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Abstract: Extracellular vesicles (EVs) are released in the extracellular environment during cell ac-
tivation or apoptosis. Working as signal transducers, EVs are important mediators of intercellular
communication through the convoying of proteins, nucleic acids, lipids, and metabolites. Neutrophil
extracellular vesicles (nEVs) contain molecules acting as key modulators of inflammation and immune
responses. Due to their potential as therapeutic tools, studies about nEVs have been increasing in
recent years. However, our knowledge about nEVs is still in its infancy. In this review, we summarize
the current understanding of the role of nEVs in the framework of neutrophil inflammation functions
and disease development. The therapeutic potential of nEVs as clinical treatment strategies is deeply
discussed. Moreover, the promising research landscape of nEVs in the near future is also examined.
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1. Extracellular Vesicles: What Do We Know?

Although, the existence of extracellular vesicles (EVs) has been suspected since 1946,
originally as procoagulant platelet-derived particles [1], they were named much later
(1971) following the ultrastructural identification of a large range of intra- and extracellular
membranous structures that were recovered by the centrifugation of flagellated algae [2].

Meanwhile, these particles were referred to as “platelet dust” [3], a term that reflects
the long-lasting belief that EVs were simply inert cellular debris.

However, over the decades, the interest in these nanovesicles has always been sparked
by new discoveries of their roles in disease pathogenesis and their therapeutic potentials.
Therefore, the historic view of the role of EVs has evolved considerably over the years;
initially considered waste-removal carriers, they are now regarded as major mediators of
intercellular communication [4–6] by transporting a variety of molecules.

EVs are released in the extracellular environment during cell activation or apoptosis
and are circulating in most human biological fluids and tissues, crossing endothelial barriers
to interact with cells in a paracrine or autocrine fashion [7].

These signal transducers express various ligands and receptors emanating from their
original cells and serve as cargo vehicles to transport a complex array of information to
the surroundings or distant target cells [8] via the delivery of a plethora of biologically
active molecules such as lipids, proteins, mRNAs, noncoding RNA, miRNAs, and metabo-
lites [9,10]. Through the release of such selective molecules, EVs can support or even trigger
the change of cell phenotypes through epigenetic reprogramming [11] and the adaptation
of cellular responses to environmental challenges by modulating crucial processes such as
homeostasis, antigen presentation, signal transduction, the modulation of inflammation,
immune responses, and the promotion of repair functions [7,12,13].

Over the years, the classification included three specific categories of EVs, which were
distinguished according to their sizes and origins. One of the categories encompassed small
EVs (50–150 nm), which were assimilated under the term “exosomes”. Their formation de-
rives from the invagination of endosomal membranes of internal multivesicular bodies and
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the fusion of these compartments with the plasma membrane [14–16]. A second subtype
of vesicles, designated medium EVs (100–1000 nm), is generated by the direct outward
budding and shedding of the plasma membrane [17] and has been assigned various other
names such as microvesicles, microparticles, or ectosomes. Finally, apoptotic bodies are
formed by the plasma membrane blebbing of apoptotic cells [15] and are considered cellular
debris with minimal biological functions [18].

EV classification is still rather arbitrary and suffers from the fact that these multifunc-
tional structures share common features, with no specific markers to distinguish them.
Moreover, the overlapping sizes of ectosomes and exosomes in this nomenclature is rather
irrelevant and has led to number confusing scientific publications (for a review, see [19]).
In fact, the term “exosomes” took the lead over the other designations and has become the
most popular and generic word to describe EVs.

To overcome this problem, in their last guidelines, the International Society for Extra-
cellular Vesicles (ISEV2018) [20] recommended to use EVs as the consensus term to identify
“heterogeneous membrane-bound vesicles limited by phospholipid bilayers with the inca-
pacity to replicate due to lack of a functional nucleus”. An operational term to distinguish
EV subtypes should refer to size/density, biochemical composition, and descriptions of
the conditions of the cell of origin. The specific terms “exosomes” and “ectosomes” should
be exclusively used to identify multivesicular-body-derived EVs and plasma-membrane-
derived EVs, respectively, regardless of their sizes [20]. Ideally, EVs should eventually be
classified by different protein profiles due to their different methods of formation, but this
is still not feasible. Indeed, some proteins, abundant in one vesicle, were later shown to
also be present in other vesicle types, sometimes in different amounts [20].

Beyond moderate differences in EV physical properties, the current bottleneck in
the understanding of the distinct functional effects of EV subtypes is the lack of reliable
markers. Several tetraspanins, notably CD63, CD81, and CD9 have been used as markers
of exosomes for the last two decades, but more recently their presence in other EVs has
been observed [21]. However, it is conceivable that EVs bearing only CD9 or CD81 but not
CD63 could correspond to ectosomes, while those expressing CD63 in combination with
CD9 and/or CD81 could be related to late endosomal-derived vesicles [21]. Substantial
validation is required to discriminate exosomes from small ectosomes in any cell type and
to achieve harmonization for EV isolation and analysis methods to prevent a nonspecific
overlap of biomarkers that may disguise the exact nature of EVs. Understanding the specific
functional properties of each subpopulation more distinctly and profoundly constitutes
a basis to fully exploit the enormous potential of EVs in terms of therapeutic targets and
circulating biomarkers. This need is urgent, given the recent discovery of another class of
particle, the exomeres.

Nonmembranous extracellular nanovesicles, named exomeres, are small (approxi-
mately 35 nm) and were initially isolated using the separation technique of asymmetric-flow
field-flow fractionation [22]. Thereafter, they were isolated by an optimized ultracentrifu-
gation method [23]. Although exomeres can carry nucleic acids, proteins, and lipids, which
can be delivered to recipient cells, the absence of a lipid bilayer and a biogenesis distinct
from the plasma membrane and the endocytic pathway argue for the fact that exomeres
should not be classified as EVs but rather assigned to a new type of extracellular parti-
cle [24]. Despite such differences, exomeres possess functional activities that are clinically
relevant. In a recent and very exciting article published in Cell Reports, Zhang and cowork-
ers [23] highlighted that exomeres can have a pro-neoplastic role in cancer by transferring
cargo proteins with functional activities such as β-galactoside α2,6-sialyltransferase 1 and
amphiregulin, which participate in cell proliferation and affect the invasiveness of cancer
cells [25–28].

In another study, the supernatant of ultracentrifugation was used to retrieve exomeres,
which were subjected to another step of centrifugation, and that led to the identification
of yet another type of extracellular particle, named “supermeres” [29]. Supermeres can
induce phenotypic and metabolic changes in recipient cells as well as the transfer of
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drug resistance. It is worth noting that the RNA and protein composition of supermeres
differs from that of exomeres and small extracellular vesicles. Supermeres harbor multiple
cargos that are related to a large panel of pathologies, including Alzheimer’s (e.g., amyloid
precursor protein, APP) and cardiovascular (e.g., angiotensin-converting enzyme, ACE)
diseases as well as cancer (e.g., MET proto-oncogene and receptor tyrosine kinase). In
addition, supermeres contain high quantities of extracellular RNA, much higher than the
amounts found in small extracellular vesicles and exomeres [29], with a strong enrichment
of miR-1246, which is considered an oncogenic miRNA in a variety of cancer types [30–33].

2. Extracellular Vesicles of Neutrophils (nEVs)

Neutrophils are known to exert their functions through the release of a large panel of
cytotoxic enzymes and effector molecules, phagocytosis, the production of reactive oxygen
species (ROS), and the formation of neutrophil extracellular traps (NETs) (Figure 1).
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Figure 1. Mechanisms of neutrophil-induced inflammation. Neutrophils dispose of a large arsenal 
to kill pathogens. This includes 1. degranulation, which corresponds to the release of proteolytic 
enzymes and cytotoxic proteins [34–37]; 2. the production of different ROS from superoxide anions 
resulting from the activation of NADPH oxidase 2 (NOX2) [38–40]; 3. the formation of neutrophil 

Figure 1. Mechanisms of neutrophil-induced inflammation. Neutrophils dispose of a large arsenal
to kill pathogens. This includes 1. degranulation, which corresponds to the release of proteolytic
enzymes and cytotoxic proteins [34–37]; 2. the production of different ROS from superoxide anions
resulting from the activation of NADPH oxidase 2 (NOX2) [38–40]; 3. the formation of neutrophil
extracellular traps (NETs), which are associated with chromatin decondensation and the extrusion
of histones, and DNA meshes decorated with granular proteins [41–44]; 4. the secretion of a large
panel of cytokines (non-exhaustive list) with proinflammatory/chemotactic/immunoregulatory func-
tions [45,46]; and 5. the release of extracellular vesicles loaded with cargo proteins. A dysregulation
or imbalance of these different processes fosters the propagation and perpetuation of inflamma-
tion, contributing to the development of chronic diseases. All figures were created using Biorender
(https://biorender.com, accessed on 21 April 2021).

While data on the EVs released from immune cells are in constant expansion, much
less is known about the role of EVs derived from neutrophils (nEVs). nEVs are not fully
explored yet, probably because of the short life span of neutrophils and the difficulties in
isolating and manipulating them. However, given the immunogenic and proinflammatory
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roles of EVs, it is now well-established that nEVs can act as an essential element between
neutrophil-driven inflammation and tissue damage [47–51].

nEVs were first identified by Stein and Luzio [52], and over the years a consensus has
emerged that neutrophils predominantly release medium-sized vesicles (ectosomes) and, to
a smaller extent, small-sized vesicles (exosomes). Commonly, nEVs express CD11b, CD18,
CD66b, and myeloperoxidase (MPO) on their surface and can be stained with annexin V,
indicating that phosphatidylserine is exposed on the outer leaflet of nEVs [53,54]. Although
nEVs can differ in terms of protein composition and functional properties, they share
similar physical and chemical characteristics such as size and surface properties [53–57].
nEVs contain a large amount of granule proteins known for their antibacterial activity.
Upon neutrophil stimulation with opsonized particles, bacterial growth was reduced
through the release of nEVs enriched with granules. In the same study, the authors showed
that nEVs were also able to mediate bacterial aggregation, which relied on an integrin-
dependent interaction of nEVs with bacteria and involved the actin cytoskeleton [54]. It
was hypothesized that a bacterial aggregate could be exposed to granule proteins packaged
in nEVs, which resulted in an inhibition of bacterial growth. Moreover, the quantity of nEVs
was increased in the serum of patients with bacteremia, arguing for the in vivo antibacterial
effects of nEVs.

In addition of their antibacterial role, nEVs have been reported to show dual pro-
and anti-inflammatory features according to the types of stimuli to which neutrophils are
subjected. The proinflammatory functions of nEVs have been associated with an increase
in ROS production and cytokine secretion in an autocrine/paracrine manner [57]. The
anti-inflammatory effect of nEVs has been shown on immature monocyte-derived dendritic
cells and macrophages. nEVs were able to decrease phagocytic activity and increase TGF-
β1 release by dendritic cells. When these cells were stimulated by lipopolysaccharide
(LPS), nEVs triggered a reduction not only in phagocytic activity but also a decrease in
maturation, cytokine release, and T-cell proliferation [58]. Similarly, nEVs increased the
release of TGF-β1 by zymosan or LPS-stimulated macrophages [59]. It is likely that the
phosphatidylserine on the nEV surface participates in the blocking of the inflammatory
response by facilitating the binding of nEVs on cells [60].

In the recent literature, it was proposed that nEVs can be distinguished and separated
on the basis of their production into two subtypes that share similar characteristics and
can be generated either spontaneously or in response to diverse immunological stimuli
(e.g., bacterial stimulation, antibodies, inflammatory and immunosuppressive cytokines,
chemokines, and complement components) [61–64].

On one hand, neutrophil-derived microvesicles (NDMVs) are released following the
activation of neutrophils, which are derived from inflammatory foci (Figure 1) [63,64].
The term “microvesicles” in NDMVs is confusing since microvesicles can be designed by
ectosomes in the literature and NDMVs could also include exosomes.

On the other hand, neutrophil-derived trails (NDTRs) are generated by neutrophils
migrating from blood vessels to sites of inflammation (Figure 1) [63,64]. During migration
through inflamed tissue, the neutrophil uropods are elongated and the vascular wall is
subjected to a variety of mechanical forces, allowing for the detachment of the tail portion
and ultimately the release of mediator-containing EVs [65,66]. Through NDTRs, neutrophils
can transmit inflammatory signals to neighboring cells that can eradicate or disseminate
inflammation by facilitating neutrophil diapedesis and the subsequent orchestration of the
recruitment and activation of other immune cells.

NDTRs have been assigned proinflammatory roles, and NDMVs have anti-inflammatory
functions [63,64]. However, this antagonism might be a premature shortcut simplification
of the roles of these two types of nEVs. Indeed, the effects of nEVs are probably largely
influenced by the activation signal acting on neutrophils. In other words, on the same cell,
nEVs could have opposing effects depending on the neutrophil activation state, which de-
termines the set of active molecules packed into the nEVs and thus the functional effects on
the target cells. In an elegant study, Kolonics and coworkers [51] provided convincing data
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on the ability of resting or apoptotic neutrophils to produce EVs with an anti-inflammatory
capacity on neighboring cells. EVs from resting neutrophils were able to decrease the level
of ROS and IL-8 secretion from neutrophils isolated from venous blood. Clearly, EVs from
apoptotic neutrophils had a procoagulant effect, highlighting their potential involvement
in the resolution of inflammation. In contrast, EVs produced by neutrophils activated
through opsonized particles led to an increase in ROS and IL-8 secretion from neutrophils
and endothelial cells, resulting in antibacterial and proinflammatory activities [51,54].

In addition, we need to keep in mind that distinct biological roles can be attributed
to nEVs according to (i) the nature and identity of the inflammatory mediators that have
induced neutrophil priming/activation and (ii) the targeted recipient cells. Thus, con-
trary to the previously observed results, EVs derived from neutrophils activated by N-
formylmethionyl-leucyl-phenylalanine (fMLF) or the complement fragment C5a were able
to exert an anti-inflammatory/immunosuppressive effect by inhibiting the release of IL-8,
IL-10, and TNFα in activated macrophages but conversely promoted TGF-β release [53].
The inhibition of cytokine secretion is presumed to be caused by the activation of the
PI3K/Akt pathway mediated by MerTK (Mer proto-oncogene tyrosine kinase), resulting
in the inhibition of NF-κB p65 phosphorylation and NF-κB translocation [47], whereas the
release of TGF-β could be associated with Ca2+ influx and was independent of MerTK
signaling [60].

These divergent activities of nEVs can be explained by the differences between their
contents and the differential abundance of proteins. For example, nEVs produced after
stimulation by opsonized particles contain a higher quantity of proteins associated with
cell adhesion and the immune response and, to a lesser extent, proteins related to the
MAPK signaling cascade than EVs derived from apoptotic or resting neutrophils [51,57].
Interestingly, the activation of endothelial cells, leading to the adhesion of immune cells
can occur with the inhibition of monocyte/macrophage activation by nEVs [61,67].

3. nEVs in Diseases

Neutrophils are able to impact all cell types in their environment and can orchestrate
adaptive immune responses via the production of EVs, which adapt their functional
capacities under the influence of environmental factors.

EVs are closely related to their source cells, and thus EVs derived from neutrophils
carry the specific functions of these cells. The clinical manifestation of this, since neutrophils
are the first cells to be present at the site of inflammation, with the initial role to trigger
an inflammatory response to eliminate pathogens, is the participation of nEVs in tissue
destruction and in the pathomechanisms of a range of various diseases (autoimmune
diseases, allergies, and chronic stable inflammatory diseases) by changing the behaviors
and functions of target cells. nEVs can also disturb the microenvironment and suppress
immune functions in a paracrine and autocrine mode, contributing to the development of
cancer [68].

One of the best-characterized roles of nEVs is based on the interaction between
platelets and circulating neutrophils. The generation of nEVs is mediated by platelet
glycoprotein Ibα (GPIbα) after the adhesion of activated platelets to intravascular neu-
trophils via P-selectin, which interacts with its ligand, P-selectin glycoprotein ligand-1
(PSGL-1), expressed on neutrophils. The content of these nEVs is especially abundant in
arachidonic acid, which is shuttled from neutrophils to platelets and is internalized by
platelets through the involvement of clathrin and Mac1. The intracellular compartment
is enriched in cyclooxygenase 1 (COX-1), which is required to convert arachidonic acid
into thromboxane A2. In turn, thromboxane A2 increases the expression of endothelial
intercellular adhesion molecule-1 (ICAM-1) and fosters neutrophil functions by facilitating
their extravasation through the enhancement of rolling, crawling, and transmigration [69].
In addition, COX1-deficient mice have been shown to be deficient in neutrophil recruitment
and pathogen clearance during bacterial pneumonia, underlining the role of COX-1 in
innate immunity [69].
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The role of nEVs as critical mediators of pathologic signaling has also been shown
in airway disorders. EVs released by neutrophils are internalized by airway smooth
muscle cells, triggering an increase in their proliferative properties and a modulation of
apoptosis with, as a consequence, a distortion in airway architecture and responses creating
a favorable environment for the exacerbation of inflammation in severe asthma patients
and corticosteroid-insensitive asthmatics [70].

nEVs are also involved in other airway diseases associated with neutrophil-driven
chronic inflammation. A study by the Blalock group [71] excellently demonstrated the
importance of neutrophil elastase (NE) activity derived from nEVs in chronic obstructive
pulmonary disease (COPD) [71]. nEVs from activated neutrophils harbor NE in a catalyti-
cally active orientation on their surface, obstructing the binding of α1-antitrypsine and its
protease inhibitor activity.

Furthermore, nEVs are able to physically associate with collagen fibrils by CD11b/CD18
via the αM-I domain. NE is therefore able to evade antiprotease inactivation [72] and can
degrade collagen fibrils and elastin with impunity, resulting in the promotion of the pro-
teolytic destruction of lung extracellular matrix (ECM) and epithelial cell injury, causing
emphysema [73]. In addition to provoking a COPD-like phenotype in a murine intratra-
cheal transfer model when infused into the lungs of mice, nEVs derived from activated
neutrophils purified from the bronchoalveolar lavage fluid (BALF) of human COPD pa-
tients were able to confer a COPD-like phenotype from human to mice in an NE-dependent
manner [71,73].

As previously shown at the intestinal level [74], it is highly possible that MPO from
nEVs participates in airway epithelial damage by causing the loss of epithelial cadherin
and thus the modification of extracellular matrix material. MPO from nEVs could also
delay wound healing by inhibiting epithelial cell spreading and migration by interfering
with actin dynamics.

Moreover, the disruption of intercellular junctions between endothelial cells could
promote neutrophil transepithelial migration [75] through high levels of active nEV-derived
MMP-9, which could be involved in the cleavage of E-cadherin and desmosomal cadherin
family members [75] present in the adherens junctions and allowing cell–cell adhesion in
the epithelium [76] (Figure 2).

The importance of nEVs in COPD was confirmed in a clinical study conducted by Soni
and coworkers [77], who correlated the nEVs present in BALF with index scores such as
airway obstruction, hyperinflation, gas transfer, exercise tolerance, and dyspnea associated
with COPD disease severity [77].

Another type of protease has been involved in a feed-forward inflammatory process
in cystic fibrosis (CF) airway disease by sustaining inflammasome activation. Indeed,
caspase-1 issued from EVs derived from neutrophils conditioned by the CF airway milieu
can not only induce increases in the extracellular inflammatory mediators IL-1α, IL-1β, and
IL-18 and ICAM-1 in resident epithelial cells but can also induce inflammasome signaling
in naïve neutrophils freshly recruited from the blood [78].

The critical role of nEVs on naïve neutrophils may explain how acute local inflamma-
tion in a limited area can expand and become chronic. This point is illustrated by the recent
work of Nauseef’s group [79], which demonstrated that the treatment of naïve neutrophils
with EVs derived from fMLF-stimulated neutrophils primed NADPH oxidase activity. This
is reflected by an increase in ROS production in response to a suboptimal concentration of
fMLF. The primed oxidase activity was associated with a redistribution of flavocytochrome
b558 to the cell surface by the fusion of secretory vesicles and specific granules with the
plasma membrane and the phosphorylation of SER345 on p47phox, a cytosolic subunit of
NADPH oxidase [79]. Compelling evidence supports the fact that an aberrant level of ROS
is involved in the destruction of healthy tissue by damaging biomolecules including DNA,
lipids, carbohydrates, and proteins. For example, an imbalance between ROS production
and antioxidant systems can disrupt histone deacetylase activity, facilitating the binding of
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transcription factors to specific DNA motifs, leading to an increase in inflammatory gene
expression [80,81].
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Figure 2. Overview of neutrophil extracellular vesicle functions involved in inflammation-inducing
disease pathogenesis. Upon activation with inflammatory mediators, neutrophils rapidly release a set
of extracellular vesicles into their local environment. Proteolytic enzymes (myeloperoxidases, MPO;
neutrophil elastase, NE; and metalloproteinase 9, MMP-9) packaged in nEVs degrade extracellular
matrix (ECM) components, disrupt the cadherin junction, and regulate actin dynamics, increasing
epithelial cell permeability and facilitating immune cell invasion. Long noncoding RNA (CNRDE)
can accentuate the degradation of ECM by increasing NE activity. Moreover, caspase-1 can induce
the release of proinflammatory mediators by epithelial cells as well as increase ICAM-1 expression.
The binding between epithelial cells and neutrophils is facilitated by S100A8/A9, which can increase
the expression of CD11b on rolling neutrophils. S100A8/A9 is also able to induce NF-κB signaling
in resident and infiltrated cells, resulting in an amplification of the inflammatory response through
the recruitment of supplementary neutrophils. In addition, miRNAs contained in nEVs can polarize
macrophages towards the proinflammatory M1 phenotype participating in the amplification loop of
the inflammatory process. All figures were created using Biorender (https://biorender.com, accessed
on 21 April 2021).

In general, the failure of the endothelium, provoked by the uptake of nEVs, facilitates
neutrophil recruitment and creates the amplification of an inflammatory loop. It would be
reductive to confine the role of nEVs to the direct degradation of tissue by the release of a
large panel of cytotoxic molecules and proteolytic enzymes.

Among the nEV-derived proteins contributing to a perpetuating inflammatory state,
S100 Ca2+-binding protein A9 (S100A9) could be of particular interest since it has been con-
sidered a critical endogenous damage-associated molecular pattern protein [82] in relation
to its cytokine-like functions and its ability to recruit neighboring cells. Upon the influence

https://biorender.com


Cells 2022, 11, 3318 8 of 19

of environmental factors, S100A9 can dimerize with S100A8 to form a noncovalently linked
protein complexes, which biologically function through the p38 MAPK and ERK1/2 signal-
ing pathways via the involvement of pattern recognition receptors such as Toll-like receptor
4 (TLR4) or receptors for advanced glycation end products (RAGE) [83–85] (Figure 2).

S100A8/A9 have been shown to increase the expression of CD11b/CD18 at the rolling
neutrophil cell surface and ICAM-1 on endothelial cells, facilitating the interaction between
both cell types and thus neutrophil diapedesis [86–88]. Closely related to their DAMP prop-
erties, S100A8/A9 can efficiently promote the expression and secretion of proinflammatory
mediators by diverse cell types [83,89–93], probably via MyD88-dependant TLR4 signaling,
resulting in the activation of NF-κB [89,94].

S100A8/A9 have also been described as being involved as key effectors in the patho-
genesis of chronic inflammatory diseases [94–98]. For instance, in rheumatoid arthritis (RA),
S100A8/A9 has been reported to mediate chondrocyte activation, osteoclast differentiation,
leukocyte infiltration in joints, proinflammatory cytokine production by monocytes, and
synovial fibroblast proliferation, contributing to cartilage degradation and bone resorp-
tion [99,100].

The secretion of S100A8/A9, allowing them to exert extracellular functions, occurs
through the formation of NETs [41,101,102] since S100 proteins are known to have no
leader sequence and are not transported via the classical endoplasmic reticulum/Golgi
pathway [103]. However, S100A8/A9 has also been reported to be present on the surface of
EVs [70,104], which could ensure their transfer and secretion to target sites where they can
exert their proinflammatory activities. Thus, it is not surprising that S100A8/A9 derived
from nEVs are involved in the suppression of the proliferation and migration of human
dermal microvascular endothelial cells and the impairment of angiogenesis, a hallmark of
systemic sclerosis.

nEVs are also involved in the pathogenesis of other systemic autoimmune disorders,
notably antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) [105].
AAV is characterized by the inflammation of small vessels, resulting in vascular destruction.
The presence of ANCAs directed against proteinase-3 or MPO is one of the characteristics
of AAV [106,107]. ANCAs have the potential to activate primed neutrophils, triggering the
release of nEVs [61], which have been reported to activate the coagulation cascade [108].
Tissue factor is considered, in vivo, as the primary initiator of the coagulation process and
can trigger, upon pathological conditions, arterial and venous thrombosis [109–111]. The
work of Kambas and coworkers provided evidence that nEVs, through the delivery of
tissue factor, participate in inflammation-driven thrombotic diseases. In this sense, nEVs
constitute a bridge between inflammation and thrombogenicity in AAV [105].

Besides bioactive proteins, nEVs are also enriched in specific small noncoding RNAs
that negatively regulate gene expression via mRNA degradation and/or the translational
repression of their targeted mRNAs. The enthusiasm surrounding neutrophil miRNAs for
their role in carcinogenesis and autoimmune diseases emerged only a few years ago, but it
already echoes at the level of nEVs.

The membrane of EVs can protect miRNAs from degradation by environmental
RNases [112–114]. Evidence has accumulated that specific miRNAs can be exchanged
by nEVs, giving them the potential for immune modulation and to interfere with the
functionality of target recipient cells.

For example, miR-30d-5p packed in nEVs released from TNF-α-activated neutrophils
was described, in an in vitro coculture model, to target SOCS-1 and SIRT1, negative regula-
tors of the NF-κB signaling pathway [115,116]. This caused an increase in the acetylation of
lysine 310 of p65 and the subsequent activation of NF-κB in macrophages, resulting in the
induction of macrophage polarization towards a proinflammatory phenotype (M1) and
the priming of macrophage cell death by pyroptosis [117], which contributes to postsepsis
inflammation and lung tissue injury (Figure 2).

Another miRNA derived from nEVs is involved in the NF-κB signaling pathway in the
framework of the chronic inflammation occurring in atherosclerosis. It was observed that
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circulating nEVs increased during hypercholesterolemia, preferentially adhere to atherosus-
ceptible sites, and deliver miRNA-155 to endothelial cells. miRNA-155 triggers an increase
in NF-κB expression by downregulating the transcription repressor BCL6 and the enhance-
ment of inflammation conditions. This vicious circle is exacerbated by the presence of CD18
on the nEV surface, which is responsible for a more intense recruitment of monocytes to the
vessel wall, acting as a critical factor in atherosclerotic plaque growth [118]. Recently, a role
for miR-142–3p and miR-451 derived from nEVs was highlighted in endothelial damage.
These two miRNAs delivered to endothelial cells by nEVs were able to increase apoptosis
and the expression of proinflammatory cytokines in these cells and altered angiogenic
repair, which can lead to vascular damage [119].

In summary, the functionally diverse roles of miRNAs packed in nEVs depend on the
crosstalk between neutrophils, target cells, and the downstream activated molecular networks.

Besides miRNAs, long noncoding RNAs (lncRNAs) have been found in nEVs, and
their transfer to recipient cells has been shown to be a source of phenotypic transitions
by the epigenetic mechanisms regulating gene expression [120–123]. It has been reported
that CRNDE, affiliated with the lncRNA class, from nEVs activates the NF-κB pathway
by enhancing TAK1-mediated IKKβ phosphorylation in airway smooth muscle, thus
affecting the proliferation and migration of cells. In support of the role of CRNDE in airway
remodeling in asthma, neutrophil CRNDE knockdown in a mouse model of asthma induced
by ovalbumin reduced both hyperplasia and hypertrophy, reducing the thickness of the
bronchial smooth muscle layer [124] (Figure 2). Furthermore, a CRNDE knockdown was
able to reverse the upregulation of NE activity in the lungs of asthmatic mice, strengthening
its involvement in tissue injury.

While studies and knowledge of EVs are continually expanding, it would be un-
fortunate to neglect the role of enucleated neutrophil cell bodies, known as cytoplasts.
A major study in Science Immunology identified cytoplasts as key actors in neutrophilic
inflammation in severe asthma [125]. Cytoplasts are derived from NET formation and
exhibit functions identical to those of their parent neutrophils (e.g., chemokinesis and
phagocytosis). In a murine model of allergic lung inflammation, Krishnamoorthy and
coworkers established that neutrophil-derived cytoplasts were present in the lungs and
mediastinal lymph nodes [125]. In vitro, cytoplasts were able to educate dendritic cells,
which in turn induced T helper 17 differentiation from naïve CD4+ T cells. In BALF from
asthmatic patients, cytoplasts and IL-17 levels were positively correlated, leading to the
postulate that cytoplasts can mediate the transition between innate and adaptive immune
responses through its action on Th17 differentiation [125]. More studies are absolutely
required to define the role of cytoplasts in the pathogenesis of a broader range of diseases
and to distinguish it from the role of nEVs.

4. nEVs and Their Therapeutic Potentials

To overcome the poor bioavailability and low therapeutic effects of many therapeutic
molecules, researchers have undertaken efforts to develop delivery systems based on
synthetic cationic polymers, lipid nanoparticles, or modified viruses. These carriers could
have the advantages of being more stable than usual drugs with minimal systemic side
effects. However, these classes of delivery vehicles can exhibit a lack of specificity for
targeted sites and preferentially accumulate in highly vascularized tissues [126]. Moreover,
viral gene delivery systems could elicit an undesirable host response. By contrast, EVs
exhibit similar characteristics to the membranes of their original cells and thus present
low toxicity and immunogenicity. EVs have a high stability in circulation and efficiently
cross biological barriers, allowing the packaged molecules to have a high bioavailability by
penetrating deeply into targeted tissues.

Over the last few years, significant progress has been realized to accentuate the efficient
delivery of therapy via EVs to specific organs, tissues, and cells. The biodistribution of EVs
can be modulated by engineering the surfaces of EVs to allow the expression of a wide
range of targeting moieties. Strategies for inducing the targeted delivery of therapeutic EVs
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rely essentially on chemical modifications or genetic engineering (for reviews, see [127,128].
Chemical modification based on noncovalent methods such as receptor–ligand binding,
electrostatic interaction, and hydrophobic insertion allow EVs to display a large panel of
bioactive molecules [129,130]. Covalent reactions by “click chemistry” or bioconjugation
can also be used to stably modify the surfaces of EVs [131,132]. Genetic engineering
consists of fusing genes expressing a targeting moiety (e.g., peptides and antibodies) with a
selected EV membrane protein such as tetraspanins or Lamp2b. Subsequently, donor cells
transfected with these plasmids generate EVs through natural EV biogenesis that express
targeting ligands on their surfaces [127,128,133].

Since it has been demonstrated that EVs contain and can transfer genetic material and
bioactive molecules from their host cell lineage, EVs with neutrophil features would be
desirable in the nanotheranostics field, which is associated with autoimmune disorders
and cancer. In this sense, several studies putting the spotlight on nEVs as drug delivery
systems are beginning to thrive. nEVs generated by nitrogen cavitation from human
neutrophil membranes were packaged with ceftazidime, an antibiotic belonging to the
class of cephalosporins, and/or with the proresolving lipid mediator resolvin D1 (RvD1) on
the surface. RvD1 is able to bind to G-protein-coupled receptors and inhibits downstream
NF-κB signaling pathways, triggering an increase in the phagocytic functions and apoptosis
of leukocytes [134–136].

Previously, it has been reported that RvD was present in nEVs, which regulated
macrophage efferocytosis, corresponding not only to an increase in apoptotic cell uptake
but also to an enhancement of proresolving mediator biosynthesis by macrophages [55].

Therefore, the role of RvD in the acceleration of inflammation resolution makes it a
molecule of choice in therapy. Under an LPS challenge, nEVs loaded with RvD1 and/or cef-
tazidime showed the potential to accumulate and adhere to the inflamed lung endothelium
through interactions between the highly expressed integrin β2 on nEVs and the ICAM-1
on endothelial cells [137]. Therefore, these EVs could specifically target the inflamed en-
dothelium and improve the treatment of lung infections. In support of this assumption, the
delivery of RvD1 by intravenous injection to inflammatory sites in a Pseudomonas aeruginosa
mouse lung infection model counteracted cytokine release and neutrophil lung infiltration.
Ceftazidime transferred via nEVs could block bacterial growth and cytokine production in
the lungs. The codelivery of RvD1 and ceftazidime drastically prevented bacterial prolifer-
ation and alleviated inflammation [137]. Similar results were obtained in a mouse model
of P. aeruginosa-induced peritonitis [138]. These results could encourage further research
into targeting bacterial infections and the resulting inflammation with EVs loaded with
bioactive molecules.

Using a similar approach, the protective role of RvD2 in brain damage during an
ischemic stroke has been shown in a middle cerebral artery occlusion mouse model de-
veloped to mimic ischemic stroke [139]. Neutrophils are the first circulating immune cells
to enter the brain after an ischemic stroke, and EVs released from neutrophils can easily
cross the blood–brain barrier. Based on this, RvD2-loaded nEVs were exploited to treat
neuroinflammation and preserve the brain from damage following an ischemic stroke.
RvD2 loaded into nEVs strikingly reduced the presence of MPO in the brain, supporting
a decline in neutrophil infiltration in the mouse brain after reperfusion during ischemic
stroke. Furthermore, RvD2 inhibited ICAM-1 expression in the damaged brain, favoring
decreased neutrophil–endothelium interactions. In addition, RvD2 was able to prevent
neuroinflammation and protect the brain from injury during the ischemia/reperfusion that
occurred following an ischemic stroke, probably by decreasing the release of TNF-α, IL-6,
and IL-1β [139]. Taken together, the current data on RvD1 or RvD2 loaded into nEVs and
their role in regulating key immune functions could become a promising therapeutic avenue.

nEV-based drug-delivery systems provide an opportunity to improve patient outcomes
in traditional ischemic stroke therapy.
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This concept of neutrophil-derived drug delivery systems paves the way for the
development of innovative methods in the context of personalized nanomedicine to treat a
range of inflammation-related diseases such as rheumatoid arthritis (RA).

A recent paper by Headland et al. [140] brought the first evidence that nEVs are abun-
dant in the synovial fluid of RA patients and could restore tissue homeostasis through their
chondroprotective effects, preventing cartilage breakdown during RA [140]. The authors
showed that mice deficient in TMEM16F, a Ca2+-dependent phospholipid scramblase,
during phosphatidylserine exposure and microvesiculation, showed a reduction in nEVs
associated with aggravated cartilage damage when these mice were subjected to K/BxN
serum transfer arthritis. Purified human EVs from TNF-α-treated neutrophils displayed a
rich expression of Annexin A1 (AnxA1), a proresolving protein with tissue repair properties.
In vitro, these nEVs were used as models of nEVs from RA synovial fluid and were able
to promote anabolic gene expression in human primary chondrocytes, preventing ECM
degradation and ultimately protecting cartilage.

The protective role of nEVs through AnxA1 binding with the formyl peptide receptor
2 (FPR2/ALX) present on chondrocytes was confirmed in vivo after the intra-articular
injection of AnxA1-positive nEVs in a mouse model of K/BxN arthritis. Neutrophils
recruited to the joint during an arthritis flare-up release high numbers of EVs, which are
able to successfully penetrate cartilage and deliver AnxA1 to the chondrocytes through the
extracellular matrix. These nEVs could induce TGF-β production by chondrocytes while
protecting them from apoptosis and chondroprotection in inflammation-induced cartilage
damage [140].

Congruent with these observations, Zhang and coworkers [141] demonstrated that
nEVs synthesized from activated human peripheral blood neutrophils can neutralize
proinflammatory cytokines; inhibit proarthritogenic factors, thereby inhibiting synovial
inflammation; and ameliorate joint destruction in arthritic mice [141]. In addition, joint
macrophages subjected to nEVs could polarize towards a more anti-inflammatory pheno-
type in relation to the expression of phosphatidylserine and annexin A1 in nEVs [68,138].
nEVs could also disturb the crosstalk between macrophages and fibroblast-like synovio-
cytes, counteracting an excessive activation of these cells [67].

More recently, an attractive strategy has been developed based on neutrophil-derived
nEVs functionalized with sub-5 nm ultrasmall Prussian blue nanoparticles (PBNPs) via click
chemistry. As reported for PBNPs, PBNP-nEVs displayed catalytic antioxidant activities,
effectively scavenging free radicals [142]. Along the same line, PBNP-nEVs showed the
capacity to reduce the expression of NOX2, the NADPH oxidase isoform responsible for
ROS production by neutrophils [142]. Collectively, these results support the fact that
PBNP-nEVs are able to modulate oxidative stress in an RA microenvironment and protect
cells against oxidative stress. Moreover, in an RA in vitro model, PBNP-nEVs disturbed
the regulation of the PI3K/AKT, NF-κB, and mTOR signaling pathways, supporting the
assumption that PBNP-nEVs could exert anti-inflammatory protection on joints by reducing
cytokine-induced cell apoptosis [142]. The confirmation of this model was achieved in vivo
using a mouse collagen-induced arthritis model where an intravenous injection of PBNP-
nEVs reduced ankle and foot swelling. The amelioration of synovial inflammation and
cartilage degeneration was associated with the neutralization of proinflammatory cytokine
(TNF-α and IL-1β) production and the regulation of the T helper 17/regulatory T cell
balance [142].

The possibility to use neutrophil-derived EVs in cancer therapy has recently been
put forward since nEVs have been shown in vitro and in vivo to exert a notable antitumor
effect by promoting tumor cell apoptosis through the activation of the caspase signaling
pathway [68]. Based on this encouraging result, the authors successfully developed a
method to allow targeted cancer therapy: nEVs loaded with doxorubicin and decorated
with super-paramagnetic iron oxide nanoparticles ensured an appropriate targeted drug
delivery and alleviated tumor growth in a mouse xenograft tumor model [68].
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While the packaging of chemotherapeutics in nEVs is becoming more concrete, similar
approaches using miRNAs remain to be explored. Encouraging data support the fact that
miRNA-nEVs could also constitute an efficient tool in therapy, as outlined before.

In this sense, in the framework of systemic autoinflammatory diseases, miRNA-223
transferred by nEVs has been reported to have an anti-inflammatory role by exerting a
synergistic effect on neutrophils and macrophages. Indeed, miRNA-223 could impede IL-18
production by macrophages by targeting the NLRP3 inflammasome. The decline in IL-18
levels had repercussions on Ca2+ influx, which was accompanied not only by a decrease
in AKT activation and mitochondrial ROS production but also by the formation of fewer
NETs. NETs have been reported to be enriched in oxidized mitochondrial DNA, which is
highly proinflammatory. In compensation, NETs can induce an anti-inflammatory feedback
control by inducing miRNA-223 upregulation in neutrophils through the activation of
Toll-like receptor 9 [143]. Therefore, miR-223, by balancing the fine-tuned mechanism
between pro- and anti-inflammatory functions, could represent a potentially attractive tool
in the therapy of autoinflammatory diseases.

Despite some promising results, the engineering of therapeutic nEVs carrying miRNAs
or other noncoding RNA into target tissues is at an early stage and is hindered by a number
of obstacles. The functional enrichment of nEVs could be required to ensure the delivery
of enough copies of the selected miRNA. In addition, given that nEVs reflect the parental
cell state, a selective removal of bioactive compounds from nEVs without beneficial effects
seems inevitable to avoid an amplification of the proinflammatory response and undesired
side effects. Moreover, the results obtained in vitro and in vivo in animal models based on
an efficient injection of carriers containing miRNAs need to reach the clinical trial level.
Finally, the research on the engineering transformation and modification of nEVs for the
successful administration and delivery of therapeutic nEVs to specific locations for optimal
pharmacokinetics and the minimization of side effects needs to be deepened.

The use of biomimetic nEVs as drug delivery vehicles and therapeutic agents lies in
the resolution of these important issues.

5. Conclusions

Since extracellular vesicles derived from neutrophils, based on their anti-inflammatory
content, have exhibited the potential to protect tissues from injury, novel treatment strate-
gies to attenuate inflammatory activity in the local environments can be envisioned with the
aim to improve therapy in chronic diseases and cancer. nEVs can be enriched with specific
RNA species, proteins, or bioactive lipids and present the assets to decrease unwanted side
effects due in part to their low immunogenicity and innate stability as well as the ability to
deliver therapeutic molecules to target cells with a great capacity for penetration.

For instance, an interesting possibility in the framework of nEV-inspired drug delivery
systems could rely on S100A8/A9 and their dual inflammation function. In fact, besides
their proinflammatory effects upon a phosphorylated state, S100A8/A9 could be oxidized
and act as an oxidant scavenger with the ability to confer tissue protection from damage in
an inflammatory environment [144]. Moreover, S100A8/A9 could modulate the activity of
proinflammatory cytokines due to their binding affinity [145,146], avoiding the exacerbated
recruitment of immune cells [147]. The described anti-inflammatory role of S100A8/A9
could reduce tissue injury by preventing an overwhelming inflammatory state provoked
by uncontrolled immune cell functions. Therefore, post-translational modifications of
S100A8/A9 and incorporation in nEVs with the aim to deliver them to target tissues could
participate in the control of inflammation and the restoration of tissue homeostasis.

nEVs, as a delivery platform, offer a considerable scope of possibilities to shuttle
appropriate bioactive molecules for dedicated action in a targeted tissue. However, knowl-
edge of the translational potential of nEVs is required before drawing their entire benefit
and exploiting them for successful application in clinics.
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57. Kolonics, F.; Szeifert, V.; Timár, C.I.; Ligeti, E.; Lőrincz, Á.M. The Functional Heterogeneity of Neutrophil-Derived Extracellular
Vesicles Reflects the Status of the Parent Cell. Cells 2020, 9, 2718. [CrossRef]

58. Eken, C.; Gasser, O.; Zenhaeusern, G.; Oehri, I.; Hess, C.; Schifferli, J.A. Polymorphonuclear Neutrophil-Derived Ectosomes
Interfere with the Maturation of Monocyte-Derived Dendritic Cells. J. Immunol. 2008, 180, 817–824. [CrossRef]

59. Gasser, O.; Schifferli, J.A. Activated Polymorphonuclear Neutrophils Disseminate Anti-Inflammatory Microparticles by Ectocyto-
sis. Blood 2004, 104, 2543–2548. [CrossRef]

60. Eken, C.; Sadallah, S.; Martin, P.J.; Treves, S.; Schifferli, J.A. Ectosomes of Polymorphonuclear Neutrophils Activate Multiple
Signaling Pathways in Macrophages. Immunobiology 2013, 218, 382–392. [CrossRef]

61. Hong, Y.; Eleftheriou, D.; Hussain, A.A.K.; Price-Kuehne, F.E.; Savage, C.O.; Jayne, D.; Little, M.A.; Salama, A.D.; Klein, N.J.;
Brogan, P.A. Anti-Neutrophil Cytoplasmic Antibodies Stimulate Release of Neutrophil Microparticles. J. Am. Soc. Nephrol. 2012,
23, 49–62. [CrossRef] [PubMed]

62. Hess, C.; Sadallah, S.; Hefti, A.; Landmann, R.; Schifferli, J.A. Ectosomes Released by Human Neutrophils Are Specialized
Functional Units. J. Immunol. 1999, 163, 4564–4573. [CrossRef]

63. Hong, C.-W. Extracellular Vesicles of Neutrophils. Immune Netw. 2018, 18, e43. [CrossRef]
64. Youn, Y.-J.; Shrestha, S.; Lee, Y.-B.; Kim, J.-K.; Lee, J.H.; Hur, K.; Mali, N.M.; Nam, S.-W.; Kim, S.-H.; Lee, S.; et al. Neutrophil-

Derived Trail Is a Proinflammatory Subtype of Neutrophil-Derived Extracellular Vesicles. Theranostics 2021, 11, 2770–2787.
[CrossRef] [PubMed]

65. Hyun, Y.-M.; Sumagin, R.; Sarangi, P.P.; Lomakina, E.; Overstreet, M.G.; Baker, C.M.; Fowell, D.J.; Waugh, R.E.; Sarelius, I.H.; Kim,
M. Uropod Elongation Is a Common Final Step in Leukocyte Extravasation through Inflamed Vessels. J. Exp. Med. 2012, 209,
1349–1362. [CrossRef] [PubMed]

66. Hind, L.E.; Vincent, W.J.B.; Huttenlocher, A. Leading from the Back: The Role of the Uropod in Neutrophil Polarization and
Migration. Dev. Cell 2016, 38, 161–169. [CrossRef] [PubMed]

67. Rhys, H.I.; Dell’Accio, F.; Pitzalis, C.; Moore, A.; Norling, L.v.; Perretti, M. Neutrophil Microvesicles from Healthy Control and
Rheumatoid Arthritis Patients Prevent the Inflammatory Activation of Macrophages. EBioMedicine 2018, 29, 60–69. [CrossRef]

68. Zhang, J.; Ji, C.; Zhang, H.; Shi, H.; Mao, F.; Qian, H.; Xu, W.; Wang, D.; Pan, J.; Fang, X.; et al. Engineered Neutrophil-Derived
Exosome-like Vesicles for Targeted Cancer Therapy. Sci. Adv. 2022, 8, eabj8207. [CrossRef] [PubMed]

69. Rossaint, J.; Kühne, K.; Skupski, J.; van Aken, H.; Looney, M.R.; Hidalgo, A.; Zarbock, A. Directed Transport of Neutrophil-
Derived Extracellular Vesicles Enables Platelet-Mediated Innate Immune Response. Nat. Commun. 2016, 7, 13464. [CrossRef]
[PubMed]

70. Vargas, A.; Roux-Dalvai, F.; Droit, A.; Lavoie, J.-P. Neutrophil-Derived Exosomes: A New Mechanism Contributing to Airway
Smooth Muscle Remodeling. Am. J. Respir. Cell Mol. Biol. 2016, 55, 450–461. [CrossRef]

71. Genschmer, K.R.; Russell, D.W.; Lal, C.; Szul, T.; Bratcher, P.E.; Noerager, B.D.; Abdul Roda, M.; Xu, X.; Rezonzew, G.;
Viera, L.; et al. Activated PMN Exosomes: Pathogenic Entities Causing Matrix Destruction and Disease in the Lung. Cell 2019,
176, 113–126.e15. [CrossRef] [PubMed]

72. Greene, C.M.; McElvaney, N.G. Proteases and Antiproteases in Chronic Neutrophilic Lung Disease—Relevance to Drug Discovery.
Br. J. Pharmacol. 2009, 158, 1048–1058. [CrossRef] [PubMed]

73. Margaroli, C.; Madison, M.C.; Viera, L.; Russell, D.W.; Gaggar, A.; Genschmer, K.R.; Blalock, J.E. An in Vivo Model for Extracellular
Vesicle–Induced Emphysema. JCI Insight 2022, 7, e153560. [CrossRef] [PubMed]

74. Slater, T.W.; Finkielsztein, A.; Mascarenhas, L.A.; Mehl, L.C.; Butin-Israeli, V.; Sumagin, R. Neutrophil Microparticles Deliver
Active Myeloperoxidase to Injured Mucosa to Inhibit Epithelial Wound Healing. J. Immunol. 2017, 198, 2886–2897. [CrossRef]

75. Butin-Israeli, V.; Houser, M.C.; Feng, M.; Thorp, E.B.; Nusrat, A.; Parkos, C.A.; Sumagin, R. Deposition of Microparticles
by Neutrophils onto Inflamed Epithelium: A New Mechanism to Disrupt Epithelial Intercellular Adhesions and Promote
Transepithelial Migration. FASEB J. 2016, 30, 4007–4020. [CrossRef]

http://doi.org/10.1002/JLB.3A0320-210R
http://www.ncbi.nlm.nih.gov/pubmed/32946637
http://doi.org/10.1042/bj2740381
http://www.ncbi.nlm.nih.gov/pubmed/1848755
http://doi.org/10.1016/S0014-4827(03)00055-7
http://doi.org/10.1182/blood-2012-05-431114
http://doi.org/10.1182/blood-2012-04-423525
http://www.ncbi.nlm.nih.gov/pubmed/22904297
http://doi.org/10.1189/jlb.3VMA1014-514R
http://doi.org/10.3390/cells9122718
http://doi.org/10.4049/jimmunol.180.2.817
http://doi.org/10.1182/blood-2004-01-0361
http://doi.org/10.1016/j.imbio.2012.05.021
http://doi.org/10.1681/ASN.2011030298
http://www.ncbi.nlm.nih.gov/pubmed/22052057
http://doi.org/10.1016/S0161-5890(98)90627-7
http://doi.org/10.4110/in.2018.18.e43
http://doi.org/10.7150/thno.51756
http://www.ncbi.nlm.nih.gov/pubmed/33456572
http://doi.org/10.1084/jem.20111426
http://www.ncbi.nlm.nih.gov/pubmed/22711877
http://doi.org/10.1016/j.devcel.2016.06.031
http://www.ncbi.nlm.nih.gov/pubmed/27459068
http://doi.org/10.1016/j.ebiom.2018.02.003
http://doi.org/10.1126/sciadv.abj8207
http://www.ncbi.nlm.nih.gov/pubmed/35020437
http://doi.org/10.1038/ncomms13464
http://www.ncbi.nlm.nih.gov/pubmed/27845343
http://doi.org/10.1165/rcmb.2016-0033OC
http://doi.org/10.1016/j.cell.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30633902
http://doi.org/10.1111/j.1476-5381.2009.00448.x
http://www.ncbi.nlm.nih.gov/pubmed/19845686
http://doi.org/10.1172/jci.insight.153560
http://www.ncbi.nlm.nih.gov/pubmed/35077395
http://doi.org/10.4049/jimmunol.1601810
http://doi.org/10.1096/fj.201600734R


Cells 2022, 11, 3318 16 of 19

76. Kamekura, R.; Nava, P.; Feng, M.; Quiros, M.; Nishio, H.; Weber, D.A.; Parkos, C.A.; Nusrat, A. Inflammation-Induced
Desmoglein-2 Ectodomain Shedding Compromises the Mucosal Barrier. Mol. Biol. Cell 2015, 26, 3165–3177. [CrossRef]

77. Soni, S.; Garner, J.L.; O’Dea, K.P.; Koh, M.; Finney, L.; Tirlapur, N.; Srikanthan, K.; Tenda, E.D.; Aboelhassan, A.M.; Singh, S.; et al.
Intra-Alveolar Neutrophil-Derived Microvesicles Are Associated with Disease Severity in COPD. Am. J. Physiol. Lung Cell. Mol.
Physiol. 2021, 320, L73–L83. [CrossRef] [PubMed]

78. 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]

79. Amjadi, M.F.; Avner, B.S.; Greenlee-Wacker, M.C.; Horswill, A.R.; Nauseef, W.M. Neutrophil-derived Extracellular Vesicles
Modulate the Phenotype of Naïve Human Neutrophils. J. Leukoc. Biol. 2021, 110, 917–925. [CrossRef]

80. Mercado, N.; Thimmulappa, R.; Thomas, C.M.R.; Fenwick, P.S.; Chana, K.K.; Donnelly, L.E.; Biswal, S.; Ito, K.; Barnes, P.J.
Decreased Histone Deacetylase 2 Impairs Nrf2 Activation by Oxidative Stress. Biochem. Biophys. Res. Commun. 2011, 406, 292–298.
[CrossRef]

81. Kersul, A.L.; Iglesias, A.; Ríos, Á.; Noguera, A.; Forteza, A.; Serra, E.; Agustí, A.; Cosío, B.G. Mecanismos Moleculares de
Inflamación Durante Las Agudizaciones de La Enfermedad Pulmonar Obstructiva Crónica. Arch Bronconeumol. 2011, 47, 176–183.
[CrossRef] [PubMed]

82. Goyette, J.; Geczy, C.L. Inflammation-Associated S100 Proteins: New Mechanisms That Regulate Function. Amino Acids 2011, 41,
821–842. [CrossRef] [PubMed]

83. Ehlermann, P.; Eggers, K.; Bierhaus, A.; Most, P.; Weichenhan, D.; Greten, J.; Nawroth, P.P.; Katus, H.A.; Remppis, A. Increased
Proinflammatory Endothelial Response to S100A8/A9 after Preactivation through Advanced Glycation End Products. Cardiovasc.
Diabetol. 2006, 5, 6. [CrossRef] [PubMed]

84. Vogl, T.; Tenbrock, K.; Ludwig, S.; Leukert, N.; Ehrhardt, C.; van Zoelen, M.A.D.; Nacken, W.; Foell, D.; van der Poll, T.;
Sorg, C.; et al. Mrp8 and Mrp14 Are Endogenous Activators of Toll-like Receptor 4, Promoting Lethal, Endotoxin-Induced Shock.
Nat. Med. 2007, 13, 1042–1049. [CrossRef] [PubMed]

85. Loser, K.; Vogl, T.; Voskort, M.; Lueken, A.; Kupas, V.; Nacken, W.; Klenner, L.; Kuhn, A.; Foell, D.; Sorokin, L.; et al. The Toll-like
Receptor 4 Ligands Mrp8 and Mrp14 Are Crucial in the Development of Autoreactive CD8+ T Cells. Nat. Med. 2010, 16, 713–717.
[CrossRef]

86. Ryckman, C.; Vandal, K.; Rouleau, P.; Talbot, M.; Tessier, P.A. Proinflammatory Activities of S100: Proteins S100A8, S100A9, and
S100A8/A9 Induce Neutrophil Chemotaxis and Adhesion. J. Immunol. 2003, 170, 3233–3242. [CrossRef] [PubMed]

87. Viemann, D.; Strey, A.; Janning, A.; Jurk, K.; Klimmek, K.; Vogl, T.; Hirono, K.; Ichida, F.; Foell, D.; Kehrel, B.; et al. Myeloid-
Related Proteins 8 and 14 Induce a Specific Inflammatory Response in Human Microvascular Endothelial Cells. Blood 2005, 105,
2955–2962. [CrossRef]

88. Pruenster, M.; Kurz, A.R.M.; Chung, K.-J.; Cao-Ehlker, X.; Bieber, S.; Nussbaum, C.F.; Bierschenk, S.; Eggersmann, T.K.;
Rohwedder, I.; Heinig, K.; et al. Extracellular MRP8/14 Is a Regulator of B2 Integrin-Dependent Neutrophil Slow Rolling and
Adhesion. Nat. Commun. 2015, 6, 6915. [CrossRef]

89. Donato, R.; Cannon, B.R.; Sorci, G.; Riuzzi, F.; Hsu, K.; Weber, D.J.; Geczy, C.L. Functions of S100 Proteins. Curr. Mol. Med. 2013,
13, 24–57. [CrossRef] [PubMed]

90. Simard, J.-C.; Noël, C.; Tessier, P.A.; Girard, D. Human S100A9 Potentiates IL-8 Production in Response to GM-CSF or FMLP via
Activation of a Different Set of Transcription Factors in Neutrophils. FEBS Lett. 2014, 588, 2141–2146. [CrossRef]

91. Holzinger, D.; Nippe, N.; Vogl, T.; Marketon, K.; Mysore, V.; Weinhage, T.; Dalbeth, N.; Pool, B.; Merriman, T.; Baeten, D.; et al.
Myeloid-Related Proteins 8 and 14 Contribute to Monosodium Urate Monohydrate Crystal-Induced Inflammation in Gout.
Arthritis Rheumatol. 2014, 66, 1327–1339. [CrossRef]

92. Chiu, C.-W.; Chen, H.-M.; Wu, T.-T.; Shih, Y.-C.; Huang, K.-K.; Tsai, Y.-F.; Hsu, Y.-L.; Chen, S.-F. Differential Proteomics of
Monosodium Urate Crystals-Induced Inflammatory Response in Dissected Murine Air Pouch Membranes by ITRAQ Technology.
Proteomics 2015, 15, 3338–3348. [CrossRef] [PubMed]

93. Gao, H.; Hou, J.; Meng, H.; Zhang, X.; Zheng, Y.; Peng, L. Proinflammatory Effects and Mechanisms of Calprotectin on Human
Gingival Fibroblasts. J. Periodontal Res. 2017, 52, 975–983. [CrossRef]

94. Austermann, J.; Spiekermann, C.; Roth, J. S100 Proteins in Rheumatic Diseases. Nat. Rev. Rheumatol. 2018, 14, 528–541. [CrossRef]
[PubMed]

95. Foell, D.; Roth, J. Proinflammatory S100 Proteins in Arthritis and Autoimmune Disease. Arthritis Rheum. 2004, 50, 3762–3771.
[CrossRef]

96. Vogl, T.; Eisenblätter, M.; Völler, T.; Zenker, S.; Hermann, S.; van Lent, P.; Faust, A.; Geyer, C.; Petersen, B.; Roebrock, K.; et al.
Alarmin S100A8/S100A9 as a Biomarker for Molecular Imaging of Local Inflammatory Activity. Nat. Commun. 2014, 5, 4593.
[CrossRef] [PubMed]

97. Scott, N.R.; Swanson, R.v.; Al-Hammadi, N.; Domingo-Gonzalez, R.; Rangel-Moreno, J.; Kriel, B.A.; Bucsan, A.N.; Das, S.; Ahmed,
M.; Mehra, S.; et al. S100A8/A9 Regulates CD11b Expression and Neutrophil Recruitment during Chronic Tuberculosis. J. Clin.
Investig. 2020, 130, 3098–3112. [CrossRef] [PubMed]

http://doi.org/10.1091/mbc.e15-03-0147
http://doi.org/10.1152/ajplung.00099.2020
http://www.ncbi.nlm.nih.gov/pubmed/33146567
http://doi.org/10.1002/JLB.3AB0321-149R
http://doi.org/10.1002/JLB.3AB0520-339RR
http://doi.org/10.1016/j.bbrc.2011.02.035
http://doi.org/10.1016/j.arbres.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21454005
http://doi.org/10.1007/s00726-010-0528-0
http://www.ncbi.nlm.nih.gov/pubmed/20213444
http://doi.org/10.1186/1475-2840-5-6
http://www.ncbi.nlm.nih.gov/pubmed/16573830
http://doi.org/10.1038/nm1638
http://www.ncbi.nlm.nih.gov/pubmed/17767165
http://doi.org/10.1038/nm.2150
http://doi.org/10.4049/jimmunol.170.6.3233
http://www.ncbi.nlm.nih.gov/pubmed/12626582
http://doi.org/10.1182/blood-2004-07-2520
http://doi.org/10.1038/ncomms7915
http://doi.org/10.2174/156652413804486214
http://www.ncbi.nlm.nih.gov/pubmed/22834835
http://doi.org/10.1016/j.febslet.2014.04.027
http://doi.org/10.1002/art.38369
http://doi.org/10.1002/pmic.201400626
http://www.ncbi.nlm.nih.gov/pubmed/26205848
http://doi.org/10.1111/jre.12465
http://doi.org/10.1038/s41584-018-0058-9
http://www.ncbi.nlm.nih.gov/pubmed/30076385
http://doi.org/10.1002/art.20631
http://doi.org/10.1038/ncomms5593
http://www.ncbi.nlm.nih.gov/pubmed/25098555
http://doi.org/10.1172/JCI130546
http://www.ncbi.nlm.nih.gov/pubmed/32134742


Cells 2022, 11, 3318 17 of 19

98. Kim, R.Y.; Sunkara, K.P.; Bracke, K.R.; Jarnicki, A.G.; Donovan, C.; Hsu, A.C.; Ieni, A.; Beckett, E.L.; Galvão, I.; Wijnant, S.;
et al. A MicroRNA-21–Mediated SATB1/S100A9/NF-KB Axis Promotes Chronic Obstructive Pulmonary Disease Pathogenesis.
Sci. Transl. Med. 2021, 13, eaav7223. [CrossRef]

99. Sunahori, K.; Yamamura, M.; Yamana, J.; Takasugi, K.; Kawashima, M.; Yamamoto, H.; Chazin, W.J.; Nakatani, Y.; Yui, S.; Makino,
H. The S100A8/A9 Heterodimer Amplifies Proinflammatory Cytokine Production by Macrophages via Activation of Nuclear
Factor Kappa B and P38 Mitogen-Activated Protein Kinase in Rheumatoid Arthritis. Arthritis Res. Ther. 2006, 8, R69. [CrossRef]
[PubMed]

100. Grevers, L.C.; de Vries, T.J.; Vogl, T.; Abdollahi-Roodsaz, S.; Sloetjes, A.W.; Leenen, P.J.M.; Roth, J.; Everts, V.; van den Berg, W.B.;
van Lent, P.L.E.M. S100A8 Enhances Osteoclastic Bone Resorption in Vitro through Activation of Toll-like Receptor 4: Implications
for Bone Destruction in Murine Antigen-Induced Arthritis. Arthritis Rheum. 2011, 63, 1365–1375. [CrossRef] [PubMed]

101. Bianchi, M.; Niemiec, M.J.; Siler, U.; Urban, C.F.; Reichenbach, J. Restoration of Anti-Aspergillus Defense by Neutrophil
Extracellular Traps in Human Chronic Granulomatous Disease after Gene Therapy Is Calprotectin-Dependent. J. Allergy Clin.
Immunol. 2011, 127, 1243–1252.e7. [CrossRef] [PubMed]

102. Sprenkeler, E.G.G.; Zandstra, J.; van Kleef, N.D.; Goetschalckx, I.; Verstegen, B.; Aarts, C.E.M.; Janssen, H.; Tool, A.T.J.; van Mierlo,
G.; van Bruggen, R.; et al. S100A8/A9 Is a Marker for the Release of Neutrophil Extracellular Traps and Induces Neutrophil
Activation. Cells 2022, 11, 236. [CrossRef] [PubMed]

103. Rammes, A.; Roth, J.; Goebeler, M.; Klempt, M.; Hartmann, M.; Sorg, C. Myeloid-Related Protein (MRP) 8 and MRP14, Calcium-
Binding Proteins of the S100 Family, Are Secreted by Activated Monocytes via a Novel, Tubulin-Dependent Pathway. J. Biol.
Chem. 1997, 272, 9496–9502. [CrossRef] [PubMed]

104. Li, L.; Zuo, X.; Xiao, Y.; Liu, D.; Luo, H.; Zhu, H. Neutrophil-Derived Exosome from Systemic Sclerosis Inhibits the Proliferation
and Migration of Endothelial Cells. Biochem. Biophys. Res. Commun. 2020, 526, 334–340. [CrossRef] [PubMed]

105. Kambas, K.; Chrysanthopoulou, A.; Vassilopoulos, D.; Apostolidou, E.; Skendros, P.; Girod, A.; Arelaki, S.; Froudarakis, M.;
Nakopoulou, L.; Giatromanolaki, A.; et al. Tissue Factor Expression in Neutrophil Extracellular Traps and Neutrophil Derived
Microparticles in Antineutrophil Cytoplasmic Antibody Associated Vasculitis May Promote Thromboinflammation and the
Thrombophilic State Associated with the Disease. Ann. Rheum. Dis. 2014, 73, 1854–1863. [CrossRef]

106. Flint, J.; Morgan, M.D.; Savage, C.O.S. Pathogenesis of ANCA-Associated Vasculitis. Rheum. Dis. Clin. N. Am. 2010, 36, 463–477.
[CrossRef]

107. Millet, A.; Pederzoli-Ribeil, M.; Guillevin, L.; Witko-Sarsat, V.; Mouthon, L. Antineutrophil Cytoplasmic Antibody-Associated
Vasculitides: Is It Time to Split up the Group? Ann. Rheum. Dis. 2013, 72, 1273–1279. [CrossRef]

108. Ramacciotti, E.; Hawley, A.E.; Wrobleski, S.K.; Myers, D.D.; Strahler, J.R.; Andrews, P.C.; Guire, K.E.; Henke, P.K.; Wakefield, T.W.
Proteomics of Microparticles after Deep Venous Thrombosis. Thromb. Res. 2010, 125, e269–e274. [CrossRef]

109. Rapaport, S.I.; Rao, L.V. The Tissue Factor Pathway: How It Has Become a “Prima Ballerina”. Thromb. Haemost. 1995, 74, 7–17.
[CrossRef]

110. Butenas, S.; Orfeo, T.; Mann, K.G. Tissue Factor in Coagulation. Arter. Thromb. Vasc. Biol. 2009, 29, 1989–1996. [CrossRef]
111. Grover, S.P.; Mackman, N. Tissue Factor. Arter. Thromb. Vasc. Biol. 2018, 38, 709–725. [CrossRef]
112. Li, L.; Zhu, D.; Huang, L.; Zhang, J.; Bian, Z.; Chen, X.; Liu, Y.; Zhang, C.-Y.; Zen, K. Argonaute 2 Complexes Selectively Protect

the Circulating MicroRNAs in Cell-Secreted Microvesicles. PLoS ONE 2012, 7, e46957. [CrossRef] [PubMed]
113. Lv, Z.; Wei, Y.; Wang, D.; Zhang, C.-Y.; Zen, K.; Li, L. Argonaute 2 in Cell-Secreted Microvesicles Guides the Function of Secreted

MiRNAs in Recipient Cells. PLoS ONE 2014, 9, e103599. [CrossRef] [PubMed]
114. Zhao, C.; Sun, X.; Li, L. Biogenesis and Function of Extracellular MiRNAs. ExRNA 2019, 1, 38. [CrossRef]
115. Ryo, A.; Suizu, F.; Yoshida, Y.; Perrem, K.; Liou, Y.-C.; Wulf, G.; Rottapel, R.; Yamaoka, S.; Lu, K.P. Regulation of NF-KB

Signaling by Pin1-Dependent Prolyl Isomerization and Ubiquitin-Mediated Proteolysis of P65/RelA. Mol. Cell 2003, 12, 1413–1426.
[CrossRef]

116. Yeung, F.; Hoberg, J.E.; Ramsey, C.S.; Keller, M.D.; Jones, D.R.; Frye, R.A.; Mayo, M.W. Modulation of NF-KB-Dependent
Transcription and Cell Survival by the SIRT1 Deacetylase. EMBO J. 2004, 23, 2369–2380. [CrossRef]

117. Jiao, Y.; Zhang, T.; Zhang, C.; Ji, H.; Tong, X.; Xia, R.; Wang, W.; Ma, Z.; Shi, X. Exosomal MiR-30d-5p of Neutrophils Induces
M1 Macrophage Polarization and Primes Macrophage Pyroptosis in Sepsis-Related Acute Lung Injury. Crit. Care 2021, 25, 356.
[CrossRef]

118. Gomez, I.; Ward, B.; Souilhol, C.; Recarti, C.; Ariaans, M.; Johnston, J.; Burnett, A.; Mahmoud, M.; Luong, L.A.; West, L.; et al.
Neutrophil Microvesicles Drive Atherosclerosis by Delivering MiR-155 to Atheroprone Endothelium. Nat. Commun. 2020, 11, 214.
[CrossRef]

119. Glémain, A.; Néel, M.; Néel, A.; André-Grégoire, G.; Gavard, J.; Martinet, B.; le Bloas, R.; Riquin, K.; Hamidou, M.;
Fakhouri, F.; et al. Neutrophil-Derived Extracellular Vesicles Induce Endothelial Inflammation and Damage through the Transfer
of MiRNAs. J. Autoimmun. 2022, 129, 102826. [CrossRef]

120. Mercer, T.R.; Dinger, M.E.; Mattick, J.S. Long Non-Coding RNAs: Insights into Functions. Nat. Rev. Genet. 2009, 10, 155–159.
[CrossRef]

121. Chen, L.-L.; Carmichael, G.G. Decoding the Function of Nuclear Long Non-Coding RNAs. Curr. Opin. Cell Biol. 2010, 22, 357–364.
[CrossRef] [PubMed]

http://doi.org/10.1126/scitranslmed.aav7223
http://doi.org/10.1186/ar1939
http://www.ncbi.nlm.nih.gov/pubmed/16613612
http://doi.org/10.1002/art.30290
http://www.ncbi.nlm.nih.gov/pubmed/21337316
http://doi.org/10.1016/j.jaci.2011.01.021
http://www.ncbi.nlm.nih.gov/pubmed/21376380
http://doi.org/10.3390/cells11020236
http://www.ncbi.nlm.nih.gov/pubmed/35053354
http://doi.org/10.1074/jbc.272.14.9496
http://www.ncbi.nlm.nih.gov/pubmed/9083090
http://doi.org/10.1016/j.bbrc.2020.03.088
http://www.ncbi.nlm.nih.gov/pubmed/32220494
http://doi.org/10.1136/annrheumdis-2013-203430
http://doi.org/10.1016/j.rdc.2010.05.006
http://doi.org/10.1136/annrheumdis-2013-203255
http://doi.org/10.1016/j.thromres.2010.01.019
http://doi.org/10.1055/s-0038-1642646
http://doi.org/10.1161/ATVBAHA.108.177402
http://doi.org/10.1161/ATVBAHA.117.309846
http://doi.org/10.1371/journal.pone.0046957
http://www.ncbi.nlm.nih.gov/pubmed/23077538
http://doi.org/10.1371/journal.pone.0103599
http://www.ncbi.nlm.nih.gov/pubmed/25072345
http://doi.org/10.1186/s41544-019-0039-4
http://doi.org/10.1016/S1097-2765(03)00490-8
http://doi.org/10.1038/sj.emboj.7600244
http://doi.org/10.1186/s13054-021-03775-3
http://doi.org/10.1038/s41467-019-14043-y
http://doi.org/10.1016/j.jaut.2022.102826
http://doi.org/10.1038/nrg2521
http://doi.org/10.1016/j.ceb.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20356723


Cells 2022, 11, 3318 18 of 19

122. Derrien, T.; Johnson, R.; Bussotti, G.; Tanzer, A.; Djebali, S.; Tilgner, H.; Guernec, G.; Martin, D.; Merkel, A.; Knowles, D.G.; et al.
The GENCODE v7 Catalog of Human Long Noncoding RNAs: Analysis of Their Gene Structure, Evolution, and Expression.
Genome Res. 2012, 22, 1775–1789. [CrossRef] [PubMed]

123. Gao, Y.; Li, S.; Zhang, Z.; Yu, X.; Zheng, J. The Role of Long Non-Coding RNAs in the Pathogenesis of RA, SLE, and SS. Front. Med.
2018, 5, 193. [CrossRef]

124. Zhang, X.-Y.; Chen, Z.-C.; Li, N.; Wang, Z.-H.; Guo, Y.-L.; Tian, C.-J.; Cheng, D.-J.; Tang, X.-Y.; Zhang, L.-X. Exosomal Transfer
of Activated Neutrophil-Derived LncRNA CRNDE Promotes Proliferation and Migration of Airway Smooth Muscle Cells in
Asthma. Hum. Mol. Genet. 2021, 31, 638–650. [CrossRef] [PubMed]

125. Krishnamoorthy, N.; Douda, D.N.; Brüggemann, T.R.; Ricklefs, I.; Duvall, M.G.; Abdulnour, R.-E.E.; Martinod, K.; Tavares, L.;
Wang, X.; Cernadas, M.; et al. Neutrophil Cytoplasts Induce T H 17 Differentiation and Skew Inflammation toward Neutrophilia
in Severe Asthma. Sci. Immunol. 2018, 3, eaao474. [CrossRef] [PubMed]

126. Tsoi, K.M.; MacParland, S.A.; Ma, X.-Z.; Spetzler, V.N.; Echeverri, J.; Ouyang, B.; Fadel, S.M.; Sykes, E.A.; Goldaracena, N.;
Kaths, J.M.; et al. Mechanism of Hard-Nanomaterial Clearance by the Liver. Nat. Mater. 2016, 15, 1212–1221. [CrossRef]

127. Liang, Y.; Duan, L.; Lu, J.; Xia, J. Engineering Exosomes for Targeted Drug Delivery. Theranostics 2021, 11, 3183–3195. [CrossRef]
128. Choi, H.; Choi, Y.; Yim, H.Y.; Mirzaaghasi, A.; Yoo, J.-K.; Choi, C. Biodistribution of Exosomes and Engineering Strategies for

Targeted Delivery of Therapeutic Exosomes. Tissue Eng. Regen. Med. 2021, 18, 499–511. [CrossRef]
129. Qi, H.; Liu, C.; Long, L.; Ren, Y.; Zhang, S.; Chang, X.; Qian, X.; Jia, H.; Zhao, J.; Sun, J.; et al. Blood Exosomes Endowed with

Magnetic and Targeting Properties for Cancer Therapy. ACS Nano 2016, 10, 3323–3333. [CrossRef]
130. Armstrong, J.P.K.; Holme, M.N.; Stevens, M.M. Re-Engineering Extracellular Vesicles as Smart Nanoscale Therapeutics. ACS Nano

2017, 11, 69–83. [CrossRef]
131. Kim, M.S.; Haney, M.J.; Zhao, Y.; Yuan, D.; Deygen, I.; Klyachko, N.L.; Kabanov, A.v.; Batrakova, E.v. Engineering Macrophage-

Derived Exosomes for Targeted Paclitaxel Delivery to Pulmonary Metastases: In Vitro and in Vivo Evaluations. Nanomedicine
2018, 14, 195–204. [CrossRef] [PubMed]

132. Susa, F.; Limongi, T.; Dumontel, B.; Vighetto, V.; Cauda, V. Engineered Extracellular Vesicles as a Reliable Tool in Cancer
Nanomedicine. Cancers 2019, 11, 1979. [CrossRef] [PubMed]

133. Longatti, A.; Schindler, C.; Collinson, A.; Jenkinson, L.; Matthews, C.; Fitzpatrick, L.; Blundy, M.; Minter, R.; Vaughan, T.;
Shaw, M.; et al. High Affinity Single-Chain Variable Fragments Are Specific and Versatile Targeting Motifs for Extracellular
Vesicles. Nanoscale 2018, 10, 14230–14244. [CrossRef] [PubMed]

134. Krishnamoorthy, S.; Recchiuti, A.; Chiang, N.; Yacoubian, S.; Lee, C.-H.; Yang, R.; Petasis, N.A.; Serhan, C.N. Resolvin D1 Binds
Human Phagocytes with Evidence for Proresolving Receptors. Proc. Nat. Acad. Sci. USA 2010, 107, 1660–1665. [CrossRef]

135. Norling, L.v.; Dalli, J.; Flower, R.J.; Serhan, C.N.; Perretti, M. Resolvin D1 Limits Polymorphonuclear Leukocyte Recruitment to
Inflammatory Loci. Arter. Thromb. Vasc. Biol. 2012, 32, 1970–1978. [CrossRef]

136. Flesher, R.P.; Herbert, C.; Kumar, R.K. Resolvin E1 Promotes Resolution of Inflammation in a Mouse Model of an Acute
Exacerbation of Allergic Asthma. Clin. Sci. 2014, 126, 805–818. [CrossRef]

137. Gao, J.; Wang, S.; Dong, X.; Leanse, L.G.; Dai, T.; Wang, Z. Co-Delivery of Resolvin D1 and Antibiotics with Nanovesicles to
Lungs Resolves Inflammation and Clears Bacteria in Mice. Commun. Biol. 2020, 3, 680. [CrossRef]

138. Gao, J.; Dong, X.; Su, Y.; Wang, Z. Human Neutrophil Membrane-Derived Nanovesicles as a Drug Delivery Platform for Improved
Therapy of Infectious Diseases. Acta Biomater. 2021, 123, 354–363. [CrossRef]

139. Dong, X.; Gao, J.; Zhang, C.Y.; Hayworth, C.; Frank, M.; Wang, Z. Neutrophil Membrane-Derived Nanovesicles Alleviate
Inflammation To Protect Mouse Brain Injury from Ischemic Stroke. ACS Nano 2019, 13, 1272–1283. [CrossRef]

140. Headland, S.E.; Jones, H.R.; Norling, L.v.; Kim, A.; Souza, P.R.; Corsiero, E.; Gil, C.D.; Nerviani, A.; Dell’Accio, F.; Pitzalis, C.; et al.
Neutrophil-Derived Microvesicles Enter Cartilage and Protect the Joint in Inflammatory Arthritis. Sci. Transl. Med. 2015, 7,
315ra190. [CrossRef]

141. Zhang, Q.; Dehaini, D.; Zhang, Y.; Zhou, J.; Chen, X.; Zhang, L.; Fang, R.H.; Gao, W.; Zhang, L. Neutrophil Membrane-Coated
Nanoparticles Inhibit Synovial Inflammation and Alleviate Joint Damage in Inflammatory Arthritis. Nat. Nanotechnol. 2018, 13,
1182–1190. [CrossRef] [PubMed]

142. Zhang, L.; Qin, Z.; Sun, H.; Chen, X.; Dong, J.; Shen, S.; Zheng, L.; Gu, N.; Jiang, Q. Nanoenzyme Engineered Neutrophil-Derived
Exosomes Attenuate Joint Injury in Advanced Rheumatoid Arthritis via Regulating Inflammatory Environment. Bioact. Mater.
2022, 18, 1–14. [CrossRef]

143. Liao, T.-L.; Chen, Y.-M.; Tang, K.-T.; Chen, P.-K.; Liu, H.-J.; Chen, D.-Y. MicroRNA-223 Inhibits Neutrophil Extracellular Traps
Formation through Regulating Calcium Influx and Small Extracellular Vesicles Transmission. Sci. Rep. 2021, 11, 15676. [CrossRef]
[PubMed]

144. McCormick, M.M.; Rahimi, F.; Bobryshev, Y.v.; Gaus, K.; Zreiqat, H.; Cai, H.; Lord, R.S.A.; Geczy, C.L. S100A8 and S100A9 in
Human Arterial Wall. J. Biol. Chem. 2005, 280, 41521–41529. [CrossRef]

145. Ikemoto, M.; Murayama, H.; Itoh, H.; Totani, M.; Fujita, M. Intrinsic Function of S100A8/A9 Complex as an Anti-Inflammatory
Protein in Liver Injury Induced by Lipopolysaccharide in Rats. Clin. Chim. Acta 2007, 376, 197–204. [CrossRef] [PubMed]

http://doi.org/10.1101/gr.132159.111
http://www.ncbi.nlm.nih.gov/pubmed/22955988
http://doi.org/10.3389/fmed.2018.00193
http://doi.org/10.1093/hmg/ddab283
http://www.ncbi.nlm.nih.gov/pubmed/34590683
http://doi.org/10.1126/sciimmunol.aao4747
http://www.ncbi.nlm.nih.gov/pubmed/30076281
http://doi.org/10.1038/nmat4718
http://doi.org/10.7150/thno.52570
http://doi.org/10.1007/s13770-021-00361-0
http://doi.org/10.1021/acsnano.5b06939
http://doi.org/10.1021/acsnano.6b07607
http://doi.org/10.1016/j.nano.2017.09.011
http://www.ncbi.nlm.nih.gov/pubmed/28982587
http://doi.org/10.3390/cancers11121979
http://www.ncbi.nlm.nih.gov/pubmed/31835327
http://doi.org/10.1039/C8NR03970D
http://www.ncbi.nlm.nih.gov/pubmed/30010165
http://doi.org/10.1073/pnas.0907342107
http://doi.org/10.1161/ATVBAHA.112.249508
http://doi.org/10.1042/CS20130623
http://doi.org/10.1038/s42003-020-01410-5
http://doi.org/10.1016/j.actbio.2021.01.020
http://doi.org/10.1021/acsnano.8b06572
http://doi.org/10.1126/scitranslmed.aac5608
http://doi.org/10.1038/s41565-018-0254-4
http://www.ncbi.nlm.nih.gov/pubmed/30177807
http://doi.org/10.1016/j.bioactmat.2022.02.017
http://doi.org/10.1038/s41598-021-95028-0
http://www.ncbi.nlm.nih.gov/pubmed/34344968
http://doi.org/10.1074/jbc.M509442200
http://doi.org/10.1016/j.cca.2006.08.018
http://www.ncbi.nlm.nih.gov/pubmed/17011539


Cells 2022, 11, 3318 19 of 19

146. Otsuka, K.; Terasaki, F.; Ikemoto, M.; Fujita, S.; Tsukada, B.; Katashima, T.; Kanzaki, Y.; Sohmiya, K.; Kono, T.; Toko, H.; et al.
Suppression of Inflammation in Rat Autoimmune Myocarditis by S100A8/A9 through Modulation of the Proinflammatory
Cytokine Network. Eur. J. Heart Fail. 2009, 11, 229–237. [CrossRef] [PubMed]

147. Wang, S.; Song, R.; Wang, Z.; Jing, Z.; Wang, S.; Ma, J. S100A8/A9 in Inflammation. Front. Immunol. 2018, 9, 1298. [CrossRef]

http://doi.org/10.1093/eurjhf/hfn049
http://www.ncbi.nlm.nih.gov/pubmed/19151078
http://doi.org/10.3389/fimmu.2018.01298

	Extracellular Vesicles: What Do We Know? 
	Extracellular Vesicles of Neutrophils (nEVs) 
	nEVs in Diseases 
	nEVs and Their Therapeutic Potentials 
	Conclusions 
	References

