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Abstract

The innate immunity system and extracellular microvesicles (ExMVs) both emerged early in the evolution of life, which is why
its innate immunity cellular arm and its soluble-component arm learned, understood, and adapted to the “language” of ExXMVs.
This was most likely the first language of cell-cell communication during evolution, which existed before more specific
intercellular crosstalk involving specific ligands and receptors emerged. ExMVs are involved in several processes in the body,
including immune and coagulation responses, which are part of inflammation. In this review we will briefly highlight what is
known about how ExMVs regulate the function of the cellular arm of innate immunity, including macrophages, monocytes,
granulocytes, natural killer cells, and dendritic cells, and affect the soluble components of this system, which consists of the
complement cascade (ComC) and soluble, circulating, pattern-recognition receptors (collectins, ficolins, and pentaxrins). These
effects are direct, due to the fact that ExXMVs affect the biological functions of innate immunity cells and may directly interact
with soluble components of this system. Moreover, by activating coagulation proteases, EXMVs may also indirectly activate the
ComC. In this review, we will use the term “extracellular microvesicles” (ExMVs) to refer to these small, spheroidal blebs of
different sizes, which are surrounded by a membrane lipid layer. We will focus on the role of both ExXMVs released during cell-
surface membrane budding and smaller ExXMVs, known as exosomes, which are derived from the budding of the endosomal
membrane compartment. Finally, we will provide a brief update on the potential therapeutic applications of ExXMVs, with a
special emphasis on innate immunity.
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Introduction other hand, by acquired or adaptive immunity [1, 2]. Inborn or
innate immunity, which is the topic of the current review,
consists of cellular and humoral arms. The cellular arm con-
sists of several cell types, including neutrophils, monocytes,
basophils, and eosinophils as well as mast, natural killer, den-

dritic, and gamma/delta T cells [1, 2]. These cells respond to

The pleiotropic responses of the immune system are regulated,
on the one hand, by inborn or innate immunity and, on the
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changes in the microenvironment caused by infectious patho-
gens, circulating soluble mediators, physical and metabolic
stimuli, and, what is the topic of this review, the release of
extracellular microvesicles (ExMVs), which are small, bilayer
membrane-covered blebs circulating in biological fluids
[3—16]. The innate immunity cells of the cellular arm secrete
ExMVs in response to external stimuli and, along with soluble
mediators, are major components of the secretome [17]. By
contrast, the humoral arm of innate immunity consists of pro-
tein components, and the complement cascade (ComC) is its
most prominent part. The ComC becomes activated in the (i)
classical, (i) mannan-binding lectin, and (iii) alternative path-
ways [1, 2]. Activation of these pathways leads to cleavage of
the C3 and C5 components of the ComC; release of the C3a,
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desargC3a, C5a, and 4esar,CSa anaphylatoxins; and formation
of C5b-C9, also known as the membrane attack complex
(MACQ). In addition to the ComC, the humoral arm of innate
immunity also consists of soluble receptors, such as collectins,
ficolins, and pentraxins, that circulate in peripheral blood (PB)
and recognize danger-associated molecular pattern molecules
(DAMPs) or alarmins[1, 2]. While pentraxins behave as the
functional ancestors of antibodies (Abs), collectins and, in
particular, one of the ficolins known as mannan-binding lectin
(MBL) play an important role in triggering the mannan-
binding lectin pathway of ComC activation [1, 2]. It is well
established that EXM Vs secreted by innate immunity cells are
involved in cell-cell communication during coordinated im-
mune responses. ExXMVs also directly or indirectly modulate
activities of components of the soluble arm of innate immu-
nity [3—16]. Furthermore, they may also affect responses of
the acquired adaptive immune system represented by B and T
lymphocytes, contributing to regulatory crosstalk between in-
born and acquired immunity [3—17].

ExMVs have become of great interest to basic researchers
and clinicians as important players in maintaining tissue homeo-
stasis, cell differentiation, as well as organ development and
remodeling. They are also involved in pleiotropic inflammatory
responses. These small, spheroidal, membrane-coated vesicles
are detectable under steady-state conditions in all the biological
fluids investigated so far, including blood plasma, intercellular
fluid, lymph, cerebrospinal fluid, bile, synovial fluid, saliva,
urine, sperm, and breast milk [17-21]. Their level is elevated
in PB and other biological fluids in response to infections,
autoinflammatory diseases, tissue or organ injuries, and malig-
nancies [21-29]. This increase occurs in parallel with activation
of innate immunity responses, leading to activation of the ComC
and the coagulation cascade (CoaC). These observations and
correlations between levels of circulating ExXMVs and activation
of the ComC and CoaC support an important modulatory role
for EXMVs in orchestrating immune responses [3—16].

It is known that ExM Vs come together in biological fluids as
a mixture of large and small vesicles. It is difficult to separate
them, and it must be stressed that the real biological impacts of
these variable-sized vesicles on biological processes must be
considered together, even if there are obvious differences in
their size and molecular compositions [17-22]. The size of
ExMVs depends on their origin in a given cell compartment.
For example, the larger ExXM Vs are released during cell-surface
membrane budding. The size of these ExXM Vs is in the range of
100—1000 nm in diameter, and they are composed of an outer
lipid bilayer, which surrounds the inner content composed of
different molecules, including various mRNA species (e.g.,
coding RNA, miRNA, noncoding RNA, and circular RNA),
proteins (e.g., enzymes, signaling mediators, and transcription
factors), bioactive lipids (e.g., sphingosine-1-phosphate, prosta-
glandins, and leukotrienes), signaling nucleotides (extracellular
ATP and extracellular adenosine), and metabolites [17-38].

Large EXM Vs may even contain organelles (e.g., mitochondria)
hijacked from the cell cytoplasm during their formation. By
contrast, the smaller EXMVs, or exosomes, are derived from
the endosomal cell membrane compartment. They are generat-
ed by budding of the endosomal membranes toward the interior
of the endosome, which creates endosomal multi-vesicular bod-
ies (MvBs) enriched in small (~50-150 nm in diameter)
intraluminal vesicles that are the precursors of exosomes.
After fusion with the cell-surface plasma membrane these
MVBEs release their content of small intraluminal exosomes into
the extracellular space [30-38].

Importantly, both large and small ExXMVs circulating in
biological fluids co-regulate the biological responses mediat-
ed by innate immunity. They also affect the function of the
acquired immune system, although this will not be discussed
in this review.

Innate Immunity Cells Communicate with Each Other
by Means of ExMVs, Respond to ExMVs Released by
Other Cells, and Send ExMV-based Messages in
Return

ExMVs most likely served as the first language with which
cells started to communicate with each other before more spe-
cific mechanisms involving various classes of ligands, includ-
ing peptide-based cytokines, chemokines, growth factors, ste-
roid hormones, bioactive lipids, extracellular nucleotides, and
their specific receptors, emerged during evolution [17, 27].
The biological effects of ExXMVs are characterized by their
pleotropic roles in cell-cell communication (Fig. 1). First,
they serve as signaling platforms, in which they stimulate cells
with ligands embedded in their outer lipid layer. Various
peptide-based and non-peptide-based ligands have been iden-
tified on their surfaces (Fig. 1a). Second, they may also act as
cell-surface phenotype “modifiers”, by transferring cell mem-
brane receptors between cells. An example is the transfer of
certain chemokine receptors or adhesion molecules between
cells by means of ExXMVs (Fig. 1b). Finally, ExXMVs can be
considered as cargo-delivery packets, by delivering to the tar-
get cells their content of mRNA species, proteins, bioactive
lipids, and signaling nucleotides. By employing this mecha-
nism, ExMVs may modify the biochemistry and epigenetics
of target cells (Fig. 1c¢). Depending on their size, the cargo
transferred by ExXMVs becomes internalized after delivery into
the cells by various mechanisms, including phagocytosis; cav-
eolin-, clathrin-, or lipid raft-mediated endocytosis;
micropinocytosis; and direct membrane fusion. If ExXMVs
are not degraded in the cell lysosomal compartment, they re-
lease their intact biologically active cargo into the cytosol of
the target cells. This way, they play a role in the horizontal
transfer of several bioactive molecules from one cell to anoth-
er [30-38].
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Fig. 1 Biological effects of EXMVs on target cells. EXMVs may interact
with receptors expressed on target cells by means of surface-expressed
ligands (a), transfer receptors to the target cell plasma membrane (b), or

It is well known that cells belonging to the cellular arm of
innate immunity release ExXMVs if the cells are exposed to
pathogens, pathogen-associated molecular patterns
(PAMPs), or other stressors, such as danger-associated molec-
ular patterns (DAMPs) or alarmins. As shown in Fig. 2, innate
immunity cells (i) communicate with each other by exchang-
ing ExMVs, (ii) respond to ExXMVs secreted from somatic
cells (e.g., mesenchymal stromal cells or cancer cells), and
(iii) send ExMV-based messages to these cells in return
[3—16]. This communication is intense whenever there is ac-
tivation of the immune system, as seen in pathogen infection,
sterile inflammation, organ or tissue injuries, and tumor
growth. We envision that the intercellular environment be-
comes enriched in circulating ExXMVs of different sizes in all
these processes. Depending on their cell of origin and molec-
ular composition, ExXMVs are responsible for pleiotropic bio-
logical effects, and it is still somewhat difficult to fully deci-
pher the meaning of all of these interactions. In order to isolate
causes and effects, most of the available experimental results
are obtained from controlled in vitro experiments, often
employing purified fractions of ExXMVs. What is important
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transfer cargo containing mRNA, miRNA, proteins, or other biomole-
cules from one cell to another (c¢)

to keep in mind, ExXMVs are only part of the entire secretome,
which also includes soluble molecules, and final biological
effects are the response to both secretome components.

The currently available approaches to characterizing
ExMVs include (i) western blot to detect teraspannin compo-
nents, in the case of exosomes, or certain cytoskeletal proteins
expressed in cell membrane-derived ExXM Vs, (ii) nanoparticle
tracking analysis, to calculate size distributions and numbers
of ExXMVs in suspension, and (iii) electron microscopy-based
approaches and flow cytometry combined with antibodies
against surface markers, suitable for characterization of larger
ExMVs [17-22, 34]. There are also strategies to analyze the
molecular signatures of ExXMVs based on analysis of their
cargo by employing “omics” technologies aimed at the uni-
versal detection of mRNA species (transcriptomics), proteins
(proteomics), lipids (lipidomics), and metabolites (metabolo-
mics). The evidence for the biological effects of EXMVs in
innate immunity is expanding rapidly, and, due to space lim-
itations, we will highlight just a few recent representative ob-
servations of the biological effects of innate immunity cells
releasing ExMVs.
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Fig. 2 The role of ExMVs in innate immunity cell-cell
communication.a Innate immunity cell-secreted ExXMVs are involved in
mutual cell-cell communication between these cells. b Using ExMVs,
innate immunity cells exchange information with other somatic cells.

Neutrophil-derived ExMVs Of all the innate immunity cells,
neutrophils are the most important source of ExXMVs [8-10,
15]. They produce these spheroidal membrane structures in
response to various stimuli, including pathogens, cytokines,
chemokines, ComC cleavage fragments, and antibodies. The
ExMVs derived from these cells have been demonstrated to
bind specifically to other innate immunity cells, such as
macrophages/monocytes and dendritic cells, and thereby alter
their biology and function. As recently proposed, they can be
categorized into two subtypes according to the mechanism by
which they are generated and the biological role they fulfill,
namely, as (i) neutrophil-derived microvesicles and (ii)
neutrophil-derived trails [15]. They have different biological
functions, as the first type of neutrophil-derived ExXMVs is
found in tissues to which these cells migrate and are often
anti-inflammatory, whereas the second type of ExMVs is
endowed with pro-inflammatory properties and is found in
the inflammatory areas where neutrophils had previously ar-
rived to fulfill their tasks.

To explain these two types of ExMVs and their opposite
effects, successful inflammation requires effective initiation
and subsequent resolution of the inflammatory process.
Neutrophils are the first cells of the innate immunity cellular
arm recruited to sites of injury or infection and initiate inflam-
mation to eliminate pathogens, release chemokines and cyto-
kines, and, by secreting ExXMVs, modulate the functions of
other cells involved in the immune reponse. Subsequently,
they are also involved in the resolution of inflammation by
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These interactions involve mutual exchange of ExXMV-based messages.
¢ Innate immunity cells have crosstalk with cancer cells by means of
ExMVs. Again, this crosstalk follows the principle of a “two-way street”

releasing anti-inflammatory ExMVs—described as
neutrophil-derived trails, as mentioned above [15]. At the mo-
lecular level, these different types of neutrophil-derived
ExMVs are enriched in various types of miRNAs that, after
transfer to macrophages, affect macrophage phenotypic polar-
ization toward either a proinflammatory phenotype or an anti-
inflammatory phenotype [8—10]. However, despite the fact
that these two types of ExXMVs, play different roles in modu-
lating immune responses, they still have bactericidal activity
due to the release of reactive oxygen species (ROS) and
granule-secreted myeloperoxidase, lactoferrin, elastase, and
proteinase activities. Moreover, they also chemoattract mono-
cytes. Neutrophil-derived ExMVs also express phosphatidyl
serine, activate the CoaC, and thereby promote coagulation.
As in the case of many cell types, their release is stimulated by
the C5a cleavage fragment released by the activated ComC.
Furthermore, recent clinical results revealed that neutrophil-
derived ExM Vs activate monocytes and drive them into a pro-
inflammatory phenotype, which, unfortunately, is associated
with a higher mortality rate in intensive care unit patients [8].
Therefore, more work is needed to better understand the role
of this particular type of ExXMVs in human pathologies.

Monocyte/macrophage-derived ExMVs Another type of innate
immunity cells that are a rich source of ExMVs are macro-
phages [11-13]. This is a highly heterogenous cell population
derived from the precursors of the myeloid lineage, with the
capability of differentiating into two activated macrophage
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subtypes, M1-like and M2-like. M1 macrophages are associ-
ated with Thl responses and secrete large amounts of pro-
inflammatory factors, such as tumor necrosis factor alpha
(TNF-) and interleukin 1 beta (IL-1f3), in addition to ROS.
By contrast, M2 macrophages are anti-inflammatory cells pro-
ducing interleukin 10 (IL-10) and are involved in tissue toler-
ance, repair, and remodeling. Proteomic studies on both
monocyte- and macrophage-derived ExXMVs revealed that
they contain a large variety of DAMPs or alarmins, including
galectins, annexins, heat-shock proteins, S100-family pro-
teins, cathelicidin, defensin, &3 endoplasmin, and high molec-
ular group box 1 protein (HMGBI1). Since alarmins can bind a
range of receptors, including Toll-like receptors (TLRs) and
receptors for advanced glycosylation end products (RAGE),
they play a robust role in initiating crosstalk between innate
immunity cells [13, 14]. Based on the fact that macrophages
can be roughly divided into the two abovementioned sub-
types, M1-like and M2-like, ExXM Vs derived from these dif-
ferent types of macrophages carry different biological cargos
and mediate different biological effects. Since macrophage-
derived ExMVs deliver mRNA species, proteins, bioactive
lipids, and signaling nucleotides to modify the phenotype
and function of target cells, their cargo may vary with different
phenotypes (M1-like or M2-like) or with the microenviron-
ments in which they originate. Therefore, it is understandable
that ExXMVs derived from polarized or naive macrophages
display distinct regulatory miRNA profiles. Taking into con-
sideration that macrophages usually present mixed pheno-
types in response to different diseases or different phases of
disorders, it is not easy to separately identify the contents of
M1 or M2 monocyte-derived ExMVs. Another question is
related to activation of an intracellular complex in macro-
phages known as the Nlrp3 inflammasome [1, 2]. This may
lead to pyroptosis of these cells and the release of several types
of DAMPs from these cells as well as activated oligomeric
Nlrp3 inflammasome complexes known as “specks”. After
internalization by surrounding macrophages, specks may am-
plify the inflammatory response, and this phenomenon most
likely occurs by ExMV-mediated transfer of Nlrp3
inflammasome specks [39].

Dendritic Cell-derived ExMVs Another important cellular com-
ponent of the cellular arm of innate immunity is dendritic cells
[6, 7]. These play a central role in initiating and regulating
immune responses against cancer cells. The ExXM Vs generated
by dendritic cells express major histocompatibility complex
(HLA) peptides and co-stimulatory molecules on their sur-
face, which promotes their interaction with other immune
cells, including CD8" T cells and natural killer (NK) cells,
and these are involved in rejecting growing malignancies.
This latter phenomenon is explained by the fact that dendritic
cell-derived ExMVs express ligands for NK cells on their
surface, and thus they promote stimulation of these cells for
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antitumor responses. As discussed later in this review, these
properties of dendritic cell-derived ExXMVs make them inter-
esting candidates for the development of new cancer treatment
approaches, such as cancer vaccines and immunotherapeutics
[6, 7, 11]. Interestingly, cancer cells may oppose this benefi-
cial anti-tumor effect of dendritic cell-derived ExMVs by se-
creting tumor-derived ExMVs bearing a variety of molecules
that block their function and may even promote the generation
of myeloid-derived suppressor cells. Moreover, specific mol-
ecules expressed by tumor cell-derived ExMVs may be rec-
ognized by Toll-like receptors (TLRs) expressed on the sur-
face of dendritic cells to trigger a signaling cascade that ulti-
mately leads to tumor metastasis and downregulation of cyto-
kine production [1, 2]. These ExMVs can also negatively
modulate the immune response, for example, by sequestering
antitumor antibodies on their surface and thus acting as decoys
preventing these antibodies from coating malignant cells.
Finally, as shown in Fig. 2, the function of innate immunity
cells may be affected by ExMVs secreted from other somatic
cells. The best example is mesenchymal stromal cells (MSCs),
which have anti-inflammatory properties. It is well known that
several biological effects of MSCs as intact cells can be re-
placed by their ExXMVs. Therefore, the biological immuno-
modulatory properties of MSCs can be conveyed by ExXMVs
derived from these cells. Examples are the role of MSC-
derived ExMVs in attenuating graft-versus-host discase
(GvHD) after bone marrow transplantation [29] and their po-
tential role in inhibiting immune-mediated cytokine storms in
patients during COVID-19 infection [40]. Overall, MSC-
derived ExMVs may promote an immunosuppressive re-
sponse through (i) induction of immature dendritic cells, (ii)
polarization of macrophages toward an M2-like immunosup-
pressive phenotype, (iii) inhibition of immunoglobulin re-
lease, and (iv) promoting secretion of anti-inflammatory cyto-
kines. In addition, recent findings indicate an impact of several
miRNA species involved in MSC-derived ExMV-mediated
anti-inflammatory effects on macrophages by regulating the
M1/M2 balance. For example, it has been shown, that MSC-
derived miR223 present as cargo in ExXMVs may reprogram
macrophages from the M1 to the M2 phenotype. Other can-
didate miRNAs mediating anti-inflammatory effects of these
MSC-secreted ExMVs are miR-146b, miR-126, and miR-
199a [3-16]. It is expected that this list is not complete and
that new regulatory miRNA species will surely be identified.
In addition to macrophages, MSC-derived ExMVs also exert
immunosuppressive effects on dendritic cells, primarily by
inhibiting their activation, which prevents them from triggering
T-cell-mediated responses. As reported, MSC-derived ExXMVs
impair (i) proliferation, (ii) cytotoxic degranulation, and (iii) IL-
2-induced activation of both CD56-dim and CD56-bright NK
cells, all in a TGF-b-dependent manner. In addition, these cells
can also be inhibited in an IL-10- and HLA-G-dependent manner
by the anti-inflammatory cargo of MSC-derived ExMVs [6].
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The Complement Cascade (Com() is Activated by ExMVs, and
Active ComC Cleavage Fragments Promote the Release of
ExMVs From Somatic Cells The ComC is an important part
of the humoral arm of innate immunity as the initial barrier
against pathogens [1, 2, 11]. As mentioned above, this cascade
is activated by three different pathways, known as the classi-
cal, mannan-binding lectin, and alternative pathways (Fig. 3).
These three pathways lead to the generation of C3 convertase,
which subsequently cleaves the third protein component of the
cascade (C3), a centrally important molecule, which after
cleavage releases anaphylatoxins C3a and gesargC3a. In the
following proteolytic reactions, the downstream part of the
complement cascade becomes activated and forms C5
convertase, which cleaves the fifth protein component of com-
plement (C5) and releases the other active anaphylatoxins,
C5a and gesargC5a. Finally, after cleavage of C5, the terminal
part of the ComC becomes activated, resulting in the forma-
tion of C5b-C9, also known as the membrane attack complex
(MAC), which may lead to cell lysis. As shown in Fig. 3, both
the C3 and C5 components of the ComC can also be cleaved
by thrombin, which is a product of the activated CoaC and has
C3a and C5a convertase-like activity [11]. This crosstalk sup-
ports the existence of an evolutionarily ancient functional con-
nection between these proteolytic cascades.

What is important for the topic of this review, both cas-
cades can be activated by ExXMVs, as depicted in Fig. 3. This
is not surprising, as several studies have reported increased
numbers of circulating ExXMVs in both inflammatory and
thrombotic diseases. Nevertheless, the mechanisms of activa-
tion of the two cascades are different. Specifically, ExXMVs
trigger the classical pathway of ComC activation due to bind-
ing of Clq protein, which is the first component of this path-
way, followed by activating elements further downstream in
the cascade. Interestingly, the binding of C1q to EXMV mem-
branes occurs through electrostatic interactions, rather than in
an antibody-dependent manner. It has also been demonstrated
that ExXMVs also bind immunoglobulins (IgG) or C-reactive
protein (CRP), which also triggers activation of the classical
pathway of the ComC in a C1q-dependent manner [11].

In contrast to the ComC, ExMVs initiate activation of the
CoaC and coagulation due to the fact that they express on their
surfaces phosphatidyl serine (PS) and tissue factor (TF) [41,
42]. Both PS and TF serve as platforms for activation of the
CoaC, which generates thrombin, a protease endowed with C3
and C5 convertase-like activity, as mentioned above (Fig. 3).

Moreover, since ComC activation leads finally to genera-
tion of its terminal product, which is cell-lytic MAC, the
mechanism based on ExMV shedding in response to C3a
and C5a allows MAC clearance from the plasma membrane,
assuring cell survival and recovery from massive complement
attack [11, 43, 44]. Interestingly, this C3a- and C5a-induced
ExMYV shedding, which is a common preventive measure to

protect the cell from the MAC, was reported to occur in eryth-
rocytes, granulocytes, glomerular epithelial cells, and in sev-
eral established tumor cell lines. In addition to this EXMV-
shedding mechanism, ExXM Vs may express key ComC factors
and regulatory proteins on their surface, affecting ComC-
mediated inflammation. By attracting and fixing ComC mol-
ecules and confining MAC formation to their surface, EXMVs
may protect cells and tissues from MAC lysis [3-5, 11, 44].

Furthermore, if EXM Vs express the complement regulatory
molecules CD55 and CD59 on their surface, they may also
modulate activation of the ComC. CD55 regulates the C3 and
C5 convertases, whereas CD59 inhibits the formation of
MAC. These findings strongly indicate that exosomes
equipped with complement regulators, such as CD55 and
CD59, are not only able to escape complement, but if they
transfer these receptors after fusion with target cells, they may
also protect these cells from MAC attack [43, 44].

What is also important, while ExXMVs trigger activation of
both the ComC and CoaC, active products of both cascades
promote ExMV release from innate immunity and somatic
cells [4]. These mutual interactions add to the complexity of
ComC-ExMYV interactions.

Therapeutic Applications of Innate Immunity
Cell-derived ExMVs

Based on the fact that EXM Vs derived from immune cells, and
specifically those derived from dendritic cells, appear to coor-
dinate immune responses, these particular EXM Vs have found
therapeutic applications in cancer and auto-immune disorders
as well as in vaccines for infectious diseases. For example, it
has been demonstrated that dendritic cell-derived ExMVs
loaded with tumor peptides promote rapid rejection of tumors
in mice and have several advantages over cancer vaccines
traditionally based on the application of intact dendritic cells
[6]. This advantage is based on the fact that the molecular
composition of ExMVs is more controllable than that of
whole cells. Moreover, dendritic cell-derived ExXMV's have a
longer shelf life and a 10-100 times greater number of MHC
complexes (involved in presenting tumor antigens to NK
cells) per unit area than intact dendritic cells [6]. What is also
important, these EXMVs are highly enriched in NK cell acti-
vation ligands.

Another therapeutic application of ExXMVs could take ad-
vantage of the fact that that these small spheroidal vesicles are
enriched in binding sites for complement molecules and could
be employed as scavengers for soluble complement factors to
protect patients from uncontrolled complement cascade acti-
vation, as seen for example in massive inflammation, sepsis,
or cytokine storms [11]. The efficacy of this approach was
established in in vitro experiments but needs further verifica-
tion in well-controlled experiments in in vivo models.
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Fig. 3 Complement and coagulation cascade crosstalk. Left panel. The
ComC is activated by three pathways: the classical, mannan-binding lec-
tin, and alternative pathways. Evidence has accumulated that ExXMVs
activate ComC activation. Moreover, ComC cleavage activates frag-
ments, such as C3a, gesarsC3a, C5, gesargCSa, and C5b-C9 (MAC), that

Another important question is whether, in the case of the
unwanted effects of innate immunity cell-derived ExXMVs, it is
feasible to remove them from circulation. In particular, it
would be important to try this approach if they are involved
in fatal complications during severe infections or tumor pro-
gression. To achieve this goal, there are, on the one hand,
available potential strategies, including plasmapheresis and
filtration, to decrease the burden of circulating ExXMVs. On
the other hand, other experimental treatments have been pro-
posed that inhibit EXMV formation by therapeutic application
of dimethyl amiloride or inhibit their fusion with target cells
after the binding of ExXMV-expressed phosphatidylserine with
diannexin [17, 34]. This, however, requires further study be-
fore it can be proposed as a safe and efficient treatment in the
clinic.

Conclusions
Evidence has accumulated that ExXMVs participate in almost

all biological processes in the body, including immune and
coagulatory responses. These important effects of ExMVs
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activate immunity cells and somatic cells to release more ExXMVs. Right
panel. ExXMVs also activate the coagulation cascade (CoaC). Thrombin
generated during coagulation has intrinsic C3 and C5 convertase-like
activity, contributing to activation of the ComC. Finally, thrombin acti-
vates blood platelets to release ExXMVs

were unappreciated until recently. As discussed in this review,
these remarkable structures regulate the function of the cellu-
lar components of innate immunity, including macrophages,
monocytes, granulocytes, NK cells, and dendritic cells as well
as soluble components of the innate immunity system, includ-
ing the ComC. Nevertheless, further research is needed to
better decipher the molecular signature of ExXMV cargo de-
rived from innate immunity cells, which includes RNA spe-
cies (mRNA, miRNA, and long noncoding RNA), proteins,
bioactive lipids, and signaling nucleotides. It is important to
compare the molecular signatures of ExXMVs isolated from
normal human individuals with those from patients presenting
various health problems. This knowledge could shed more
light on the pathogenesis of various diseases and help to de-
velop better therapeutic interventions. Despite some progress
in the field, there are still many problems to be solved, includ-
ing a lack of well-established, rapid, and standardized
methods for isolating EXMVs; counting them; and purifying
them efficiently from biological fluids. Thinking about the
therapeutic application of innate immunity cell-derived
ExMVs in the clinic, we also have to consider potential “off-
target” side effects, including the risk of hypercoagulation.



Stem Cell Rev and Rep (2021) 17:502-510

509

Nevertheless, there is no doubt that in the coming years we
will witness the rapid development of ExMV-based therapeu-
tic strategies and their diagnostic applications in the clinic,
including in the exciting field of innate immunity.

Acknowledgements This work was supported by NIH grants
2R01DK074720 and the Stella and Henry Endowment, and the OPUS
grantDEC-2016/23/B/NZ3/03157 to MZR.

Declarations

Conflict of Interest None to report.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Reis, E. S., Mastellos, D. C., Hajishengallis, G., & Lambris, J. D.
(2019). New insights into the immune functions of complement.
Nature Reviews. Immunology, 19(8), 503-516.

2. Hajishengallis, G., Reis, E. S., Mastellos, D. C., Ricklin, D., &
Lambris, J. D. (2017). Novel mechanisms and functions of comple-
ment. Nature Immunology, 18, 1288-1298.

3. Huang, C., Fisher, K. P., Hammer, S. S., & Busik, J. V. (2020).
Extracellular vesicle-induced classical complement activation leads
to retinal endothelial cell damage via MAC deposition.
International Journal of Molecular Sciences, 21(5), 1693. https://
doi.org/10.3390/ijms21051693.

4. Karasu, E., Demmelmaier, J., Kellermann, S., Holzmann, K., Kohl,
J., Schmidt, C. Q., Kalbitz, M., Gebhard, F., Huber-Lang, MS., &
Halbgebauer, R. (2020). Complement C5a Induces Pro-
inflammatory Microvesicle Shedding in Severely Injured Patients.
Frontiers in Immunology, 11, 1789.

5. Huang, C., Fisher, K. P., Hammer, S. S., Navitskaya, S., Blanchard,
G. J., & Busik, J. V. (2018). Plasma exosomes contribute to micro-
vascular damage in diabetic retinopathy by activating the classical
complement pathway. Diabetes., 67(8), 1639—1649.

6. Fernandez-Delgado, 1., Calzada-Fraile, D., & Sanchez-Madrid, F.
(2020). Immune regulation by dendritic cell extracellular vesicles in
cancer immunotherapy and vaccines. Cancers (Basel), 12(12),
3558.

7. Silva, A. M., Almeida, M. 1., Teixeira, J. H., Maia, A. F., Calin, G.
A., Barbosa, M. A., & Santos, S. G. (2017). Dendritic cell-derived
extracellular vesicles mediate mesenchymal stem/stromal cell re-
cruitment. Scientific Reports, 7(1), 1667.

8. Danesh, A., Inglis, H. C., Abdel-Mohsen, M., Deng, X., Adelman,
A., Schechtman, K. B., Heitman, J. W., Vilardi, R., Shah, A.,
Keating, S. M., Cohen, M. J., Jacobs, E. S., Pillai, S. K., Lacroix,

10.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

J., Spinella, P. C., & Norris, P. J. (2018). Granulocyte-derived ex-
tracellular vesicles activate monocytes and are associated with mor-
tality in intensive care unit patients. Frontiers in Immunology, 9,
956.

Li, C., Donninger, H., Eaton, J., & Yaddanapudi, K. (2020).
Regulatory role of immune cell-derived extracellular vesicles in
cancer: the message is in the envelope. Frontiers in Immunology,
11, 1525.

Kolonics, F., Szeifert, V., Timar, C. 1., Ligeti, E., & Lorincz, A. M.
(2020). The functional heterogeneity of neutrophil-derived extra-
cellular vesicles reflects the status of the parent cell. Cells, 9(12),
2718.

Karasu, E., Eisenhardt, S. U., Harant, J., & Huber-Lang, M. (2018).
Extracellular vesicles: packages sent with complement. Frontiers in
Immunology, 9, 721.

Pieters, B. C. H., Cappariello, A., van den Bosch, M. H. J., van
Lent, P. L. E. M., Teti, A., & van de Loo, F. A. J. (2019).
Macrophage-derived extracellular vesicles as carriers of alarmins
and their potential involvement in bone homeostasis. Frontiers in
Immunology, 2019(10), 1901.

Wang, Y., Zhao, M., Liu, S., Guo, J., Lu, Y., Cheng, J., & Liu, J.
(2020). Macrophage-derived extracellular vesicles: diverse media-
tors of pathology and therapeutics in multiple diseases. Cell Death
& Disease, 11(10), 924.

Bazzoni, R., Kamga, P. T., Tanasi, 1., & Krampera, M. (2020).
Extracellular vesicle-dependent communication between mesen-
chymal stromal cells and immune eftector cells. Frontiers in Cell
and Development Biology, 8, 596079.

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., Song, D. K., Jin, H.
K., Bae, J. S., & Hong, C. W. (2021). Neutrophil-derived trail is a
proinflammatory subtype of neutrophil-derived extracellular vesi-
cles. Theranostics, 11(6), 2770-2787.

Zecher, D., Cumpelik, A., & Schifferli, J. A. (2014). Erythrocyte-
derived microvesicles amplify systemic inflammation by thrombin-
dependent activation of complement. Arteriosclerosis, Thrombosis,
and Vascular Biology, 34(2), 313-320.

Ratajczak, M. Z., & Ratajczak, J. (2020). Extracellular
microvesicles/exosomes: discovery, disbelief, acceptance, and the
future? Leukemia, 34(12), 3126-3135.

Hopkin, K. (2016). Extracellular vesicles garner interest from aca-
demia and biotech. Proceedings. National Academy of Sciences.
United States of America, 113, 9126-9128.

Ratajczak, J., Wysoczynski, M., Hayek, F., Janowska-Wieczorek,
A., & Ratajczak, M. Z. (2006). Membrane-derived microvesicles:
important and underappreciated mediators of cell-to-cell communi-
cation. Leukemia, 20, 1487-1495.

Bruno, S., Chiabotto, G., Favaro, E., Deregibus, M. C., & Camussi,
G. (2019). Role of extracellular vesicles in stem cell biology.
American Journal of Physiology. Cell Physiology, 317, C303—
C313.

Quesenberry, P. J., Aliotta, J., Deregibus, M. C., & Camussi, G.
(2015). Role of extracellular RNA-carrying vesicles in cell differ-
entiation and reprogramming. Current Stem Cell Research &
Therapy, 6, 153.

Tkach, M., & Théry, C. (2016). Communication by extracellular
vesicles: where we are and where we need to go. Cell, 164, 1226—
1232.

Colombo, M., Raposo, G., & Théry, C. (2014). Biogenesis, secre-
tion, and intercellular interactions of exosomes and other extracel-
lular vesicles. Annual Review of Cell and Developmental Biology,
30, 255-289.

Rak, J. (2015). Cancer: Organ-secking vesicles. Nature, 527, 312—
314.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms21051693
https://doi.org/10.3390/ijms21051693

510

Stem Cell Rev and Rep (2021) 17:502-510

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Roberts, C. T. Jr., & Kurre, P. (2013). Vesicle trafficking and RNA
transfer add complexity and connectivity to cell-cell communica-
tion. Cancer Research, 73, 3200-3205.

Whiteside, T. L. (2015). The potential of tumor-derived exosomes
for noninvasive cancer monitoring. Expert Review of Molecular
Diagnostics, 15, 1293-1310.

Ratajczak, M. Z., Kucia, M., Jadczyk, T., Greco, N. J.,
Wojakowski, W., Tendera, M., et al. (2012). Pivotal role of para-
crine effects in stem cell therapies in regenerative medicine: can we
translate stem cell-secreted paracrine factors and microvesicles into
better therapeutic strategies? Leukemia, 26, 1166—1173.

Vizoso, F. J., Eiro, N., Cid, S., Schneider, J., & Perez-Fernandez, R.
(2017). Mesenchymal stem cell secretome: toward cell-free thera-
peutic strategies in regenerative medicine. International Journal of
Molecular Sciences, 18, 1852.

Lai, P., Chen, X., Guo, L., Wang, Y., Liu, X., Liu, Y., et al. (2018).
A potent immunomodulatory role of exosomes derived from mes-
enchymal stromal cells in preventing cGVHD. Journal of
Hematology & Oncology, 11, 135.

Camussi, G., Deregibus, M. C., & Tetta, C. (2013). Tumor-derived
microvesicles and the cancer microenvironment. Current
Molecular Medicine, 13, 58-67.

Janowska-Wieczorek, A., Majka, M., Kijowski, J., Baj-
Krzyworzeka, M., Reca, R., Turner, A. R., et al. (2001). Platelet-
derived microparticles bind to hematopoietic stem/progenitor cells
and enhance their engraftment. Blood, 98, 3143-3149.
Baj-Krzyworzeka, M., Majka, M., Pratico, D., Ratajczak, J.,
Vilaire, G., & Kijowski, J. (2002). Platelet-derived microparticles
stimulate proliferation, survival, adhesion, and chemotaxis of he-
matopoietic cells. Experimental Hematology, 30, 450—459.
Deregibus, M. C., Cantaluppi, V., Calogero, R., Lo lacono, M.,
Tetta, C., Biancone, L., et al. (2007). Endothelial progenitor cell
derived microvesicles activate an angiogenic program in endothe-
lial cells by a horizontal transfer of mRNA. Blood, 110,2440-2448.
Boyiadzis, M., & Whiteside, T. L. (2017). The emerging roles of
tumor-derived exosomes in hematological malignancies. Leukemia,
31, 1259-1268.

Ratajczak, J., Miekus, K., Kucia, M., Zhang, J., Reca, R., Dvorak,
P., et al. (2006). Embryonic stem cell-derived microvesicles repro-
gram hematopoietic progenitors: evidence for horizontal transfer of
mRNA and protein delivery. Leukemia, 20, 847-56.

Aliotta, J. M., Sanchez-Guijo, F. M., Dooner, G. J., Johnson, K. W.,
Dooner, M. S., Greer, K. A, etal. (2007). Alteration of marrow cell

@ Springer

37.

38.

39.

40.

41.

42.

43.

44,

gene expression, protein production, and engraftment into lung by
lung-derived microvesicles: a novel mechanism for phenotype
modulation. Stem Cells, 25, 2245-2256.

Valadi, H., Ekstrom, K., Bossios, A., Sjostrand, M., Lee, J. J., &
Lotvall, J. O. (2007). Exosome-mediated transfer of mRNAs and
microRNAs is a novel mechanism of genetic exchange between
cells. Nature Cell Biology, 9, 654—659.

Skog, J., Wiirdinger, T., van Rijn, S., Meijer, D. H., Gainche, L.,
Sena-Esteves, M., et al. (2008). Glioblastoma microvesicles trans-
port RNA and proteins that promote tumour growth and provide
diagnostic biomarkers. Nature Cell Biology, 10, 1470-1476.
Baroja-Mazo, A., Martin-Sanchez, F., Gomez, A. 1., Martinez, C.
M., Amores-Iniesta, J., Compan, V., Barbera-Cremades, M.,
Yagiie, J., Ruiz-Ortiz, E., Anton, J., Bujan, S., Couillin, .,
Brough, D., Arostegui, J. 1., & Pelegrin, P. (2014). The NLRP3
inflammasome is released as a particulate danger signal that am-
plifies the inflammatory response. Nature Immunology, 15(8), 738—
748.

Ratajczak, M. Z., & Kucia, M. (2021). Stem cells as potential ther-
apeutics and targets for infection by COVID19 - Special issue on
COVIDI19 in stem cell reviews and reports. Stem Cell Reviews and
Reports, 9, 1-3. https://doi.org/10.1007/s12015-020-10116-4.
Hashemi Tayer, A., Amirizadeh, N., Ahmadinejad, M.,
Nikougoftar, M., Deyhim, M. R., & Zolfaghari, S. (2019).
Procoagulant activity of red blood cell-derived microvesicles dur-
ing red cell storage. Transfusion Medicine and Hemotherapy, 46,
224-230.

Howard, M. A., Coghlan, M., David, R., & Pfueller, S. L. (1988).
Coagulation activities of plasma microparticles. Thrombosis
Research, 50, 145-156.

lida, K., Whitlow, M. B., & Nussenzweig, V. (1991). Membrane
vesiculation protects erythrocytes from destruction by complement.
Journal of Immunology, 147(8), 2638-2642.

Scolding, N. J., Morgan, B. P., Houston, W. A., Linington, C.,
Campbell, A. K., & Compston, D. A. (1989). Vesicular removal
by oligodendrocytes of membrane attack complexes formed by
activated complement. Nature, 339(6226), 620—622.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s12015-020-10116-4

	Innate Immunity Communicates Using the Language of Extracellular Microvesicles
	Abstract
	Introduction
	Innate Immunity Cells Communicate with Each Other by Means of ExMVs, Respond to ExMVs Released by Other Cells, and Send ExMV-based Messages in Return

	Therapeutic Applications of Innate Immunity Cell-derived ExMVs
	Conclusions
	References


