol Sci 2022;23:7837.  
DOI  PubMed  PMC

112.     

Goubran H, Seghatchian J, Sabry W, Ragab G, Burnouf T. Platelet and extracellular vesicles in COVID-19 infection and its vaccines. 
Transfus Apher Sci 2022;61:103459.  DOI  PubMed  PMC

113.     

Puhm F, Allaeys I, Lacasse E, et al. Platelet activation by SARS-CoV-2 implicates the release of active tissue factor by infected cells. 
Blood Adv 2022;6:3593-605.  DOI  PubMed  PMC

114.     

Eldahshan M, Byomy MA, Alsadek AM, et al. Prognostic significance of platelet activation marker CD62P in hospitalized Covid-19 
patients. Clin Lab 2022;68.  DOI  PubMed

115.     

Setua S, Thangaraju K, Dzieciatkowska M, et al. Coagulation potential and the integrated omics of extracellular vesicles from 
COVID-19 positive patient plasma. Sci Rep 2022;12:22191.  DOI  PubMed  PMC

116.     

https://dx.doi.org/10.3389/fimmu.2021.697840
http://www.ncbi.nlm.nih.gov/pubmed/34394090
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8356644
https://dx.doi.org/10.1177/20503121221115483
http://www.ncbi.nlm.nih.gov/pubmed/35959245
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9358337
https://dx.doi.org/10.3390/pathogens10121639
http://www.ncbi.nlm.nih.gov/pubmed/34959594
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8715749
https://dx.doi.org/10.1016/j.crmicr.2023.100215
http://www.ncbi.nlm.nih.gov/pubmed/38187999
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10767315
https://dx.doi.org/10.1016/j.ebiom.2021.103341
http://www.ncbi.nlm.nih.gov/pubmed/33867312
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8082064
https://dx.doi.org/10.1016/s2213-2600(22)00135-7
http://www.ncbi.nlm.nih.gov/pubmed/35525253
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9067938
https://dx.doi.org/10.7554/eLife.86002
http://www.ncbi.nlm.nih.gov/pubmed/36947108
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10032659
https://dx.doi.org/10.1016/s2213-2600(23)00239-4
http://www.ncbi.nlm.nih.gov/pubmed/37475125
https://dx.doi.org/10.1186/s12916-021-02228-6
http://www.ncbi.nlm.nih.gov/pubmed/35027067
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8758383
https://dx.doi.org/10.1038/s41590-021-01113-x
http://www.ncbi.nlm.nih.gov/pubmed/35027728
https://dx.doi.org/10.1038/s41467-023-37368-1
http://www.ncbi.nlm.nih.gov/pubmed/36997530
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10061413
https://dx.doi.org/10.1038/s41467-023-40012-7
http://www.ncbi.nlm.nih.gov/pubmed/37452024
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10349085
https://dx.doi.org/10.1016/j.intimp.2023.110055
http://www.ncbi.nlm.nih.gov/pubmed/36989892
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10030336
https://dx.doi.org/10.1002/wnan.1835
http://www.ncbi.nlm.nih.gov/pubmed/35898167
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10078256
https://dx.doi.org/10.3390/bios13010129
http://www.ncbi.nlm.nih.gov/pubmed/36671964
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9856491
https://dx.doi.org/10.1002/jev2.12299
http://www.ncbi.nlm.nih.gov/pubmed/36759917
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9911638
https://dx.doi.org/10.1038/s42003-022-03569-5
http://www.ncbi.nlm.nih.gov/pubmed/35768629
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9243126
https://dx.doi.org/10.3390/ijms21010291
http://www.ncbi.nlm.nih.gov/pubmed/31906247
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6981603
https://dx.doi.org/10.1016/j.snr.2021.100052
http://www.ncbi.nlm.nih.gov/pubmed/35098157
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8792802
https://dx.doi.org/10.1038/s41577-022-00763-8
http://www.ncbi.nlm.nih.gov/pubmed/35927511
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9361922
https://dx.doi.org/10.1093/cvr/cvac031
http://www.ncbi.nlm.nih.gov/pubmed/35325061
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10233250
https://dx.doi.org/10.14336/ad.2021.0704
http://www.ncbi.nlm.nih.gov/pubmed/35111367
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8782553
https://dx.doi.org/10.2147/jir.s271768
http://www.ncbi.nlm.nih.gov/pubmed/33149655
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7605922
https://dx.doi.org/10.1007/s12015-022-10446-5
http://www.ncbi.nlm.nih.gov/pubmed/35982357
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9387889
https://dx.doi.org/10.3390/ijms23147837
http://www.ncbi.nlm.nih.gov/pubmed/35887184
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9320310
https://dx.doi.org/10.1016/j.transci.2022.103459
http://www.ncbi.nlm.nih.gov/pubmed/35654711
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9122775
https://dx.doi.org/10.1182/bloodadvances.2022007444
http://www.ncbi.nlm.nih.gov/pubmed/35443030
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9023084
https://dx.doi.org/10.7754/clin.lab.2022.211201
http://www.ncbi.nlm.nih.gov/pubmed/36125149
https://dx.doi.org/10.1038/s41598-022-26473-8
http://www.ncbi.nlm.nih.gov/pubmed/36564503
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9780627


Fanelli et al. Extracell Vesicles Circ Nucleic Acids 2024;5:517-37 https://dx.doi.org/10.20517/evcna.2024.20 Page 537

Brambilla M, Frigerio R, Becchetti A, et al. Head-to-head comparison of tissue factor-dependent procoagulant potential of small and 
large extracellular vesicles in healthy subjects and in patients with SARS-CoV-2 infection. Biology 2023;12:1233.  DOI  PubMed  
PMC

117.     

Burrello J, Caporali E, Gauthier LG, et al. Risk stratification of patients with SARS-CoV-2 by tissue factor expression in circulating 
extracellular vesicles. Vascul Pharmacol 2022;145:106999.  DOI  PubMed  PMC

118.     

Balbi C, Burrello J, Bolis S, et al. Circulating extracellular vesicles are endowed with enhanced procoagulant activity in SARS-CoV-
2 infection. EBioMedicine 2021;67:103369.  DOI  PubMed  PMC

119.     

Campello E, Radu CM, Simion C, et al. Longitudinal trend of plasma concentrations of extracellular vesicles in patients hospitalized 
for COVID-19. Front Cell Dev Biol 2021;9:770463.  DOI  PubMed  PMC

120.     

Aharon A, Dangot A, Kinaani F, et al. Extracellular vesicles of COVID-19 patients reflect inflammation, thrombogenicity, and 
disease severity. Int J Mol Sci 2023;24:5918.  DOI  PubMed  PMC

121.     

Taxiarchis A, Bellander BM, Antovic J, et al. Extracellular vesicles in plasma and cerebrospinal fluid in patients with COVID-19 and 
neurological symptoms. Int J Lab Hematol 2024;46:42-9.  DOI  PubMed

122.     

Yim KHW, Borgoni S, Chahwan R. Serum extracellular vesicles profiling is associated with COVID-19 progression and immune 
responses. J Extracell Biol 2022;1:e37.  DOI  PubMed  PMC

123.     

Chen L, Chen R, Yao M, et al. COVID-19 plasma exosomes promote proinflammatory immune responses in peripheral blood 
mononuclear cells. Sci Rep 2022;12:21779.  DOI  PubMed  PMC

124.     

Caponnetto F, De Martino M, Stefanizzi D, et al. Extracellular vesicle features are associated with COVID-19 severity. J Cell Mol 
Med 2023;27:4107-17.  DOI  PubMed  PMC

125.     

Cummings SE, Delaney SP, St-Denis Bissonnette F, et al. SARS-CoV-2 antigen-carrying extracellular vesicles activate T cell 
responses in a human immunogenicity model. iScience 2024;27:108708.  DOI  PubMed  PMC

126.     

Martins-Gonçalves R, Hottz ED, Bozza PT. Acute to post-acute COVID-19 thromboinflammation persistence: mechanisms and 
potential consequences. Curr Res Immunol 2023;4:100058.  DOI  PubMed  PMC

127.     

Raman B, Bluemke DA, Lüscher TF, Neubauer S. Long COVID: post-acute sequelae of COVID-19 with a cardiovascular focus. Eur 
Heart J 2022;43:1157-72.  DOI  PubMed  PMC

128.     

Monje M, Iwasaki A. The neurobiology of long COVID. Neuron 2022;110:3484-96.  DOI  PubMed  PMC129.     
George MS, Sanchez J, Rollings C, et al. Extracellular vesicles in COVID-19 convalescence can regulate T cell metabolism and 
function. iScience 2023;26:107280.  DOI  PubMed  PMC

130.     

Lamers MM, Haagmans BL. SARS-CoV-2 pathogenesis. Nat Rev Microbiol 2022;20:270-84.  DOI  PubMed131.     
Amarasinghe I, Phillips W, Hill AF, et al. Cellular communication through extracellular vesicles and lipid droplets. J Extracell Biol 
2023;2:e77.  DOI  PubMed  PMC

132.     

Stratman AN, Crewe C, Stahl PD. The microenvironment-a general hypothesis on the homeostatic function of extracellular vesicles. 
FASEB Bioadv 2022;4:284-97.  DOI  PubMed  PMC

133.     

Visan KS, Lobb RJ, Ham S, et al. Comparative analysis of tangential flow filtration and ultracentrifugation, both combined with 
subsequent size exclusion chromatography, for the isolation of small extracellular vesicles. J Extracell Vesicles 2022;11:e12266.  
DOI  PubMed  PMC

134.     

Lam SM, Huang X, Shui G. Neurological aspects of SARS-CoV-2 infection: lipoproteins and exosomes as Trojan horses. Trends 
Endocrinol Metab 2022;33:554-68.  DOI  PubMed  PMC

135.     

Del Molino Del Barrio I, Hayday TS, Laing AG, Hayday AC, Di Rosa F. COVID-19: using high-throughput flow cytometry to 
dissect clinical heterogeneity. Cytometry A 2023;103:117-26.  DOI  PubMed  PMC

136.     

Kuiper M, van de Nes A, Nieuwland R, Varga Z, van der Pol E. Reliable measurements of extracellular vesicles by clinical flow 
cytometry. Am J Reprod Immunol 2021;85:e13350.  DOI  PubMed  PMC

137.     

Morales-Kastresana A, Welsh JA, Jones JC. Detection and sorting of extracellular vesicles and viruses using nanoFACS. Curr Protoc 
Cytom 2020;95:e81.  DOI  PubMed  PMC

138.     

https://dx.doi.org/10.3390/biology12091233
http://www.ncbi.nlm.nih.gov/pubmed/37759632
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10525820
https://dx.doi.org/10.1016/j.vph.2022.106999
http://www.ncbi.nlm.nih.gov/pubmed/35597450
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9116046
https://dx.doi.org/10.1016/j.ebiom.2021.103369
http://www.ncbi.nlm.nih.gov/pubmed/33971404
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8104913
https://dx.doi.org/10.3389/fcell.2021.770463
http://www.ncbi.nlm.nih.gov/pubmed/35111751
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8801799
https://dx.doi.org/10.3390/ijms24065918
http://www.ncbi.nlm.nih.gov/pubmed/36982991
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10054500
https://dx.doi.org/10.1111/ijlh.14182
http://www.ncbi.nlm.nih.gov/pubmed/37795549
https://dx.doi.org/10.1002/jex2.37
http://www.ncbi.nlm.nih.gov/pubmed/35574251
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9088353
https://dx.doi.org/10.1038/s41598-022-26457-8
http://www.ncbi.nlm.nih.gov/pubmed/36526691
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9756928
https://dx.doi.org/10.1111/jcmm.17996
http://www.ncbi.nlm.nih.gov/pubmed/37964734
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10746943
https://dx.doi.org/10.1016/j.isci.2023.108708
http://www.ncbi.nlm.nih.gov/pubmed/38226155
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10788222
https://dx.doi.org/10.1016/j.crimmu.2023.100058
http://www.ncbi.nlm.nih.gov/pubmed/37064788
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10083200
https://dx.doi.org/10.1093/eurheartj/ehac031
http://www.ncbi.nlm.nih.gov/pubmed/35176758
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8903393
https://dx.doi.org/10.1016/j.neuron.2022.10.006
http://www.ncbi.nlm.nih.gov/pubmed/36288726
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9537254
https://dx.doi.org/10.1016/j.isci.2023.107280
http://www.ncbi.nlm.nih.gov/pubmed/37520724
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10371842
https://dx.doi.org/10.1038/s41579-022-00713-0
http://www.ncbi.nlm.nih.gov/pubmed/35354968
https://dx.doi.org/10.1002/jex2.77
http://www.ncbi.nlm.nih.gov/pubmed/38938415
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11080893
https://dx.doi.org/10.1096/fba.2021-00155
http://www.ncbi.nlm.nih.gov/pubmed/35520390
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9065581
https://dx.doi.org/10.1002/jev2.12266
http://www.ncbi.nlm.nih.gov/pubmed/36124834
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9486818
https://dx.doi.org/10.1016/j.tem.2022.04.011
http://www.ncbi.nlm.nih.gov/pubmed/35613979
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9058057
https://dx.doi.org/10.1002/cyto.a.24516
http://www.ncbi.nlm.nih.gov/pubmed/34811890
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9011838
https://dx.doi.org/10.1111/aji.13350
http://www.ncbi.nlm.nih.gov/pubmed/32966654
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7900981
https://dx.doi.org/10.1002/cpcy.81
http://www.ncbi.nlm.nih.gov/pubmed/33332760
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8443073

