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Abstract: The interaction between extracellular vesicles (EVs) and SARS-CoV-2, the virus caus-
ing COVID-19, especially in people with cystic fibrosis (PwCF) is insufficiently studied. EVs are
small membrane-bound particles involved in cell–cell communications in different physiological
and pathological conditions, including inflammation and infection. The CF airway cells release
EVs that differ from those released by healthy cells and may play an intriguing role in regulating
the inflammatory response to SARS-CoV-2. On the one hand, EVs may activate neutrophils and
exacerbate inflammation. On the other hand, EVs may block IL-6, a pro-inflammatory cytokine
associated with severe COVID-19, and protect PwCF from adverse outcomes. EVs are regulated
by TGF-β signaling, essential in different disease states, including COVID-19. Here, we review the
knowledge, identify the gaps in understanding, and suggest future research directions to elucidate
the role of EVs in PwCF during COVID-19.
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1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has affected over 773 million
individuals, and it resulted in the deaths of more than 6.9 million people between De-
cember 2019 and 2023 [1,2]. The enveloped positive-sense single-stranded RNA severe
acute respiratory syndrome coronavirus (SARS-CoV)-2 is the cause of COVID-19 [3].
The spike (S) glycoprotein homotrimer on the SARS-CoV-2 envelope interacts with
angiotensin-converting enzyme 2 (ACE2) on the surface of the host airway epithelial
cells [4,5]. Human proteases such as transmembrane serine protease 2 (TMPRSS2), mo-
saic serine protease (TMPRSS13), and human airway trypsin-like protease (TMPRSS11D)
activate each S monomer upon binding to ACE2 and cleave them into S1 and S2 sub-
units [3,4,6–9]. In particular, the S1 subunit’s receptor binding domain (RBD) binds to
the human ACE2 [3]. Hence, these cells are the port of entry for SARS-CoV-2 [10]. It
has been demonstrated by in vitro and in vivo experiments that downregulating ACE2
expression decreases SARS-CoV-2 infection [11]. Additionally, it was found that trans-
forming growth factor-beta 1 (TGF-β1) decreases ACE2 protein abundance through the
microRNA-mediated mechanism and may decrease RBD binding to ACE2 [12]. ACE2
plays a crucial anti-inflammatory and anti-fibrotic role by converting angiotensin (Ang) I
to Ang 1–9 and Ang II to Ang 1–7 [10]. Although the lower density of the cell surface of
ACE2 may hinder entry of the viral particle, it may also increase inflammation and fibro-
sis because of the decreased conversion of Ang I and Ang II. Accordingly, the lower cell
surface density of ACE2 is associated with increased Ang II levels and may contribute to
acute lung injury and fibrosis during COVID-19 [13–15].

People with cystic fibrosis (PwCF) often experience severe respiratory illness aggra-
vated by bacterial and viral infections [16]. It has been proposed that PwCF may have a
milder course of the disease and may be less susceptible to SARS-CoV-2 infection than
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the general population if they do not suffer from pre-existing severe lung illness [17–22].
Attention to universal infectious precautions, self-distancing, and certain medications
were thought to be responsible for less severe COVID-19 in PwCF [20,23]. For instance,
azithromycin, which is frequently used to treat bacterial infections in PwCF, may reduce
SARS-CoV-2 infection and COVID-19 severity; however, it did not prevent symptoms of
COVID-19 in the non-CF population when compared to a placebo [22,24]. CFTR modu-
lators, a new class of drugs increasing CFTR function in PwCF, decreased SARS-CoV-2
replication in a primary CF airway cell model [25]. CFTR modulators were also associated
with a significant decrease in hospitalization of PwCF requiring oxygen, and it was con-
cluded that having lower lung function is linked to more severe outcomes in COVID-19 [26].
Other investigators found a higher incidence of SARS-CoV-2 infection in PwCF despite
reports of less severe COVID-19 in this population [27,28]. Another study suggested that
CFTR may facilitate the virus replication because IOWH-032, a small molecule CFTR in-
hibitor, suppressed SARS-CoV-2 replication [29]. IOWH-032 is a synthetic extracellular
CFTR inhibitor that entered a phase II clinical trial in 2013 to treat diarrhea but has not
progressed to clinical development. It was later found to have a potentiating effect on
human CFTR [30]. Based on the newer information that IOWH-032 is an ortholog-specific
CFTR inhibitor and potentiator, it cannot be concluded that CFTR aids in SARS-CoV-2
replication. Overall, the studies discussed above do not offer a consensus on whether
CFTR dysfunction or CF-directed therapies modify the risk of SARS-CoV-2 infection or
the severity of COVID-19 in PwCF. It is unknown whether CFTR modulators or CFTR
expression or function influence the SARS-CoV-2 viral load.

Some mechanistic cues about the role of CFTR in SARS-CoV-2 infection have
been provided by the following studies. First, CFTR was shown to colocalize with
the SARS-CoV-2 receptor, ACE2, in several types of epithelial cells, including those
in the respiratory tract [31]. Second, the SARS-CoV-2 nucleocapsid was proposed to
downregulate CFTR expression [32]. These findings suggest that the nucleocapsid-
dependent loss of CFTR function may result from ACE2 interaction with CFTR, thus
initiating a CF-like phenotype and inducing an inflammatory response similar to one
experienced by PwCF. It was shown that the S-protein may cause host cell inflammation
through TLR2-dependent activation of the NF-κB pathway [33]. Thus, ACE2’s anti-
inflammatory properties may counteract the S-protein-induced inflammation. Indeed,
non-CF and CF airway epithelial cells show varying levels of ACE2 in studies, with op-
posing results suggesting other factors contributing to the infection rate and severity of
COVID-19 [12,25,31,34–36]. In recent years, several studies have examined the role of ex-
tracellular vesicles (EVs) in host–pathogen interactions and host cell communications in
the pathogenesis of tissue inflammation and fibrosis in different disease states, including
chronic respiratory diseases, SARS-CoV-2 infection, and CF pathogenesis [37–40]. Respi-
ratory viruses use the host EVs to modulate their transmission. Rhinoviruses induce the
release of EVs from airway epithelial cells that stimulate viral receptor expression on
monocytes and turn uninfected cells into more permissive ones [41,42]. The influenza
H5N1 virus induces the release of EVs from infected cells that trigger inflammation [43].
We review the present knowledge of how SARS-CoV-2 influences the release and content
of host EVs and how the EVs modulate COVID-19 severity in PwCF.

2. The Origin and Role of Extracellular Vesicles (EVs)

EVs are lipid bilayer-enclosed nanoparticles released into the extracellular space by
living cells, including prokaryotes [44,45]. In 1945, Chargaff discovered a sediment with
the capability of shortening clotting, and a year later Chargaff and West discovered that
this fraction—later identified as EVs—had a high potential of clotting [46,47]. In 1967, Peter
Wolf discovered particles distinguishable from platelets by electron microscopy, described
as ‘platelet dust’ [48]. In 1971, it was demonstrated that EVs had cargo such as contractile
proteins, and in 1989, it was shown that EVs were enzymatically active [49,50]. Until the
1990s, EVs were described as “trash cans/garbage bins” [51,52]. In 1996, Raposo et al.
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suggested that EVs play a role in antigen presentation in vivo, and they proved that EVs
are biologically functional [53,54].

Various nomenclatures have been used for nanoparticles based on their origin, cargo,
and size. Based on the diameter, particles smaller than 200 nm in diameter are described as
small EVs, while particles larger than 200 nm in diameter are described as large EVs [44].
Based on the cellular origin, larger-sized particles originating from the plasma membrane
are called microvesicles, smaller-sized particles originating from the endosomal system
are called exosomes, and larger-sized particles originating from the plasma membrane
are called ectosomes. There are many other subgroups of EVs such as large oncosomes,
apoptotic bodies, migrasomes, and exosome-like vesicles [44,55]. All of these are considered
subgroups of EVs, and “EV” is currently used as the generic term, according to the minimal
information for studies of extracellular vesicles (MISEV 2023) guidelines [44,56,57].

Each EV subtype has specific membrane markers that provide information about its
origin and are important for identification and detection, e.g., markers of exosomes are
tetraspanins (CD9, CD63, CD81), markers of microvesicles are Annexin A1, selectins, and
integrins, and markers of apoptotic bodies formed by cellular blebbing from the cell in the
apoptosis process are Caspase 3 and Annexin V [55].

EVs can be isolated from almost all body fluids including urine, blood, cerebrospinal
fluid, and bronchoalveolar lavage fluid (BALF) [58]. EVs play an essential role in intercel-
lular communication and carry a cargo of proteins, lipids, and genetic material such as
DNA, mRNA, and microRNA derived from parental cells [59,60]. The protein cargo of
EVs is related to the cellular origin and the mechanism of biogenesis. For example, EVs
originating from the endolysosomal compartment are enriched in major histocompatibility
complex class II (MHC Class II) and tetraspanins, while EVs originating from the plasma
membrane are enriched in integrins, glycoprotein 1-b, and P-selectin. Apoptotic bodies
contain apoptosis-associated proteins such as histones [61,62]. Furthermore, EVs provide
intercellular communication between donor and recipient cells by releasing them and
taking them up [63]. Furthermore, they are involved in both physiological and pathologi-
cal processes such as inflammation, immune response, antigen presentation, and cancer
development by delivering cargo to recipient cells [64,65].

3. The Role of EVs in the Pathogenesis of Inflammation

EVs are known to play a role in local and systemic inflammation [39]. EVs originat-
ing from the lung epithelial and endothelial cells, alveolar macrophages, and neutrophils
play a role in the pathogenesis of chronic respiratory diseases [37,66–68]. During infec-
tions, such as those caused by SARS-CoV-2, alveolar macrophages are believed to be the
primary source of EVs in BALF [69]. In cancer, EVs may contain high levels of TGF-β1,
along with other molecules like mRNAs and proteins linked to TGF-β signaling [70].
The cell–cell communications mediated by EVs can intensify the inflammatory response
and cellular damage [70,71]. EVs have been shown to modulate the host response
to different viruses, including SARS-CoV-2 [72,73]. For example, breast milk-derived
EVs are able to inhibit HIV-1 infection of monocyte-derived dendritic cells and block
viral transfer to CD4+ T cells [74]. EVs have been shown to decrease COVID-19 sever-
ity. Blocking pro-inflammatory cytokine IL-6 and upregulating the anti-inflammatory
IL-10 reduces viral replication and decreases the systemic inflammation associated with
COVID-19 [72,75,76]. However, little is known about the role of EVs in PwCF with
COVID-19. Therefore, it is important to review the current literature on EVs in PwCF
with COVID-19 to identify the potential mechanisms and implications of EV-mediated in-
teractions between the virus and the host, gain a deeper understanding of their function,
identify the knowledge gaps, and suggest future research directions.
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4. The Role of EVs in the Pathogenesis of CF

EVs may play an important role in the pathogenesis of chronic lung disease, in-
cluding CF [68]. In the CF patient’s airway, EVs produced by epithelial cells differ from
those generated by healthy cells in their protein content. For example, EVs derived from
CFBE41o-, a human bronchial epithelial cell line from a CF patient, showed a significant
increase in proteins associated with acute inflammation and infection, such as vascular
cell adhesion protein 1 (VCAM1) and S100 calcium-binding protein A12 (S100A12) [38].
In PwCF, BALF-derived EVs were enriched in grancalcin and histones [77]. These
findings may influence neutrophils, driving their recruitment [78–80]. Recently, it was
demonstrated that CF-derived EVs may activate neutrophils, causing the release of
Caspase-1 and Interleukin (IL)-1 [81]. As shown in Table 1, research has advanced our
understanding of EVs’ cargo in PwCF. Still, studies have yet to investigate how EVs
influence the recruitment and activation of neutrophils. Many CFTR mutations cause CF
and present with variable severity, and the cargo and effects of EVs likely differ among
PwCF. Therefore, further studies are necessary to comprehend this diversity and what it
means for COVID-19 prevention and therapeutic strategies in this patient population.

Table 1. The content of EVs isolated from the CF models of human airway cells or BALF in PwCF
and controls without CF.

Controls PwCF

BALF: HSP70; HSP90 [82] BALF: HSP70; HSP90 [82]
BALF: MHC-I MHC-II [82] BALF: MHC-I MHC-II [82]

Cells: Metabolites [83]
BALF: miR-122-5p; miR-423-5p; miR-375-3p;

miR-200a-3p; miR-200b-3p; miR-141-3p [82,84]

Cells: VCAM1 [38]
Cells: S100A12 [38]

BALF: Grancalcin [77]
BALF: Histones [77]

The breakdown of neutrophil-derived serine proteases, IL-6, was suggested as a cause
of less severe COVID-19 in PwCF [23]. EVs released from airway cells in PwCF may block
IL-6-induced synthesis of acute phase proteins, resulting in less inflammation and less
severe COVID-19. Indeed, it has been shown that higher expression of IL-6 is seen in severe
cases of COVID-19 [85]. However, other studies showed that SARS-CoV-2 seroconversion
in people with chronic kidney disease is promoted by pro-inflammatory cytokines IL-6
and IFN-γ [86]. Patients with chronic kidney disease who were either infected with or
vaccinated against SARS-CoV-2 had higher levels of IL-6 and IFN-γ, compared to healthy
unvaccinated individuals [86]. Thus, EVs might block IL-6, which stops IL-6-induced
synthesis of acute phase proteins. This could serve as a protective measure and potentially
decrease the severity of COVID-19 (Figure 1) [86]. Although this study examined only
patients with kidney disease, it may be possible that EV-induced blockage of IL-6 arises in
PwCF infected with SARS-CoV-2, since inflammation is central to the pathogenesis of CF
and chronic kidney disease [87,88].
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IL-1, and serine proteases, which may facilitate the breakage of IL-6. During inflammation, the cargo 
may include TGF-β ligand, which, when released, can lead to the upregulated expression of miR-
136-3p and miR-369-5p, resulting in the downregulation of the ACE2 receptor. These three condi-
tions can interact and influence the pathogenesis of SARS-CoV-2 in PwCF. Created with BioRender. 
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sponse, inflammation, and activation of the coagulation and complement pathways were 
discovered through proteomic analysis of patient-derived circulating EVs, causing multi-
organ dysfunctions linked to COVID-19 [94]. It is still unclear how activating the inflam-
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also been reported that EVs play an immunomodulatory role in the recovery from COVID-
19 by regulating the functions of CD4+ and CD8+ T lymphocytes [96]. EVs from COVID-
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the cellular ACE2’s binding site, these vesicles can function as decoys preventing SARS-
CoV-2 infection in vivo [97]. Engineered soluble ACE2-loaded EVs are therapeutically ef-
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with the host cell membrane. It was shown that ACE2 was transferred between different 
cell types via EVs [99]. However, more research is needed to understand the cell–cell trans-
fer of ACE2 via EVs to understand how this process modulates the severity of SARS-CoV-
2 infection. EVs can also play a dual role in SARS-CoV-2 pathogenesis. Similar to CF path-
ogenesis, neutrophils are activated upon SARS-CoV-2 viral infection [100]. EVs could 

Figure 1. Diagram of EVs’ cargo under different conditions. During SARS-CoV-2 infection, the EVs’
cargo may include ACE2 and, in some instances, fully viable virus particles. This can trigger immune
responses, inflammation, coagulation, and regulation of CD4+ and CD8+ T lymphocytes. During
the pathogenesis of CF, the cargo is enriched with proteins such as S100A12, grancalcin, VCAM1,
and histones. These proteins can activate neutrophils, leading to the release of Caspase-1, IL-1, and
serine proteases, which may facilitate the breakage of IL-6. During inflammation, the cargo may
include TGF-β ligand, which, when released, can lead to the upregulated expression of miR-136-3p
and miR-369-5p, resulting in the downregulation of the ACE2 receptor. These three conditions can
interact and influence the pathogenesis of SARS-CoV-2 in PwCF. Created with BioRender.

5. EVs As Mediators of SARS-CoV-2 Infection

Several studies have been conducted to determine the role of EVs in SARS-CoV-2
pathogenesis. In these studies, SARS-CoV-2 caused the release of EVs from several
types of host cells, including platelets [89], lung epithelial cells A549 [90], and Vero
E6 cells [91]. Detection of EVs and their cargo in serum may serve as a prognostic
indicator of the severity of COVID-19 [92,93]. Numerous molecules implicated in the
immunological response, inflammation, and activation of the coagulation and com-
plement pathways were discovered through proteomic analysis of patient-derived
circulating EVs, causing multi-organ dysfunctions linked to COVID-19 [94]. It is still
unclear how activating the inflammatory, complement, and coagulation pathways
during COVID-19 contributes to the disease progression and severity in PwCF. The
number of EVs increases during respiratory viral infection in PwCF [95]. According to a
recent study, EVs secreted by various SARS-CoV-2-infected cells contain large amounts
of live virus particles [91]. Thus, SARS-CoV-2 could evade neutralizing antibodies
through EV-mediated cell-to-cell transmission. It has also been reported that EVs play
an immunomodulatory role in the recovery from COVID-19 by regulating the functions
of CD4+ and CD8+ T lymphocytes [96]. EVs from COVID-19 patients were shown
to have ACE2 receptors on their surface, and by contesting with the cellular ACE2’s
binding site, these vesicles can function as decoys preventing SARS-CoV-2 infection
in vivo [97]. Engineered soluble ACE2-loaded EVs are therapeutically effective against
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SARS-CoV-2 infection in mice [98]. Several studies focused on the presence of ACE2
in EVs, given that ACE2 is essential for the fusion of SARS-CoV-2 virus particles with
the host cell membrane. It was shown that ACE2 was transferred between different
cell types via EVs [99]. However, more research is needed to understand the cell–cell
transfer of ACE2 via EVs to understand how this process modulates the severity of
SARS-CoV-2 infection. EVs can also play a dual role in SARS-CoV-2 pathogenesis.
Similar to CF pathogenesis, neutrophils are activated upon SARS-CoV-2 viral infec-
tion [100]. EVs could activate neutrophils, which might also trigger the release of serine
proteases, which are believed to result in less severe COVID-19 by breaking down
IL-6 [23,36]. However, it was shown that higher levels of IL-6 in SARS-CoV-2-infected
people may lead to an improved seroconversion rate [86].

6. The Role of EVs in TGF-β Signaling

During SARS-CoV-2 infection, TGF-β signaling plays a crucial role and is particularly
prominent in the chronic immune response observed in severe COVID-19 cases [101]. Lo-
cally produced TGF-β may contribute to pulmonary fibrosis during the later stages of the
immune response [101–104]. Additionally, in PwCF who are homozygous for the most
common cftr gene mutation F508del, the TGF-β gene has been confirmed as a modifier
of lung disease severity. Specifically, certain polymorphisms linked to elevated TGF-β1
expression are associated with more severe lung disease and may impact up to 40% of
F508del homozygous patients [105–107]. TGF-β signaling induces the secretion of EVs
from cancer cells, where the vesicles evoke endothelial barrier instability by facilitating the
endothelial–mesenchymal transition (EMT) [108]. Oral squamous cell carcinoma cells that
were exposed to TGF-β demonstrated increased release of EVs and altered content, com-
pared to EVs released from untreated cells. The EVs released from cells undergoing EMT
after TGF-β treatment demonstrated a lower expression of endothelial cell markers and an
increased expression of mesenchymal cell markers [108]. The role of EVs in lung fibrosis is
largely unexplored. However, one study suggested that a higher content of Programmed
Death-Ligand 1 (PD-L1) in EVs released from fibroblasts upon TGFβ stimulation could
contribute to immune suppression and fibrogenesis [109].

7. Conclusions

In summary, EVs play a significant role in SARS-CoV-2 pathogenesis, with their
number increasing during infection and potentially carrying live virus particles [38]. EVs
modulate the severity of SARS-CoV-2 infection in PwCF by modifying cytokines expression
(Figure 1). EVs can modulate the immune response, acting as decoys to prevent SARS-CoV-2
infection by contesting with cellular ACE2 receptors, and engineered ACE2-loaded EVs are
effective against SARS-CoV-2 infection in mice. TGF-β-induced EVs from cancer cells play a
critical role in vascular destabilization. These EVs, secreted during EMT, target endothelial
cells and contribute to immune suppression and fibrogenesis. Inflammation is a significant
component of CF pathogenesis and SARS-CoV-2 infection [110]. The content of EVs in
PwCF and SARS-CoV-2 infection is summarized in Figure 1. For instance, EVs derived
from the sputum of patients infected with SARS-CoV-2 have been found to express high
levels of specific immune-related proteins, which correlate strongly with the expression of
the SARS-CoV-2 N protein [111].

8. Knowledge Gaps and Future Directions

Currently, there are no specific treatments for COVID-19 in PwCF, and it is unclear
whether the CFTR-directed therapy has any effect. Future research should focus on helping
to personalize therapy and reduce the severity of SARS-CoV-2 infections in this vulnerable
population. EVs released by cells in PwCF contain proteins that may impact neutrophil
recruitment and activation, potentially resulting in less severe COVID-19 by inhibiting
IL-6-induced acute phase mediators. More research is needed to elucidate how the EVs
influence neutrophil recruitment and activation. More research is also needed to understand
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how specific cftr gene mutations and disease severity influence the EV’s cargo, affecting
COVID-19 severity among PwCF.
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D.; et al. Incidence of SARS-CoV-2 in people with cystic fibrosis in Europe between February and June 2020. J. Cyst. Fibros. 2021,
20, 566–577. [CrossRef]

28. Marques, L.S.; Boschiero, M.N.; Sansone, N.M.S.; Brienze, L.R.; Marson, F.A.L. Epidemiological Profile of Hospitalized Patients
with Cystic Fibrosis in Brazil Due to Severe Acute Respiratory Infection during the COVID-19 Pandemic and a Systematic Review
of Worldwide COVID-19 in Those with Cystic Fibrosis. Healthcare 2023, 11, 1936. [CrossRef]

29. Lagni, A.; Lotti, V.; Diani, E.; Rossini, G.; Concia, E.; Sorio, C.; Gibellini, D. CFTR Inhibitors Display In Vitro Antiviral Activity
against SARS-CoV-2. Cells 2023, 12, 776. [CrossRef]

30. Cui, G.; Khazanov, N.; Stauffer, B.B.; Infield, D.T.; Imhoff, B.R.; Senderowitz, H.; McCarty, N.A. Potentiators exert distinct effects
on human, murine, and Xenopus CFTR. Am. J. Physiol. Lung Cell Mol. Physiol. 2016, 311, L192–L207. [CrossRef]

31. Bezzerri, V.; Gentili, V.; Api, M.; Finotti, A.; Papi, C.; Tamanini, A.; Boni, C.; Baldisseri, E.; Olioso, D.; Duca, M.; et al. SARS-CoV-2 viral
entry and replication is impaired in Cystic Fibrosis airways due to ACE2 downregulation. Nat. Commun. 2023, 14, 132. [CrossRef]

32. Chen, L.; Guan, W.-J.; Qiu, Z.-E.; Xu, J.-B.; Bai, X.; Hou, X.-C.; Sun, J.; Qu, S.; Huang, Z.-X.; Lei, T.-L.; et al. SARS-CoV-2
nucleocapsid protein triggers hyperinflammation via protein-protein interaction-mediated intracellular Cl− accumulation in
respiratory epithelium. Signal Transduct. Target. Ther. 2022, 7, 255. [CrossRef]

33. Khan, S.; Shafiei, M.S.; Longoria, C.; Schoggins, J.W.; Savani, R.C.; Zaki, H. SARS-CoV-2 spike protein induces inflammation via
TLR2-dependent activation of the NF-κB pathway. eLife 2021, 10, e68563. [CrossRef]

34. Chen, Q.; Langenbach, S.; Li, M.; Xia, Y.C.; Gao, X.; Gartner, M.J.; Pharo, E.A.; Williams, S.M.; Todd, S.; Clarke, N.; et al. ACE2
Expression in Organotypic Human Airway Epithelial Cultures and Airway Biopsies. Front. Pharmacol. 2022, 13, 813087. [CrossRef]

35. Hou, Y.J.; Okuda, K.; Edwards, C.E.; Martinez, D.R.; Asakura, T.; Dinnon, K.H., 3rd; Kato, T.; Lee, R.E.; Yount, B.L.;
Mascenik, T.M.; et al. SARS-CoV-2 Reverse Genetics Reveals a Variable Infection Gradient in the Respiratory Tract. Cell 2020, 182,
429–446.e414. [CrossRef]

36. Stanton, B.A.; Hampton, T.H.; Ashare, A. SARS-CoV-2 (COVID-19) and cystic fibrosis. Am. J. Physiol. Lung Cell Mol. Physiol. 2020,
319, L408–L415. [CrossRef]

37. Xia, X.; Yuan, P.; Liu, Y.; Wang, Y.; Cao, W.; Zheng, J.C. Emerging roles of extracellular vesicles in COVID-19, a double-edged
sword? Immunology 2021, 163, 416–430. [CrossRef]

38. Useckaite, Z.; Ward, M.P.; Trappe, A.; Reilly, R.; Lennon, J.; Davage, H.; Matallanas, D.; Cassidy, H.; Dillon, E.T.; Brennan, K.; et al.
Increased extracellular vesicles mediate inflammatory signalling in cystic fibrosis. Thorax 2020, 75, 449–458. [CrossRef]

39. Ohayon, L.; Zhang, X.; Dutta, P. The role of extracellular vesicles in regulating local and systemic inflammation in cardiovascular
disease. Pharmacol. Res. 2021, 170, 105692. [CrossRef]

40. Moulin, C.; Crupi, M.J.F.; Ilkow, C.S.; Bell, J.C.; Boulton, S. Extracellular Vesicles and Viruses: Two Intertwined Entities. Int. J. Mol.
Sci. 2023, 24, 1036. [CrossRef]

41. Miura, T.A. Respiratory epithelial cells as master communicators during viral infections. Curr. Clin. Microbiol. Rep. 2019,
6, 10–17. [CrossRef]

42. Zhou, X.; Zhu, L.; Lizarraga, R.; Chen, Y. Human Airway Epithelial Cells Direct Significant Rhinovirus Replication in Monocytic
Cells by Enhancing ICAM1 Expression. Am. J. Respir. Cell Mol. Biol. 2017, 57, 216–225. [CrossRef]

43. Maemura, T.; Fukuyama, S.; Kawaoka, Y. High Levels of miR-483-3p Are Present in Serum Exosomes Upon Infection of Mice
With Highly Pathogenic Avian Influenza Virus. Front. Microbiol. 2020, 11, 144. [CrossRef]

44. Welsh, J.A.; Goberdhan, D.C.I.; O’Driscoll, L.; Buzas, E.I.; Blenkiron, C.; Bussolati, B.; Cai, H.; Di Vizio, D.; Driedonks, T.A.P.;
Erdbrügger, U.; et al. Minimal information for studies of extracellular vesicles (MISEV2023): From basic to advanced approaches.
J. Extracell. Vesicles 2024, 13, e12404. [CrossRef]

45. Stathatos, I.; Koumandou, V.L. Comparative Analysis of Prokaryotic Extracellular Vesicle Proteins and Their Targeting Signals.
Microorganisms 2023, 11, 1977. [CrossRef]

46. Chargaff, E. Cell Structure and the Problem of Blood Coagulation. J. Biol. Chem. 1945, 160, 351–359. [CrossRef]
47. Chargaff, E.; West, R. The biological significance of the thromboplastic protein of blood. J. Biol. Chem. 1946, 166, 189–197. [CrossRef]
48. Wolf, P. The Nature and Significance of Platelet Products in Human Plasma. Br. J. Haematol. 1967, 13, 269–288. [CrossRef]

https://doi.org/10.1186/s13052-020-00909-1
https://doi.org/10.1016/j.bbadis.2010.04.005
https://doi.org/10.1001/jama.2021.11517
https://doi.org/10.3390/cells11081347
https://doi.org/10.1016/j.jcf.2022.06.006
https://doi.org/10.1016/j.jcf.2021.03.017
https://doi.org/10.3390/healthcare11131936
https://doi.org/10.3390/cells12050776
https://doi.org/10.1152/ajplung.00056.2016
https://doi.org/10.1038/s41467-023-35862-0
https://doi.org/10.1038/s41392-022-01048-1
https://doi.org/10.7554/eLife.68563
https://doi.org/10.3389/fphar.2022.813087
https://doi.org/10.1016/j.cell.2020.05.042
https://doi.org/10.1152/ajplung.00225.2020
https://doi.org/10.1111/imm.13329
https://doi.org/10.1136/thoraxjnl-2019-214027
https://doi.org/10.1016/j.phrs.2021.105692
https://doi.org/10.3390/ijms24021036
https://doi.org/10.1007/s40588-019-0111-8
https://doi.org/10.1165/rcmb.2016-0271OC
https://doi.org/10.3389/fmicb.2020.00144
https://doi.org/10.1002/jev2.12404
https://doi.org/10.3390/microorganisms11081977
https://doi.org/10.1016/S0021-9258(18)43131-6
https://doi.org/10.1016/S0021-9258(17)34997-9
https://doi.org/10.1111/j.1365-2141.1967.tb08741.x


Int. J. Mol. Sci. 2024, 25, 3713 9 of 11

49. Crawford, N. The Presence of Contractile Proteins in Platelet Microparticles Isolated from Human and Animal Platelet-free
Plasma. Br. J. Haematol. 1971, 21, 53–69. [CrossRef]

50. Johnstone, R.M.; Bianchini, A.; Teng, K. Reticulocyte maturation and exosome release: Transferrin receptor containing exosomes
shows multiple plasma membrane functions. Blood 1989, 74, 1844–1851. [CrossRef]

51. Johnstone, R.M. Maturation of reticulocytes: Formation of exosomes as a mechanism for shedding membrane proteins. Biochem.
Cell Biol. 1992, 70, 179–190. [CrossRef]

52. Rashed, M.H.; Bayraktar, E.; Helal, G.K.; Abd-Ellah, M.F.; Amero, P.; Chavez-Reyes, A.; Rodriguez-Aguayo, C. Exosomes: From
Garbage Bins to Promising Therapeutic Targets. Int. J. Mol. Sci. 2017, 18, 538. [CrossRef] [PubMed]

53. Raposo, G.; Nijman, H.W.; Stoorvogel, W.; Liejendekker, R.; Harding, C.V.; Melief, C.J.; Geuze, H.J. B lymphocytes secrete
antigen-presenting vesicles. J. Exp. Med. 1996, 183, 1161–1172. [CrossRef] [PubMed]

54. Couch, Y.; Buzàs, E.I.; Di Vizio, D.; Gho, Y.S.; Harrison, P.; Hill, A.F.; Lötvall, J.; Raposo, G.; Stahl, P.D.; Théry, C.; et al. A brief
history of nearly EV-erything—The rise and rise of extracellular vesicles. J. Extracell. Vesicles 2021, 10, e12144. [CrossRef] [PubMed]

55. Asleh, K.; Dery, V.; Taylor, C.; Davey, M.; Djeungoue-Petga, M.-A.; Ouellette, R.J. Extracellular vesicle-based liquid biopsy
biomarkers and their application in precision immuno-oncology. Biomark. Res. 2023, 11, 99. [CrossRef]

56. György, B.; Szabó, T.G.; Pásztói, M.; Pál, Z.; Misják, P.; Aradi, B.; László, V.; Pállinger, É.; Pap, E.; Kittel, Á.; et al. Membrane vesicles,
current state-of-the-art: Emerging role of extracellular vesicles. Cell. Mol. Life Sci. 2011, 68, 2667–2688. [CrossRef] [PubMed]

57. Yáñez-Mó, M.; Siljander, P.R.M.; Andreu, Z.; Bedina Zavec, A.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.;
Carvalho, J.; et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4,
27066. [CrossRef] [PubMed]

58. Neven, K.Y.; Nawrot, T.S.; Bollati, V. Extracellular Vesicles: How the External and Internal Environment Can Shape Cell-To-Cell
Communication. Curr. Environ. Health Rep. 2017, 4, 30–37. [CrossRef] [PubMed]

59. Wang, T.; Huang, G.; Yi, Z.; Dai, S.; Zhuang, W.; Guo, S. Advances in extracellular vesicle-based combination therapies for spinal
cord injury. Neural Regen. Res. 2024, 19, 369–374. [CrossRef] [PubMed]

60. Battistelli, M.; Falcieri, E. Apoptotic Bodies: Particular Extracellular Vesicles Involved in Intercellular Communication. Biology
2020, 9, 21. [CrossRef]

61. Zaborowski, M.P.; Balaj, L.; Breakefield, X.O.; Lai, C.P. Extracellular Vesicles: Composition, Biological Relevance, and Methods of
Study. BioScience 2015, 65, 783–797. [CrossRef]

62. Théry, C.; Boussac, M.; Véron, P.; Ricciardi-Castagnoli, P.; Raposo, G.A.; Garin, J.M.; Amigorena, S. Proteomic Analysis of
Dendritic Cell-Derived Exosomes: A Secreted Subcellular Compartment Distinct from Apoptotic Vesicles1. J. Immunol. 2001, 166,
7309–7318. [CrossRef] [PubMed]

63. El Andaloussi, S.; Mäger, I.; Breakefield, X.O.; Wood, M.J.A. Extracellular vesicles: Biology and emerging therapeutic opportunities.
Nat. Rev. Drug Discov. 2013, 12, 347–357. [CrossRef]

64. van Niel, G.; Carter, D.R.F.; Clayton, A.; Lambert, D.W.; Raposo, G.; Vader, P. Challenges and directions in studying cell–cell
communication by extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2022, 23, 369–382. [CrossRef] [PubMed]

65. Buzas, E.I. The roles of extracellular vesicles in the immune system. Nat. Rev. Immunol. 2023, 23, 236–250. [CrossRef] [PubMed]
66. Di Gioia, S.; Daniello, V.; Conese, M. Extracellular Vesicles’ Role in the Pathophysiology and as Biomarkers in Cystic Fibrosis and

COPD. Int. J. Mol. Sci. 2022, 24, 228. [CrossRef] [PubMed]
67. Moon, H.G.; Cao, Y.; Yang, J.; Lee, J.H.; Choi, H.S.; Jin, Y. Lung epithelial cell-derived extracellular vesicles activate macrophage-

mediated inflammatory responses via ROCK1 pathway. Cell Death Dis. 2015, 6, e2016. [CrossRef] [PubMed]
68. Trappe, A.; Donnelly, S.C.; McNally, P.; Coppinger, J.A. Role of extracellular vesicles in chronic lung disease. Thorax 2021, 76,

1047–1056. [CrossRef] [PubMed]
69. Lee, H.; Zhang, D.; Laskin, D.L.; Jin, Y. Functional Evidence of Pulmonary Extracellular Vesicles in Infectious and Noninfectious

Lung Inflammation. J. Immunol. 2018, 201, 1500–1509. [CrossRef] [PubMed]
70. Rodrigues-Junior, D.M.; Tsirigoti, C.; Lim, S.K.; Heldin, C.-H.; Moustakas, A. Extracellular Vesicles and Transforming Growth

Factor β Signaling in Cancer. Front. Cell Dev. Biol. 2022, 10, 849938. [CrossRef]
71. Zhang, L.; Wei, W.; Ai, X.; Kilic, E.; Hermann, D.M.; Venkataramani, V.; Bähr, M.; Doeppner, T.R. Extracellular vesicles from

hypoxia-preconditioned microglia promote angiogenesis and repress apoptosis in stroke mice via the TGF-β/Smad2/3 pathway.
Cell Death Dis. 2021, 12, 1068. [CrossRef]

72. Leyfman, Y.; Gohring, G.; Joshi, M.; Menon, G.P.; Van de Kieft, A.; Rivero, T.D.; Bellio, M.A.; Mitrani, M.I. Extracellular vesicles: A
promising therapy against SARS-CoV-2 infection. Mol. Ther. 2023, 31, 1196–1200. [CrossRef] [PubMed]

73. Dogrammatzis, C.; Waisner, H.; Kalamvoki, M. Cloaked Viruses and Viral Factors in Cutting Edge Exosome-Based Therapies.
Front. Cell Dev. Biol. 2020, 8, 376. [CrossRef] [PubMed]

74. Näslund, T.I.; Paquin-Proulx, D.; Paredes, P.T.; Vallhov, H.; Sandberg, J.K.; Gabrielsson, S. Exosomes from breast milk inhibit
HIV-1 infection of dendritic cells and subsequent viral transfer to CD4+ T cells. AIDS 2014, 28, 171–180. [CrossRef] [PubMed]

75. Caobi, A.; Nair, M.; Raymond, A.D. Extracellular Vesicles in the Pathogenesis of Viral Infections in Humans. Viruses 2020,
12, 1200. [CrossRef]

76. Johnson, B.L.; Midura, E.F.; Prakash, P.S.; Rice, T.C.; Kunz, N.; Kalies, K.; Caldwell, C.C. Neutrophil derived microparticles
increase mortality and the counter-inflammatory response in a murine model of sepsis. Biochim. Biophys. Acta (BBA)—Mol. Basis
Dis. 2017, 1863, 2554–2563. [CrossRef] [PubMed]

https://doi.org/10.1111/j.1365-2141.1971.tb03416.x
https://doi.org/10.1182/blood.V74.5.1844.1844
https://doi.org/10.1139/o92-028
https://doi.org/10.3390/ijms18030538
https://www.ncbi.nlm.nih.gov/pubmed/28257101
https://doi.org/10.1084/jem.183.3.1161
https://www.ncbi.nlm.nih.gov/pubmed/8642258
https://doi.org/10.1002/jev2.12144
https://www.ncbi.nlm.nih.gov/pubmed/34919343
https://doi.org/10.1186/s40364-023-00540-2
https://doi.org/10.1007/s00018-011-0689-3
https://www.ncbi.nlm.nih.gov/pubmed/21560073
https://doi.org/10.3402/jev.v4.27066
https://www.ncbi.nlm.nih.gov/pubmed/25979354
https://doi.org/10.1007/s40572-017-0130-7
https://www.ncbi.nlm.nih.gov/pubmed/28116555
https://doi.org/10.4103/1673-5374.377413
https://www.ncbi.nlm.nih.gov/pubmed/37488892
https://doi.org/10.3390/biology9010021
https://doi.org/10.1093/biosci/biv084
https://doi.org/10.4049/jimmunol.166.12.7309
https://www.ncbi.nlm.nih.gov/pubmed/11390481
https://doi.org/10.1038/nrd3978
https://doi.org/10.1038/s41580-022-00460-3
https://www.ncbi.nlm.nih.gov/pubmed/35260831
https://doi.org/10.1038/s41577-022-00763-8
https://www.ncbi.nlm.nih.gov/pubmed/35927511
https://doi.org/10.3390/ijms24010228
https://www.ncbi.nlm.nih.gov/pubmed/36613669
https://doi.org/10.1038/cddis.2015.282
https://www.ncbi.nlm.nih.gov/pubmed/26658190
https://doi.org/10.1136/thoraxjnl-2020-216370
https://www.ncbi.nlm.nih.gov/pubmed/33712504
https://doi.org/10.4049/jimmunol.1800264
https://www.ncbi.nlm.nih.gov/pubmed/29997122
https://doi.org/10.3389/fcell.2022.849938
https://doi.org/10.1038/s41419-021-04363-7
https://doi.org/10.1016/j.ymthe.2023.03.033
https://www.ncbi.nlm.nih.gov/pubmed/37141856
https://doi.org/10.3389/fcell.2020.00376
https://www.ncbi.nlm.nih.gov/pubmed/32528954
https://doi.org/10.1097/QAD.0000000000000159
https://www.ncbi.nlm.nih.gov/pubmed/24413309
https://doi.org/10.3390/v12101200
https://doi.org/10.1016/j.bbadis.2017.01.012
https://www.ncbi.nlm.nih.gov/pubmed/28108420


Int. J. Mol. Sci. 2024, 25, 3713 10 of 11

77. Rollet-Cohen, V.; Bourderioux, M.; Lipecka, J.; Chhuon, C.; Jung, V.A.; Mesbahi, M.; Nguyen-Khoa, T.; Guérin-Pfyffer, S.; Schmitt,
A.; Edelman, A.; et al. Comparative proteomics of respiratory exosomes in cystic fibrosis, primary ciliary dyskinesia and asthma.
J. Proteom. 2018, 185, 1–7. [CrossRef] [PubMed]

78. Cui, A.; Xiang, M.; Xu, M.; Lu, P.; Wang, S.; Zou, Y.; Qiao, K.; Jin, C.; Li, Y.; Lu, M.; et al. VCAM-1-mediated neutrophil infiltration
exacerbates ambient fine particle-induced lung injury. Toxicol. Lett. 2019, 302, 60–74. [CrossRef] [PubMed]

79. Meijer, B.; Gearry, R.B.; Day, A.S. The role of S100A12 as a systemic marker of inflammation. Int. J. Inflam. 2012, 2012,
907078. [CrossRef] [PubMed]

80. Boyhan, A.; Casimir, C.M.; French, J.K.; Teahan, C.G.; Segal, A.W. Molecular cloning and characterization of grancalcin, a novel
EF-hand calcium-binding protein abundant in neutrophils and monocytes. J. Biol. Chem. 1992, 267, 2928–2933. [CrossRef]

81. Forrest, O.A.; Dobosh, B.; Ingersoll, S.A.; Rao, S.; Rojas, A.; Laval, J.; Alvarez, J.A.; Brown, M.R.; Tangpricha, V.; Tirouvanziam, R.
Neutrophil-derived extracellular vesicles promote feed-forward inflammasome signaling in cystic fibrosis airways. J. Leukoc. Biol.
2022, 112, 707–716. [CrossRef]

82. Shaba, E.; Landi, C.; Carleo, A.; Vantaggiato, L.; Paccagnini, E.; Gentile, M.; Bianchi, L.; Lupetti, P.; Bargagli, E.; Prasse, A.; et al.
Proteome Characterization of BALF Extracellular Vesicles in Idiopathic Pulmonary Fibrosis: Unveiling Undercover Molecular
Pathways. Int. J. Mol. Sci. 2021, 22, 5696. [CrossRef]

83. Palviainen, M.; Saari, H.; Kärkkäinen, O.; Pekkinen, J.; Auriola, S.; Yliperttula, M.; Puhka, M.; Hanhineva, K.; Siljan-
der, P.R.M. Metabolic signature of extracellular vesicles depends on the cell culture conditions. J. Extracell. Vesicles 2019,
8, 1596669. [CrossRef] [PubMed]

84. Kaur, G.; Maremanda, K.P.; Campos, M.; Chand, H.S.; Li, F.; Hirani, N.; Haseeb, M.A.; Li, D.; Rahman, I. Distinct Exosomal
miRNA Profiles from BALF and Lung Tissue of COPD and IPF Patients. Int. J. Mol. Sci. 2021, 22, 11830. [CrossRef] [PubMed]

85. Krishnamachary, B.; Cook, C.; Kumar, A.; Spikes, L.; Chalise, P.; Dhillon, N.K. Extracellular vesicle-mediated endothelial apoptosis
and EV-associated proteins correlate with COVID-19 disease severity. J. Extracell. Vesicles 2021, 10, e12117. [CrossRef] [PubMed]

86. Yadav, B.; Prasad, N.; Kushwaha, R.S.; Patel, M.R.; Bhadauria, D.; Kaul, A. Higher pro-inflammatory cytokines IL-6 and IFN-γ are
associated with anti-SARS-CoV-2 spike protein-specific seroconversion in renal allograft recipients. Transplant. Infect. Dis. 2023,
25, e14133. [CrossRef] [PubMed]

87. Rose, V.D. Mechanisms and markers of airway inflammation in cystic fibrosis. Eur. Respir. J. 2002, 19, 333–340. [CrossRef] [PubMed]
88. Graterol Torres, F.; Molina, M.; Soler-Majoral, J.; Romero-González, G.; Rodríguez Chitiva, N.; Troya-Saborido, M.; Socias Rullan,

G.; Burgos, E.; Paúl Martínez, J.; Urrutia Jou, M.; et al. Evolving Concepts on Inflammatory Biomarkers and Malnutrition in
Chronic Kidney Disease. Nutrients 2022, 14, 4297. [CrossRef] [PubMed]

89. Puhm, F.; Allaeys, I.; Lacasse, E.; Dubuc, I.; Galipeau, Y.; Zaid, Y.; Khalki, L.; Belleannée, C.; Durocher, Y.;
Brisson, A.R.; et al. Platelet activation by SARS-CoV-2 implicates the release of active tissue factor by infected cells.
Blood Adv. 2022, 6, 3593–3605. [CrossRef] [PubMed]

90. Kwon, Y.; Nukala, S.B.; Srivastava, S.; Miyamoto, H.; Ismail, N.I.; Jousma, J.; Rehman, J.; Ong, S.-B.; Lee, W.H.; Ong, S.-G. Detection
of viral RNA fragments in human iPSC cardiomyocytes following treatment with extracellular vesicles from SARS-CoV-2 coding
sequence overexpressing lung epithelial cells. Stem Cell Res. Ther. 2020, 11, 514. [CrossRef]

91. Xia, B.; Pan, X.; Luo, R.-H.; Shen, X.; Li, S.; Wang, Y.; Zuo, X.; Wu, Y.; Guo, Y.; Xiao, G.; et al. Extracellular vesicles mediate
antibody-resistant transmission of SARS-CoV-2. Cell Discov. 2023, 9, 2. [CrossRef]

92. Hernández-Díazcouder, A.; Díaz-Godínez, C.; Carrero, J.C. Extracellular vesicles in COVID-19 prognosis, treatment, and
vaccination: An update. Appl. Microbiol. Biotechnol. 2023, 107, 2131–2141. [CrossRef] [PubMed]

93. Mackman, N.; Antoniak, S.; Wolberg, A.S.; Kasthuri, R.; Key, N.S. Coagulation Abnormalities and Thrombosis in Patients Infected
With SARS-CoV-2 and Other Pandemic Viruses. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 2033–2044. [CrossRef] [PubMed]

94. Barberis, E.; Vanella, V.V.; Falasca, M.; Caneapero, V.; Cappellano, G.; Raineri, D.; Ghirimoldi, M.; De Giorgis, V.; Puricelli,
C.; Vaschetto, R.; et al. Circulating Exosomes Are Strongly Involved in SARS-CoV-2 Infection. Front. Mol. Biosci. 2021, 8,
632290. [CrossRef] [PubMed]

95. Gunasekaran, M.; Bansal, S.; Ravichandran, R.; Sharma, M.; Perincheri, S.; Rodriguez, F.; Hachem, R.; Fisher, C.E.; Limaye, A.P.;
Omar, A.; et al. Respiratory viral infection in lung transplantation induces exosomes that trigger chronic rejection. J. Heart Lung
Transplant. 2020, 39, 379–388. [CrossRef] [PubMed]

96. George, M.S.; Sanchez, J.; Rollings, C.; Fear, D.; Irving, P.; Sinclair, L.V.; Schurich, A. Extracellular vesicles in COVID-19
convalescence can regulate T cell metabolism and function. iScience 2023, 26, 107280. [CrossRef] [PubMed]

97. El-Shennawy, L.; Hoffmann, A.D.; Dashzeveg, N.K.; McAndrews, K.M.; Mehl, P.J.; Cornish, D.; Yu, Z.; Tokars, V.L.; Nicolaescu, V.;
Tomatsidou, A.; et al. Circulating ACE2-expressing extracellular vesicles block broad strains of SARS-CoV-2. Nat. Commun. 2022,
13, 405. [CrossRef] [PubMed]

98. Kim, H.K.; Cho, J.; Kim, E.; Kim, J.; Yang, J.-S.; Kim, K.-C.; Lee, J.-Y.; Shin, Y.; Palomera, L.F.; Park, J.; et al. Engineered small
extracellular vesicles displaying ACE2 variants on the surface protect against SARS-CoV-2 infection. J. Extracell. Vesicles 2022, 11,
e12179. [CrossRef] [PubMed]

99. Wang, J.; Chen, S.; Bihl, J. Exosome-Mediated Transfer of ACE2 (Angiotensin-Converting Enzyme 2) from Endothelial Progenitor
Cells Promotes Survival and Function of Endothelial Cell. Oxid. Med. Cell Longev. 2020, 2020, 4213541. [CrossRef] [PubMed]

100. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]

https://doi.org/10.1016/j.jprot.2018.07.001
https://www.ncbi.nlm.nih.gov/pubmed/30032860
https://doi.org/10.1016/j.toxlet.2018.11.002
https://www.ncbi.nlm.nih.gov/pubmed/30447258
https://doi.org/10.1155/2012/907078
https://www.ncbi.nlm.nih.gov/pubmed/22811950
https://doi.org/10.1016/S0021-9258(19)50675-5
https://doi.org/10.1002/JLB.3AB0321-149R
https://doi.org/10.3390/ijms22115696
https://doi.org/10.1080/20013078.2019.1596669
https://www.ncbi.nlm.nih.gov/pubmed/31007875
https://doi.org/10.3390/ijms222111830
https://www.ncbi.nlm.nih.gov/pubmed/34769265
https://doi.org/10.1002/jev2.12117
https://www.ncbi.nlm.nih.gov/pubmed/34262673
https://doi.org/10.1111/tid.14133
https://www.ncbi.nlm.nih.gov/pubmed/37605477
https://doi.org/10.1183/09031936.02.00229202
https://www.ncbi.nlm.nih.gov/pubmed/11866015
https://doi.org/10.3390/nu14204297
https://www.ncbi.nlm.nih.gov/pubmed/36296981
https://doi.org/10.1182/bloodadvances.2022007444
https://www.ncbi.nlm.nih.gov/pubmed/35443030
https://doi.org/10.1186/s13287-020-02033-7
https://doi.org/10.1038/s41421-022-00510-2
https://doi.org/10.1007/s00253-023-12468-6
https://www.ncbi.nlm.nih.gov/pubmed/36917275
https://doi.org/10.1161/ATVBAHA.120.314514
https://www.ncbi.nlm.nih.gov/pubmed/32657623
https://doi.org/10.3389/fmolb.2021.632290
https://www.ncbi.nlm.nih.gov/pubmed/33693030
https://doi.org/10.1016/j.healun.2019.12.009
https://www.ncbi.nlm.nih.gov/pubmed/32033844
https://doi.org/10.1016/j.isci.2023.107280
https://www.ncbi.nlm.nih.gov/pubmed/37520724
https://doi.org/10.1038/s41467-021-27893-2
https://www.ncbi.nlm.nih.gov/pubmed/35058437
https://doi.org/10.1002/jev2.12179
https://www.ncbi.nlm.nih.gov/pubmed/34982509
https://doi.org/10.1155/2020/4213541
https://www.ncbi.nlm.nih.gov/pubmed/32051731
https://doi.org/10.1016/S0140-6736(20)30183-5


Int. J. Mol. Sci. 2024, 25, 3713 11 of 11

101. Ferreira-Gomes, M.; Kruglov, A.; Durek, P.; Heinrich, F.; Tizian, C.; Heinz, G.A.; Pascual-Reguant, A.; Du, W.; Mothes, R.;
Fan, C.; et al. SARS-CoV-2 in severe COVID-19 induces a TGF-β-dominated chronic immune response that does not target itself.
Nat. Commun. 2021, 12, 1961. [CrossRef]

102. Chu, H.W.; Trudeau, J.B.; Balzar, S.; Wenzel, S.E. Peripheral blood and airway tissue expression of transforming growth
factor beta by neutrophils in asthmatic subjects and normal control subjects. J. Allergy Clin. Immunol. 2000, 106,
1115–1123. [CrossRef] [PubMed]

103. Saxena, V.; Lienesch, D.W.; Zhou, M.; Bommireddy, R.; Azhar, M.; Doetschman, T.; Singh, R.R. Dual roles of im-
munoregulatory cytokine TGF-beta in the pathogenesis of autoimmunity-mediated organ damage. J. Immunol. 2008, 180,
1903–1912. [CrossRef] [PubMed]

104. Yu, X.; Buttgereit, A.; Lelios, I.; Utz, S.G.; Cansever, D.; Becher, B.; Greter, M. The Cytokine TGF-β Promotes the Development and
Homeostasis of Alveolar Macrophages. Immunity 2017, 47, 903–912.e904. [CrossRef] [PubMed]

105. Drumm, M.L.; Konstan, M.W.; Schluchter, M.D.; Handler, A.; Pace, R.; Zou, F.; Zariwala, M.; Fargo, D.; Xu, A.; Dunn, J.M.; et al.
Genetic modifiers of lung disease in cystic fibrosis. N. Engl. J. Med. 2005, 353, 1443–1453. [CrossRef] [PubMed]

106. Brazova, J.; Sismova, K.; Vavrova, V.; Bartosova, J.; Macek, M., Jr.; Lauschman, H.; Sediva, A. Polymorphisms of TGF-beta1 in
cystic fibrosis patients. Clin. Immunol. 2006, 121, 350–357. [CrossRef] [PubMed]

107. Trojan, T.; Alejandre Alcazar, M.A.; Fink, G.; Thomassen, J.C.; Maessenhausen, M.V.; Rietschel, E.; Schneider, P.M.; van
Koningsbruggen-Rietschel, S. The effect of TGF-β1 polymorphisms on pulmonary disease progression in patients with cystic
fibrosis. BMC Pulm. Med. 2022, 22, 183. [CrossRef] [PubMed]

108. Kobayashi, M.; Fujiwara, K.; Takahashi, K.; Yoshioka, Y.; Ochiya, T.; Podyma-Inoue, K.A.; Watabe, T. Transforming growth
factor-β-induced secretion of extracellular vesicles from oral cancer cells evokes endothelial barrier instability via endothelial-
mesenchymal transition. Inflamm. Regen. 2022, 42, 38. [CrossRef] [PubMed]

109. Kang, J.H.; Jung, M.Y.; Choudhury, M.; Leof, E.B. Transforming growth factor beta induces fibroblasts to express and release the
immunomodulatory protein PD-L1 into extracellular vesicles. FASEB J. 2020, 34, 2213–2226. [CrossRef]

110. Lotti, V.; Lagni, A.; Diani, E.; Sorio, C.; Gibellini, D. Crosslink between SARS-CoV-2 replication and cystic fibrosis hallmarks.
Front. Microbiol. 2023, 14, 1162470. [CrossRef]

111. Sun, R.; Cai, Y.; Zhou, Y.; Bai, G.; Zhu, A.; Kong, P.; Sun, J.; Li, Y.; Liu, Y.; Liao, W.; et al. Proteomic profiling of single extracellular
vesicles reveals colocalization of SARS-CoV-2 with a CD81/integrin-rich EV subpopulation in sputum from COVID-19 severe
patients. Front. Immunol. 2023, 14, 1052141. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41467-021-22210-3
https://doi.org/10.1067/mai.2000.110556
https://www.ncbi.nlm.nih.gov/pubmed/11112895
https://doi.org/10.4049/jimmunol.180.3.1903
https://www.ncbi.nlm.nih.gov/pubmed/18209088
https://doi.org/10.1016/j.immuni.2017.10.007
https://www.ncbi.nlm.nih.gov/pubmed/29126797
https://doi.org/10.1056/NEJMoa051469
https://www.ncbi.nlm.nih.gov/pubmed/16207846
https://doi.org/10.1016/j.clim.2006.08.015
https://www.ncbi.nlm.nih.gov/pubmed/17052957
https://doi.org/10.1186/s12890-022-01977-1
https://www.ncbi.nlm.nih.gov/pubmed/35525938
https://doi.org/10.1186/s41232-022-00225-7
https://www.ncbi.nlm.nih.gov/pubmed/36057626
https://doi.org/10.1096/fj.201902354R
https://doi.org/10.3389/fmicb.2023.1162470
https://doi.org/10.3389/fimmu.2023.1052141

	Introduction 
	The Origin and Role of Extracellular Vesicles (EVs) 
	The Role of EVs in the Pathogenesis of Inflammation 
	The Role of EVs in the Pathogenesis of CF 
	EVs As Mediators of SARS-CoV-2 Infection 
	The Role of EVs in TGF- Signaling 
	Conclusions 
	Knowledge Gaps and Future Directions 
	References

