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Microparticles (MPs) are small (100 nm – 1 um) extracellular vesicles derived from the
plasma membrane of dying or activated cells. MPs are important mediators of intercellular
communication, transporting proteins, nucleic acids and lipids from the parent cell to other
cells. MPs resemble the state of their parent cells and are easily accessible when released
into the blood or urine. MPs also play a role in the pathogenesis of different diseases and
are considered as potential biomarkers. MP isolation and characterization is technically
challenging and results in different studies are contradictory. Therefore, uniform guidelines
to isolate and characterize MPs should be developed. Our understanding of MP biology
and how MPs play a role in different pathological mechanisms has greatly advanced in
recent years. MPs, especially if derived from apoptotic cells, possess strong immunogenic
properties due to the presence of modified proteins and nucleic acids. MPs are often
found in patients with autoimmune diseases where MPs for example play a role in the
break of immunological tolerance and/or induction of inflammatory conditions. In this
review, we describe the main techniques to isolate and characterize MPs, define the
characteristics of MPs generated during cell death, illustrate different mechanism of
intercellular communication via MPs and summarize the role of MPs in pathological
mechanisms with a particular focus on autoimmune diseases.
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INTRODUCTION TO MICROPARTICLES

Microparticles (MPs) are a subclass of extracellular vesicles (EVs) that are a heterogeneous
population of vesicles originating from cellular membranes. EVs are important for intercellular
communication in a similar manner as cytokines, hormones and neurotransmitters. The release of
EVs into the extracellular space occurs mainly via two different mechanisms, by cellular activation
or during cell death [apoptosis, necroptosis, pyroptosis, reviewed in (1)] (Figures 1A, B). The
smallest EVs are exosomes. Exosomes are formed by exocytosis of multivesicular bodies with size
ranges from 50 nm to 100 nm (2). MPs (100 nm-1 µm) and apoptotic bodies (1 µm-4 µm), on the
other hand, are formed by membrane shedding (2) and will be the main focus of this review.
Formation of MPs by cell activation or apoptosis, is characterized by calcium influx into the cell.
Calcium signaling eventually leads to changes in the cytoskeleton and budding of the cell membrane
(3). MPs mediate the communication between different cells by carrying a wide range of molecules
including receptors, proteins, RNA species such as miRNAs or other nuclear components
(Figure 1C). Additionally, MPs can carry mitochondrial proteins, mitochondrial DNA and intact
org April 2022 | Volume 13 | Article 8229951
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mitochondria [reviewed in (4)]. MPs released into the blood or
urine are an easily accessible biomarker to detect differences in
cells in response to physiological or pathological changes (5).
Circulating MPs used as biomarkers for diagnostic and/or
prognostic purposes, may lead to adjustment of therapy based
on the individual needs of the patients. However, uncontrolled
release of MPs as well as disturbed clearance of MPs, are
associated with a wide range of pathologies (including e.g.
cardiovascular dysfunction, cancer, autoimmunity) (6–10). In
this review, we will focus on experimental techniques to isolate
and characterize MPs, the interaction of MPs with immune cells
and their pathological roles including induction of different types
of cell death and their involvement in autoimmune conditions.
EXPERIMENTAL TECHNIQUES TO
ISOLATE, QUANTIFY AND
CHARACTERIZE MPs

The technique used to isolate and characterize MPs from blood
samples can have a great impact on the concentration and
composition of the final MP population (11, 12). The
variability in methods makes it challenging to compare results
from different studies using divergent methods. To improve
reproducibility, it is important to use reliable and standardized
methods for isolation, quantification and characterization
of MPs.
Frontiers in Immunology | www.frontiersin.org 2
Parameters That Influence the Analysis
of MPs
Various pre-analytical factors may influence the outcome of MP
analysis. Important parameters to consider when examining MPs
are: (i) the type of anticoagulant used in the blood sample; (ii) the
time between collecting and processing blood samples; (iii)
agitation during transport of blood samples; (iv) the protocol
of MP isolation (discussed in more detail below); and (v) the
storage of MP samples. The choice of anticoagulant can
drastically influence MP counts in blood samples, with citrate
being the most widely used and advised anticoagulant (13, 14).
Time-delay until processing of blood samples and excessive
agitation during transport have been shown to increase
numbers of MPs, most likely due to activation of cells releasing
MPs ex vivo after blood withdrawal (13, 15). The duration of
storage can have an effect on MP integrity, and therefore, counts.
Overall, long term storage tends to decrease MP counts (13, 16).
Another factor that might influence the analysis of MPs is
whether blood is collected pre- or post-prandial. Blood
collected post-prandial is enriched in lipoproteins, which could
be co-purified with MPs and interfere with analysis (17, 18).

Other body fluids, such as urine, can also be used for MP
isolation. Several strategies have been developed for isolation of
MPs from urine (19, 20), as urine derived MPs can be used as
fluid biopsy reflecting kidney health (21). Especially, miRNA
content of urinary MPs reflects different renal pathologies
including IgA nephropathy (22). Various pre-analytical factors,
A B

C

FIGURE 1 | Distinct classes of extracellular vesicles. Upon cell activation (A) exosomes or microparticles are formed by exocytosis or membrane shedding,
respectively. Microparticles and apoptotic bodies (B) are released from apoptotic cells. Extracellular vesicles transfer several molecules to target cells (C). miRNA:
microRNA, MHC: major histocompatibility complex.
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such as time of sample collection, temperature and time of
storage, influence the size as well as content of MPs isolated
from urine (19).

Different Methods to Isolate MPs
Different MP isolation protocols may result in variations in
number and characteristics of isolated MPs. Differential
centrifugation offers an easy and relatively unbiased method of
isolating MPs and is therefore the most frequently used method
for isolation of MPs from different body fluids or cell culture
supernatant. To isolate MPs from blood an initial centrifugation
at ~300 x g is performed to obtain platelet-poor plasma. The
initial centrifugation is followed by a second centrifugation with
higher speeds (15,000 – 20,000 x g) to pellet the MPs. The
protocol to isolate MPs from cell culture supernatants usually
consists of two centrifugation steps: The first centrifugation step
at low speed (800 – 1500 x g) aims to eliminate intact cells and/or
large particles, whereas the second centrifugation step at high
speed (15,000 – 20,000 x g) aims to pellet MPs. By using platelet
poor plasma from healthy volunteers, Dey-Hazra et al. showed
that a first centrifugation step at higher speed (5000 vs. 1500 x g)
leads to more than 10-fold decrease in final concentration of
MPs. However, using this method MPs could easier be separated
from background noise in flow cytometry experiments (11, 15).
The decreased MP counts obtained with an initial high speed
centrifugation step can be attributed to reduced contamination
by platelets and/or erythrocytes, thereby avoiding formation of
MPs from these sources during the isolation process (16). In
addition to affecting the total MP count, the isolation strategy can
also have an effect on the relative abundance of MP subspecies
derived from different cell types, such as platelets or endothelial
cells (16). Differential centrifugation does not yield highly pure
MP populations and it can typically contain protein aggregates
[such as immune complexes (23)], aggregates of smaller vesicles
(24) and lipoproteins (25). However, differential centrifugation is
able to recover high amounts of MPs from the starting material
compared to more stringent isolation methods, such as affinity
isolation, and combinations of other techniques (26).

Other methods to isolate MPs from biological fluids include
the use of microfluidic systems. These chip-based isolation
systems offer the possibility to isolate MPs from very small
sample volumes, which is not possible using differential
centrifugation. Microfluidic approaches often use size-based
filtration to isolate MPs. However, disadvantages of size-based
filtration are clogging of the filter and disintegration of MPs
thereby making it challenging to isolate sufficient numbers of
MPs for further analysis (27, 28). Antibodies recognizing cell
surface markers (such as CD41, to capture platelet-derived MPs
or CD63, a tetraspanin often found in MPs) may also be applied
to isolate MPs, thereby only enriching a subset of MPs (29–31).
Development of an affinity-based MP isolation technique with
antibodies requires immobilization of antibody molecules on
solid media such as magnetic or agarose beads, and ELISA plates.
An elution step with appropriate reagents has to be applied, if
bead-MP complexes cannot be directly used for the downstream
assays, or in case of coated ELISA plates, which may affect the
integrity of isolated MPs (32). Elution-induced effects on MPs
Frontiers in Immunology | www.frontiersin.org 3
can be avoided with a recent method developed by Evander et al.,
which uses microscale acoustic trapping for non-contact capture
of MPs and intact MP recovery (33). Other techniques to isolate
MPs include density gradient centrifugation, precipitation, size
exclusion chromatography and variations on those techniques
[reviewed in (26)]. Differential centrifugation will remain the MP
isolation technique of choice in the case of large sample volumes.
For small sample volumes microfluidics-mediated methods
could serve as alternative if future developments succeed in
isolating intact MPs in an unbiased manner and with sufficient
numbers for downstream analysis.

While the described isolation techniques result in reliable MP
preparations, it is important to keep in mind that none of the
described isolation techniques will achieve completely pure MP
populations. Contaminants present in MP preparations may
include platelets, plasmatic protein aggregates and lipoproteins
(25, 34, 35). Therefore, potential contaminations need to be
evaluated when analyzing MPs.

Analysis of MP Numbers and
Cellular Origin
Flow cytometry is the main technique applied to analyze number
and cellular origins of MPs (Figure 2). Flow cytometry analysis is
restricted by the detection limit of the instrument allowing to
analyze only larger MPs. The detection limit of flow cytometers
used to be around 0.4 to 0.5 µm, however, state-of-the-art flow
cytometers can analyze particles as small as 0.1 mm. Nevertheless,
flow cytometry offers a high throughput technique to count and
simultaneously analyze different markers to determine the source
of MPs. Analysis of the source of MPs relies on different cell-
specific markers present on MPs originating from different cell
types. However, there is no consensus on cell markers used to
identify MPs from e.g. platelets, endothelial cells or leukocytes (36)
(Table 1), which makes it difficult to compare study outcomes.
Assessing cell-specific markers on MPs using flow cytometry can
be very challenging as the density of markers on small particles can
be very low and therefore difficult to detect. Therefore, highly
specialized flow cytometers have been developed for MP
characterization [compared in (73)]. Another widely used
technique to determine vesicular size and concentration is
nanoparticle tracking analysis (NTA). NTA determines the size
of vesicles by assessing the Brownian motion of vesicles using laser
light scattering microscopy (74). Recent advances in NTA include
the possibility to (immune)phenotype MPs by the use of
fluorescently labelled antibodies, which in part resembles flow
cytometric analysis using fluorescent antibodies (75, 76),

Several groups reported multi-omic analysis of MPs, thereby
analyzing the protein and lipid content of MPs (77–80). Kowal
and colleagues showed that proteomic analysis of MPs using
mass spectrometry led to the identification of proteins defining
certain subtypes of vesicles (77). They found proteins uniquely
present in bigger MPs (> 150 nm; such as GP96, actinin-4,
mitofilin) as well as proteins only present in small MPs (50 – 150
nm; such as syntnein-1, tumor susceptibility 101 (TSG101), a
disintegrin and metalloproteinase domain-containing protein 10
(ADAM10), EH domain-containing protein 4 (EHD4) or
exosomes. Furthermore, they showed that markers originally
April 2022 | Volume 13 | Article 822995
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used to define exosomes, such as major histocompatibility
complex, flotillin and heat shock 70kDa proteins, are also
found in larger MPs. In addition to size-based characterization
of small MPs and exosomes, tetraspanin-based purification and
characterization was applied by Kowal et al. By analyzing the (co)
presence and/or (co)absence of CD9, CD63 and CD81, they
showed that proteins associated with different stages of the
endosomal pathway are enriched in different subgroups of
small MPs. Similarly, analysis of CD63+ or CD81+ small MPs
and exosomes from B cells revealed different subgroups (81),
thereby underscoring the role of tetraspanins in cargo selection
TABLE 1 | Markers used to classify the cellular origin of MPs.

Origin Marker

Endothelial cell CD31
(CD42 neg)*

CD51**
CD54**
CD62**
CD105*
CD144
CD146

Platelet CD41
CD41a
CD42a
CD42b
CD61
CD142

Leukocyte CD45
Monocyte CD11b

CD14
CD16

Neutrophil CD11b
CD15
CD66b

T cell CD3
cytotoxic CD8
helper CD4
regulatory CD25
B cell CD19

*Constitutive, **inducible, without */**: inducibility not indicated
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and targeting (82). Analysis of MPs by mass spectrometry can
also be used to define MP characteristics specific for certain
diseases. Ostergaard and colleagues analyzed the proteome of
MPs isolated from patients with SLE (78). They found clear
differences when comparing MPs from SLE-patients to MPs
from healthy controls or to MPs from systemic sclerosis patients.
MPs from patients with SLE lack proteins derived from
mitochondria, have lower myosin:actin ratios and a high
abundance of glycolytic enzymes. These results could lead to
further insight into the mechanisms of MP release in SLE or even
to more refined diagnostics.
FIGURE 2 | Flow cytometry as a technique to quantify and characterize MPs. By combining data on size (forward scatter), granularity (side scatter), and presence of
markers of interest (obtained by use of fluorescently labeled antibodies), flow cytometry allows detection of number, cellular origin, and cargo of MPs.
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MPs AND CELL DEATH

Regulated cell death via apoptosis is essential for the proper
functioning of the human body. Cells undergo apoptosis in all
parts of the body and this process is normally tightly regulated.
Two forms of apoptosis can be differentiated, namely intrinsic or
extrinsic apoptosis [reviewed in (83)]. Intrinsic apoptosis is
imitated by perturbations of the intracellular homeostasis,
whereas extrinsic apoptosis is mostly triggered by the
engagement of plasma membrane receptors. The key step to
start the intrinsic apoptosis pathway is the permeabilization of
the mitochondrial outer membrane by the BCL2 protein family
(84, 85). Subsequently, cytochrome c is released from the
mitochondria intermembrane space and activated the caspase
cascade ultimately leading to the execution of the cellular
remodeling observed during apoptosis (86, 87). Extrinsic
apoptosis is triggered by the engagement of so-called death
receptors (e.g. Fas-receptor) or by dependence receptors, a
family of structurally unrelated membrane receptors that are
activated as soon as their substrate concentration falls below a
certain threshold level such as DCC (deleted in colorectal
carcinoma), p75NTR (p75 neurotrophin receptor) (88–90).
Again, both receptor types activate downstream signaling
leading to caspase activation. During the process of apoptosis,
cells shrink and form multiple blebs on the cell surface.
Ultimately, these blebs are released from the parent cell and
can enter the circulation as MPs (91, 92). Inherent to the
mechanism of apoptosis is the redistribution of cellular
components. Next to cytoplasmic proteins, especially nuclear
components, such as DNA and histones can be found in
apoptotic MPs (37, 93).

Apoptosis involves the tight regulation of major structural
changes in the cell to ensure proper packaging of cellular
constituents and removal of apoptotic cells by phagocytes in
an immune silent manner, prior to the formation of MPs. Even
though the exact mechanism of how MPs are formed is not
completely understood, several regulators of the cytoskeleton
seem to play a role in the formation and the sorting of cellular
constituents into MPs. The intracellular increase of calcium
concentration observed during MP formation, triggers various
processes. First, cytoskeletal rearrangements allows the
formation of membrane blebs as precursors of MPs. The
calcium dependent protease calpain is involved in the cleavage
of structural proteins connecting the plasma membrane with the
cytoskeleton (3, 94). Other proteins involved in the remodeling
of the cytoskeleton are small GTPases, such as ARF6 and RhoA
(95–97). Through the remodeling and resorting of the
cytoskeleton, cytoskeletal proteins and GTPases might also be
involved in the packaging of specific cargo to the MPs (98).
Whereas MPs can contain a myriad of different cargoes
representing the entire contents of its parent cell, some studies
suggest that MPs can also contain only specific constituents of
the cell content (99). Finally, to facilitate release of preformed
MPs Rho associated protein kinase (ROCK) and extracellular
signal–regulated kinases (ERK) activate myosin light chains to
induce contraction of the actin-myosin cytoskeleton (100–102).
Frontiers in Immunology | www.frontiersin.org 5
Besides rearrangements of the cytoskeleton another
prominent change during apoptosis is the reorganization of
lipids in the plasma membrane of MPs. The best described
change is the reorientation of phosphatidylserine (PS) from the
inner lipid layer (inner leaflet) to the outer lipid layer (outer
leaflet) of the double lipid layer in cellular membrane. Flippases
are responsible for the transport of lipids from the outer leaflet to
the inner leaflet and prevent the presence of PS in the outer
leaflet of healthy cells. During apoptosis the energy dependent
flippase mechanism is shut down and PS reaches the outer leaflet
by the unspecific transport of lipids facilitated by scramblases
(103). Localization of PS in the outer leaflet of apoptotic cells and
ultimately also at the surface of apoptotic MPs serve as an ‘eat
me’ signal to specialized phagocytes. Therefore, under normal
conditions PS exposure is an efficient mechanism to remove
apoptotic cells in a quick and immunologically silent manner.
However, when early apoptotic cells are not swiftly cleared, they
will proceed to late apoptotic cells, thereby releasing MPs. The
relative abundance of PS positive and negative MPs can be
affected by certain pathologies. For example, PS negative MPs
are predominantly present in systemic lupus erythematosus
patients while virtually absent in healthy controls (55, 59). To
reliably distinguish MPs from large debris (cell remnants) or
protein aggregates, many researchers use staining with Annexin
V to identify PS on MPs (11, 16). However, the use of Annexin V
as a general MP marker remains a matter of debate. For instance,
apoptotic endothelial cell-derived MPs show more binding of
Annexin V compared to TNF-a activated endothelial cell-
derived MPs (38). Overall, PS at the surface of MPs is an
important marker to distinguish between apoptotic and non-
apoptotic populations of MPs, but PS is unsuited as a general
MP marker.

Interestingly, if apoptotic MPs are not cleared properly, they
can in turn induce different forms of cell death when interacting
with other cells. MPs generated from Jurkat cells induce
apoptosis of macrophages, thereby showing a marked increase
in Annexin V staining as well as caspase activation in
macrophages (104). Previously, we reported that apoptotic
MPs generated from endothelial cells, represent MPs found in
SLE patients, both in size and by the presence of specific
chromatin modifications. These apoptotic MPs were able to
induce dose-dependent neutrophil cell death via the formation
of neutrophil extracellular traps (NETs) (93). The capability of
apoptotic MPs to induce NET formation was found to be
dependent on the presence of modified chromatin, especially
acetylated histones. Importantly, apoptosis-modified histones
within SLE MPs are highly pro-inflammatory, as demonstrated
by their potency to activate myeloid and plasmacytoid dendritic
cells (37, 93). As macrophages and neutrophils are phagocytotic
cells that are specialized in clearing apoptotic material, the
observed cell death induction in these cells by apoptotic MPs
seems counterintuitive. The cell death of macrophages and
neutrophils induced by apoptotic MPs might be explained by
the pathologically high concentration of MPs or, in the case of
SLE, by the specific pro-inflammatory cargo (e.g. histones) found
in SLE-derived MPs.
April 2022 | Volume 13 | Article 822995
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INTERACTION OF MPs WITH
IMMUNE CELLS

MPs released from parent cells can have numerous effects on
distant cells. MPs have thus been recognized as mediators of
intercellular communication. MPs can exert their effects on other
cells via different mechanisms (Figure 3): MPs can fuse with the
target cell (Figure 3A), MPs can bind to receptors on the target
cell by direct interaction (Figure 3B), MPs can be taken up by the
target cell via endocytosis (Figure 3C), ultimately ending in the
lysosome where its contents are degraded, and MPs can form
immune complexes with antibodies (Figure 3D), which can
either deposit in the microvasculature or stimulate other cells.

Fusion of MPs With Target Cells
MPs can fuse with other cells to transfer proteins or other
molecules from one cell to another. This transport of MPs has
been proposed as a communication strategy between distant
cells. MPs originating from activated endothelial cells have been
described to carry the intercellular adhesion molecule-1 (ICAM-
1) to endothelial cells elsewhere in the body (105). ICAM-1 is
then incorporated into the plasma membrane of the target cell,
thereby increasing its capability of recruiting immune cells.
Besides the transfer of membrane associated receptors like
ICAM-1, also the delivery of small non-coding RNAs via MPs
has been demonstrated. Especially microRNA (miRNA)
molecules have been described to be transported between cells
(106). miRNAs are capable of regulating the translation of
mRNA in the target cell and have been described to be present
in MPs released from endothelial cells. These miRNAs can, for
Frontiers in Immunology | www.frontiersin.org 6
example, prevent excessive proliferation of other endothelial cells
(107, 108).

Binding of Antibodies to MPs
MPs have been described to carry different types of
immunoglobulins (Igs) (52, 109, 110). Immunoglobulins can
be bound to the surface of MPs, but can also recognize
components inside MPs (111, 112). MPs found in patients
with SLE carry significantly more Ig compared to MPs from
healthy controls (110). Additionally, MPs from patients with SLE
are covered by depositions of complement proteins C1q and C3,
thereby demonstrating that autoantibodies bound to MPs can
initiate complement activation (113). A proteomic analysis of
MP content in patients with SLE recently confirmed the presence
of Ig and complement on MPs (78). MPs could thereby provide a
scaffold for immune complex formation in autoimmune diseases
(63). Immune complex coated MPs might be more immunogenic
compared to MPs without immunoglobulins, since they are more
likely to deposit in the microvasculature, thereby causing
inflammation and tissue damage (114). However, also in vitro
generated MPs without autoantibodies can confer inflammatory
effects on other cells (93).

Endocytosis of MPs
The endocytosis of MPs delivers autoantigens into the
endosomal compartments of the target cells. Endocytosis is a
rapid (115, 116), energy dependent (117, 118) process and it is
facilitated by interactions between proteins of MPs and proteins
of recipient cells (117–119). A combination of multiple protein-
protein interactions rather than a single protein-protein
A

B
D

C

FIGURE 3 | MP induce cellular response via different mechanisms. MPs can fuse with the target cell (A), stimulate receptors on the target cell by direct binding (B), release
their content into the endosomal compartment (C), or form immune complexes with autoantibodies (D). miRNA: microRNA, MHC: major histocompatibility complex.
April 2022 | Volume 13 | Article 822995
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interaction seems to direct MP uptake (120, 121), which most
probably contributes to the specificity of MP delivery. As
mentioned earlier, tetraspanins which are highly abundant on
MPs such as CD9, CD63, CD81, were shown to be involved in
vesicular fusion events contributing to the targeting and uptake
of MPs (82, 122–125). Similarly, integrins including ICAM-1,
CD11a, CD52, and CD61 contribute to the uptake of MPs
(117, 126–128). Proteoglycans such as heparan sulfate
proteoglycans (118) and lectins (126, 129) also appear to be
involved in MP-recipient cell interaction and MP uptake. Several
endocytic pathways including phagocytosis, clathrin- and
caveolin-mediated endocytosis facilitate internalization of MPs
[reviewed in (130)].

Endosomes containing MPs, might ultimately fuse with
lysosomes leading to degradation of the endosomal content.
Within the different endosomal compartments, receptors can
sense the cargo of the received MPs. Nucleic acids and modified
chromatin, especially present within MPs derived from apoptotic
cells stimulate pattern-recognition receptors, such as Toll-like
receptors (TLRs) (37, 93). The immunogenicity of MPs
containing nucleic acids has been recently demonstrated by an
elegant study showing the importance of the nuclease DNase1
like-3 (DNase1L3) in the degradation of nucleic acids in MPs.
Lack of Dnase1L3 results in the development of lupus-like
disease in mice with the characteristic production of high anti-
DNA antibody titers (10).

Depending on the type of nucleic acid, either TLR7 (sensing
single strand RNA) or TLR 9 (sensing DNA) can be activated
(131). TLR ligation leads to the activation of intracellular
signaling pathways, thereby leading to changes in gene
expression, ultimately resulting in the activation of the target
cell (132). Activation of cells can either initiate the production of
pro-inflammatory cytokines, trigger the increase of activation
markers on the plasma membrane or induce proliferation (64).
For example, dendritic cell activation by MPs leads to an
increased release of interferon (IFN) type I in SLE (37, 111,
133, 134). Type I IFNs then stimulates the survival and activation
of dendritic cells, B-cells and T-cells (135). MPs carrying
autoantigens derived from apoptotic cells might also facilitate
direct B-cell activation by engagement of the B cell receptor,
together with intracellular activation of TLRs (136). Together
this potentially leads to the clonal expansion of autoreactive
B-cell clones and might result in the break of tolerance in
autoimmune diseases.

Antigen Presentation Facilitated by MPs
Upon internalization of MPs by antigen presenting cells, the
content of MPs can be presented to T-cells. Alternatively, MPs
can transport whole peptide-major histocompatibility complex
(MHC) complexes from one cell to another, a process that has
been termed ‘cross dressing’ (137, 138). MPs originating from
apoptotic cells were shown to induce an alternative maturation
of dendritic cells, characterized by down regulation of MHC II,
which is in line with the immunologically silent nature of
apoptosis (139). This mechanism however was found to be
disturbed in patients with systemic lupus erythematosus (SLE),
where apoptotic MPs were found to mature dendritic cells
Frontiers in Immunology | www.frontiersin.org 7
without MHC II down regulation (139). This has been
explained by the finding that MPs originating from apoptotic
cells contain a myriad of modified autoantigens, especially
modified chromatin, that can trigger the activation of antigen
presenting cells like dendritic cells (37, 93, 111, 140, 141). This
difference in dendritic cell maturation might explain part of the
autoimmune reaction observed in patients with SLE.

Antigen presenting cells themselves can also release MPs,
which may activate T- and B-cells. MPs containing MHC I or
MHC II complexes loaded with antigens, together with co-
stimulatory molecules can augment the proliferation of specific
T-cells as has been shown for dendritic cell derived exosomes
(127, 142, 143).
THE DELETERIOUS PROPERTIES OF MPs
IN DISEASE

It has become clear that MPs have potent pro-inflammatory
effects, however they also can stimulate coagulation and can
affect vascular function (144, 145). Owing to this, MPs have been
assigned deleterious roles in a plethora of pathologies,
predominantly cardiovascular and autoimmune diseases (146).
In this and the following section, a brief overview on the role of
MPs in various clinical settings is provided.

MPs Are Pro-Coagulant
Exposure of negatively charged PS on apoptotic MPs facilitates
the binding of coagulation factors to these MPs and the assembly
of coagulation enzyme complexes (147). Coagulation factors
become readily activated on MPs as they co-express high levels
of membrane-anchored tissue factor (148). Indeed, MPs isolated
from cell lines or human plasma readily support thrombin
production in vitro (65, 149, 150). Large von Willebrand factor
multimers have been detected on endothelial cell-derived MPs,
suggesting that MPs can also facilitate the aggregation of platelets
during coagulation (39, 50). Besides direct pro-coagulant
properties of MPs, they may also indirectly facilitate
coagulation. For instance, leukocyte-derived MPs have been
shown to contain tissue factor and P-selectin glycoprotein
ligand-1 (PSGL-1). Those MPs accumulate at thrombi rich in
platelets via the interaction of platelet P-selectin and PSGL-1,
bringing tissue factor to the growing thrombus (151).

MPs Cause Endothelial Dysfunction
Experiments with MPs isolated from the blood of women with
pre-eclampsia or patients with myocardial infarction showed
that MPs can alter vascular function. Notably, these MPs were
endowed with the capacity to diminish endothelium-dependent
relaxation of arteries ex vivo (152, 153). MPs isolated from
healthy donors have been shown to harbor endothelial nitric
oxide synthase (eNOS) required for vascular homeostasis, and
eNOS-containing MPs appear to be specifically decreased in
patients with endothelial dysfunction (154). MPs can also
scavenge nitric oxide and thereby cause endothelial
dysfunction (155, 156). Furthermore, MP-induced increase in
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superoxide production in endothelial cells can decrease
endothelium-dependent relaxation (157).
MPs IN AUTOIMMUNE DISEASES

Under normal conditions, MPs derived from platelets or
megakaryocytes are the most common subpopulation,
comprising around 70% of all MPs in the circulation (158).
MPs are released in healthy individuals under basal conditions.
Various clinical conditions have been associated with alterations
in MP counts or changes in specific MP subpopulations.
Nevertheless, it is still uncertain whether changes in quantity
or characteristics of MPs in autoimmune diseases are the cause
or consequence of disease. Although an increased presence of
MPs could be explained by disease related pathogenic events, the
direct effects of MPs on coagulation, inflammation and
endothelial dysfunction strongly suggest that MPs can also be
involved in the etiology of the disease. Supporting such a causal
role, Sisirak and colleagues showed that a mouse model deficient
in DNase1L3 displayed an increased presence of chromatin in
MPs, thereby leading to the onset of autoimmunity (10). Owing
to their procoagulant and proinflammatory properties, it is not
surprising that MP alterations are predominantly connected to
cardiovascular and autoimmune diseases. MP alterations in the
context of cardiovascular disease is beyond the scope of this
review and has been extensively reviewed elsewhere (6, 7,
159, 160).

Antiphospholipid Syndrome
Antiphospholipid syndrome (APS) is an autoimmune disease
that clinically manifests as recurrent thrombotic events and
pregnancy-related issues such as stillbirths and (pre)-
eclampsia. Laboratory abnormalities include increased levels of
autoantibodies against membrane anionic phospholipids, such as
anti-cardiolipin and anti-PS autoantibodies. APS can occur in
association with other rheumatic disorders, such as SLE, but can
also be a clinical entity on its own. The pathogenesis of APS
remains poorly understood, but MPs could explain the
procoagulant and proinflammatory phenotype of APS (161).
Indeed, high levels of endothelial cell-derived tissue factor-
expressing MPs have been identified in APS patients (162).
Simultaneous analysis of primary APS patients and SLE
patients with and without APS showed that especially primary
APS patients as well as SLE patients with APS displayed elevated
levels of endothelial cell-derived MPs, in contrast to SLE patients
without APS (163). Ex vivo experiments with plasma from
patients with various autoimmune diseases demonstrated that
in particular APS plasma induced endothelial-derived MPs with
procoagulant properties (163). Separate analyses of APS patients
with only obstetric or only thrombotic complications revealed
that endothelial cell-derived MPs are increased in thrombotic but
not in obstetric APS patients (48). In addition to endothelial cell-
derived MPs, elevated levels of platelet-derived MPs have also
been reported (48, 164). Collectively, these data suggest a link
between anti-phospholipid antibodies, endothelial cell-derived
MPs and the development of thrombosis in APS.
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Systemic Sclerosis
Systemic sclerosis (SSc) is characterized by degenerative changes,
diffuse fibrosis and vascular abnormalities in various organs.
Raynaud phenomenon, dysphagia, skin tightening and
polyarthralgia are amongst its symptoms. Studies report
different MP numbers in patients with SSc. Some studies show
elevated numbers of MPs (70, 158, 165, 166), whereas other
studies report lower MP counts in patients with SSc (40, 60).
Nevertheless, MPs have been associated with certain clinical
manifestations, such as interstitial pneumonia or perivascular
inflammation (40, 165), whereas MP numbers were inversely
correlated with skin thickness scores (158). Maugeri et al. showed
that platelet derived MPs contain the damage associated
molecular pattern high mobility group box 1 (HMGB1), which
is able to induce the formation of NETs by neutrophils (70). One
study assigned MPs as active players in the pathogenesis of SSc.
The inhibition of MP release by endothelial cells using
pantethine or by inactivating ATP-binding cassette transporter
A1 (ABCA1), thereby inhibiting transport of PS to the outer
leaflet, ameliorated skin and lung fibrosis in murine SSc (167).
Notably, pantethine had earlier been shown to protect against
cerebral malaria by impairing MP release from activated
endothelial cells (168). Altogether, these data suggest that MPs
play a role in the disease development of SSc.

Primary Sjögren’s Syndrome
Primary Sjögren’s syndrome (pSS) is a chronic autoimmune
disease in which fluid-secreting glands become inflamed. This
primarily results in the development of a dry mouth and dry
eyes. Other symptoms can include fatigue, muscle and joint pain
and a chronic cough. Genetic, hormonal and environmental
factors culminate in the infiltration of lymphocytes into the
salivary and lacrimal glands, thereby causing their dysfunction.
Increased numbers of endothelial cell-derived MPs have been
reported for pSS patients and are considered to reflect the degree
of systemic endothelial damage (41). Levels of endothelial cell-
derived MPs directly correlate with disease duration (41). In a
comparative analysis of patients with pSS, SLE and RA, it was
found that all patient cohorts had increased levels of platelet-
derived MPs, but that increased levels of leukocyte-derived MPs
were exclusive for pSS (169). Exosomes released from salivary
gland epithelial cells contain the typical autoantigens that are
targeted in pSS, i.e. Ro/SSA, La/SSB and Sm ribonucleoproteins
(RNPs), thereby suggesting that the release of such exosomes
directly contributes to the autoimmune response in pSS (170). In
summary, there is a wide spectrum of elevated MP populations in
pSS, that influence key events in its pathogenesis, such as platelet
activation, systemic endothelial damage and injury to salivary
gland epithelial cells.

Rheumatoid Arthritis
Rheumatoid arthritis (RA) is an inflammatory autoimmune
disease causing chronic joint inflammation and systemic
manifestations, including accelerated forms of cardiovascular
disease. Multiple factors, such as genetic background,
epigenetic changes and environmental triggers culminate in the
production of autoantibodies, predominantly against
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citrullinated proteins that cause joint inflammation and
subsequent bone destruction. MPs are perceived as important
mediators of RA disease, both locally in the joints as well as
systemically to promote vascular alterations. In particular,
elevated levels of platelet-derived MPs have been identified in
RA and MP levels correlate with disease activity (71, 171, 172).
Platelet-derived MPs are also discovered in synovial fluid of RA
patients, in addition to their presence in the circulation (64).
Another study claims that MPs derived from granulocytes and
monocytes are predominantly found in synovial fluid of RA
patients, whereas there was no increase of MPs derived from
platelets (173). This discrepancy is most likely explained by the
use of different markers to define the origin of MPs. It appears
that particularly platelet-derived MPs are active players during
inflammatory arthritis, as the depletion of platelets drastically
attenuates the severity of arthritis in mouse models (64).
Furthermore, MPs isolated from RA joints are capable of
activating synovial fibroblasts in vitro (174). Notably, MP-
induced fibroblast activation causes the secretion of matrix
metalloproteinases and the production of pro-inflammatory
cytokines (9). Additionally, MPs in RA patients containing
autoantigens can form immune complexes leading to
inflammation in the circulation and joints (175). Matrix
metalloproteinases degrade extracellular matrices and
consequently cause cartilage and bone destruction. Altogether,
it appears that there is an important role for MPs, in fueling the
local and systemic inflammatory response in RA patients.

Vasculitis
Endothelial injury is central in the pathogenesis of vasculitis and
is associated with elevated levels of endothelial cell-derived MPs
and platelet-derived MPs (176, 177). Endothelial cell-derived
MPs are particularly elevated in patients with active disease
compared to those in full or partial remission (178).
Importantly, levels of endothelial cell-derived MPs correlate
with disease activity scores and acute-phase markers (179). In
children with vasculitis, platelet-derived MPs are also elevated,
but to a lesser extent than those derived from endothelial cells
(179). Neutrophil-derived MPs are also reported in vasculitis
patients with anti-neutrophil cytoplasmic antibodies (ANCA).
Polyclonal ANCA as well as chimeric proteinase 3 (PR3)-ANCA
can stimulate neutrophils to release MPs, which in turn express
PR3 and myeloperoxidase and bind to endothelial cells in a
CD18-dependent manner (51). The latter results in the
expression of endothelial adhesion molecules and the secretion
of pro-inflammatory cytokines. Thus, neutrophil-derived MPs
may connect ANCA with vascular damage in patients with
ANCA-associated vasculitis.

Systemic Lupus Erythematosus
SLE is a devastating disease in which autoantibodies develop
against nuclear components, such as anti-DNA, anti-histone and
anti-RNP autoantibodies. The binding of anti-nuclear
autoantibodies to their antigens results in the formation of
immune complexes, which deposit in various organs, thereby
causing inflammatory tissue destruction due to complement
activation and leukocyte recruitment. MPs are perceived as
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important reservoirs of autoantigens in SLE, as outlined above
(37, 109, 180, 181). Central to the pathogenesis of SLE is the failure
to adequately clear apoptotic cells and apoptotic MPs (182–184).
There are conflicting reports about MP counts in SLE patients
compared to healthy controls, ranging from increased numbers of
MPs, or no differences to even reduced numbers of MPs (37, 52,
55, 59, 61, 62, 71, 93, 110, 113, 114, 169). A fundamental difference
between endothelial cell-derived MPs in SLE versus MPs in RA
and SSc is that chromatin is solely present in MPs from SLE
patients (37). Chromatin within SLE MPs contains specific
modifications to N-terminal histone tails that are associated with
apoptosis, as outlined above (140, 185, 186). In contrast,
endothelial cell-derived MPs in RA and SSc patients are more
likely to reflect endothelial cell activation. As outlined, proteomic
analyses of MPs confirmed that apoptotic proteins are specifically
present in SLE MPs but not in those from patients with other
rheumatic diseases (78, 187). Although MP levels do not seem to
directly correlate with disease activity scores, MPs rich in
apoptosis-modified chromatin appear to be specifically present
in SLE patients with lupus nephritis (93). In summary, SLE MPs
are unique compared toMPs in other autoimmune diseases in that
they contain high levels of apoptosis-modified chromatin, thereby
providing these MPs with potent proinflammatory properties that
may enhance the inflammatory response in SLE.
CONCLUDING REMARKS

MPs are important players in normal homeostasis as well as in
pathological conditions. MPs can serve as mediators of long-
distance communication between cells and deliver different kind
of cargoes or signals throughout the body. The study of MPs
isolated from body fluids, especially plasma, remains challenging
since there is no consensus on protocols of how to isolate and
analyze number and origin of MPs. To improve comparability
between different studies, the International Society for
Extracellular Vesicles published consensus papers with
guidelines addressing many important issues concerning MP
research (26, 36). For the time being differential centrifugation
and flow cytometric analyses are the techniques of choice for
most researchers in the field. However, new and exciting
developments, especially the isolation of MPs by microfluidics
and characterization of MPs with mass spectrometry, may
change the way of how to isolate and analyze MPs in the future.

MPs released from activated or dying cells can have a
pathogenic role in numerous autoimmune diseases by fueling
inflammatory processes, coagulation and endothelial
dysfunction. Nevertheless, the scientific evidence connecting
MPs to autoimmune diseases is predominantly associative in
nature and fails to unambiguously answer the question whether
MPs are the cause or consequence of disease. To solve this issue,
a more thorough understanding of why and how MPs are
produced in different disease settings is needed. Additionally,
strategies to control the release or the clearance of MPs are
needed to investigate the effects of increasing or decreasing MP
concentration in health and disease. Alternatively, exogenously
administered vesicles could be used to proof that vesicles are
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causing autoimmunity. Exogenous administration of MPs comes
with its own challenges as the source of MPs, as well as the route
and dose of administration impacts the final biodistribution
(188). Nevertheless, infusion of extracellular vesicles have
pathologic effects in different mouse models of preeclampsia or
multiple sclerosis (189, 190). In conclusion, findings obtained
from research focusing on casual relations rather than
associations will facilitate the development of disease-specific
therapeutic strategies that can regulate MP release or,
alternatively, ensure their immunologically silent clearance;
opening new avenues for the treatment of autoimmune
diseases in which MPs play a causative role.
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Than Markers of Extracellular Vesicles in Reproduction. Int J Mol Sci (2020)
21(20):7568. doi: 10.3390/ijms21207568

83. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al.
Molecular Mechanisms of Cell Death: Recommendations of the
Nomenclature Committee on Cell Death 2018. Cell Death Differ (2018) 25
(3):486–541. doi: 10.1038/s41418-017-0012-4

84. Tait SW, Green DR. Mitochondria and Cell Death: Outer Membrane
Permeabilization and Beyond. Nat Rev Mol Cell Biol (2010) 11(9):621–32.
doi: 10.1038/nrm2952

85. Czabotar PE, Lessene G, Strasser A, Adams JM. Control of Apoptosis by the
BCL-2 Protein Family: Implications for Physiology and Therapy. Nat Rev
Mol Cell Biol (2014) 15(1):49–63. doi: 10.1038/nrm3722

86. Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri ES,
et al. Cytochrome C and dATP-Dependent Formation of Apaf-1/Caspase-9
Complex Initiates an Apoptotic Protease Cascade. Cell (1997) 91(4):479–89.
doi: 10.1016/S0092-8674(00)80434-1

87. Julien O, Wells JA. Caspases and Their Substrates. Cell Death Differ (2017)
24(8):1380–9. doi: 10.1038/cdd.2017.44

88. Strasser A, Jost PJ, Nagata S. The Many Roles of FAS Receptor Signaling in
the Immune System. Immunity (2009) 30(2):180–92. doi: 10.1016/
j.immuni.2009.01.001

89. Gibert B, Mehlen P. Dependence Receptors and Cancer: Addiction to
Trophic Ligands. Cancer Res (2015) 75(24):5171–5. doi: 10.1158/0008-
5472.CAN-14-3652

90. Goldschneider D, Mehlen P. Dependence Receptors: A New Paradigm in
Cell Signaling and Cancer Therapy. Oncogene (2010) 29(13):1865–82. doi:
10.1038/onc.2010.13

91. Sebbagh M, Renvoize C, Hamelin J, Riche N, Bertoglio J, Breard J. Caspase-
3-Mediated Cleavage of ROCK I Induces MLC Phosphorylation and
Apoptotic Membrane Blebbing. Nat Cell Biol (2001) 3(4):346–52. doi:
10.1038/35070019

92. Mills JC, Stone NL, Erhardt J, Pittman RN. Apoptotic Membrane Blebbing is
Regulated by Myosin Light Chain Phosphorylation. J Cell Biol (1998) 140
(3):627–36. doi: 10.1083/jcb.140.3.627

93. Rother N, Pieterse E, Lubbers J, Hilbrands L, van der Vlag J. Acetylated
Histones in Apoptotic Microparticles Drive the Formation of Neutrophil
Extracellular Traps in Active Lupus Nephritis. Front Immunol (2017) 8:1136.
doi: 10.3389/fimmu.2017.01136

94. Miyoshi H, Umeshita K, Sakon M, Imajoh-Ohmi S, Fujitani K, Gotoh M,
et al. Calpain Activation in Plasma Membrane Bleb Formation During Tert-
Butyl Hydroperoxide-Induced Rat Hepatocyte Injury. Gastroenterology
(1996) 110(6):1897–904. doi: 10.1053/gast.1996.v110.pm8964416

95. D'Souza-Schorey C, Chavrier P. ARF Proteins: Roles in Membrane Traffic
and Beyond. Nat Rev Mol Cell Biol (2006) 7(5):347–58. doi: 10.1038/
nrm1910

96. Muralidharan-Chari V, Clancy J, Plou C, Romao M, Chavrier P, Raposo G,
et al. ARF6-Regulated Shedding of Tumor Cell-Derived Plasma Membrane
Microvesicles. Curr Biol (2009) 19(22):1875–85. doi: 10.1016/
j.cub.2009.09.059

97. Sedgwick AE, Clancy JW, Olivia Balmert M, D'Souza-Schorey C.
Extracellular Microvesicles and Invadopodia Mediate non-Overlapping
April 2022 | Volume 13 | Article 822995

https://doi.org/10.3109/03009742.2013.796403
https://doi.org/10.1160/TH05-05-0310
https://doi.org/10.1160/TH05-05-0310
https://doi.org/10.1016/j.ijcard.2017.02.107
https://doi.org/10.1002/emmm.201201846
https://doi.org/10.1002/emmm.201201846
https://doi.org/10.1126/science.1181928
https://doi.org/10.1126/science.1181928
https://doi.org/10.1111/j.1538-7836.2011.04488.x
https://doi.org/10.1016/j.ijcard.2017.10.044
https://doi.org/10.1016/j.bbadis.2018.04.013
https://doi.org/10.1182/blood-2013-03-492801
https://doi.org/10.1371/journal.pone.0049726
https://doi.org/10.1126/scitranslmed.aao3089
https://doi.org/10.1002/art.10312
https://doi.org/10.1016/j.thromres.2017.03.025
https://doi.org/10.3390/biomedicines9020124
https://doi.org/10.3390/biomedicines9020124
https://doi.org/10.1080/20013078.2017.1344087
https://doi.org/10.1038/s41598-019-48181-6
https://doi.org/10.1038/s41598-019-48181-6
https://doi.org/10.1016/j.ymeth.2020.02.006
https://doi.org/10.1073/pnas.1521230113
https://doi.org/10.1186/s12014-017-9159-8
https://doi.org/10.1016/j.ab.2021.114168
https://doi.org/10.1002/adbi.202000069
https://doi.org/10.1016/j.clinthera.2014.05.010
https://doi.org/10.3390/ijms21207568
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/nrm2952
https://doi.org/10.1038/nrm3722
https://doi.org/10.1016/S0092-8674(00)80434-1
https://doi.org/10.1038/cdd.2017.44
https://doi.org/10.1016/j.immuni.2009.01.001
https://doi.org/10.1016/j.immuni.2009.01.001
https://doi.org/10.1158/0008-5472.CAN-14-3652
https://doi.org/10.1158/0008-5472.CAN-14-3652
https://doi.org/10.1038/onc.2010.13
https://doi.org/10.1038/35070019
https://doi.org/10.1083/jcb.140.3.627
https://doi.org/10.3389/fimmu.2017.01136
https://doi.org/10.1053/gast.1996.v110.pm8964416
https://doi.org/10.1038/nrm1910
https://doi.org/10.1038/nrm1910
https://doi.org/10.1016/j.cub.2009.09.059
https://doi.org/10.1016/j.cub.2009.09.059
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Rother et al. Microparticles in Autoimmunity
Modes of Tumor Cell Invasion. Sci Rep (2015) 5:14748. doi: 10.1038/
srep14748

98. Zirngibl M, Furnrohr BG, Janko C, Munoz LE, Voll RE, Gregory CD, et al.
Loading of Nuclear Autoantigens Prototypically Recognized by Systemic
Lupus Erythematosus Sera Into Late Apoptotic Vesicles Requires Intact
Microtubules and Myosin Light Chain Kinase Activity. Clin Exp Immunol
(2015) 179(1):39–49. doi: 10.1111/cei.12342

99. Clancy JW, Sedgwick A, Rosse C, Muralidharan-Chari V, Raposo G, Method
M, et al. Regulated Delivery of Molecular Cargo to Invasive Tumour-Derived
Microvesicles. Nat Commun (2015) 6:6919. doi: 10.1038/ncomms7919

100. Coleman ML, Sahai EA, Yeo M, Bosch M, Dewar A, Olson MF. Membrane
Blebbing During Apoptosis Results From Caspase-Mediated Activation of
ROCK I. Nat Cell Biol (2001) 3(4):339–45. doi: 10.1038/35070009

101. D'Souza-Schorey C, Schorey JS. Regulation and Mechanisms of Extracellular
Vesicle Biogenesis and Secretion. Essays Biochem (2018) 62(2):125–33.
doi: 10.1042/EBC20170078

102. Das K, Prasad R, Singh A, Bhattacharya A, Roy A, Mallik S, et al. Protease-
Activated Receptor 2 Promotes Actomyosin Dependent Transforming
Microvesicles Generation From Human Breast Cancer. Mol Carcinog
(2018) 57(12):1707–22. doi: 10.1002/mc.22891

103. Nagata S, Sakuragi T, Segawa K. Flippase and Scramblase for
Phosphatidylserine Exposure. Curr Opin Immunol (2020) 62:31–8. doi:
10.1016/j.coi.2019.11.009

104. Distler JH, Huber LC, Hueber AJ, Reich CF3rd, Gay S, Distler O, et al. The
Release ofMicroparticles by Apoptotic Cells and Their Effects onMacrophages.
Apoptosis (2005) 10(4):731–41. doi: 10.1007/s10495-005-2941-5

105. Fu Z, Zhou E, Wang X, Tian M, Kong J, Li J, et al. Oxidized Low-Density
Lipoprotein-Induced Microparticles Promote Endothelial Monocyte
Adhesion via Intercellular Adhesion Molecule 1. Am J Physiol Cell Physiol
(2017) 313(5):C567–C74. doi: 10.1152/ajpcell.00158.2016

106. Lee Y, El Andaloussi S, WoodMJ. Exosomes and Microvesicles: Extracellular
Vesicles for Genetic Information Transfer and Gene Therapy. Hum Mol
Genet (2012) 21(R1):R125–34. doi: 10.1093/hmg/dds317

107. Jansen F, Zietzer A, Stumpf T, Flender A, Schmitz T, Nickenig G, et al.
Endothelial Microparticle-Promoted Inhibition of Vascular Remodeling is
Abrogated Under Hyperglycaemic Conditions. J Mol Cell Cardiol (2017)
112:91–4. doi: 10.1016/j.yjmcc.2017.09.004

108. Jansen F, Stumpf T, Proebsting S, Franklin BS, Wenzel D, Pfeifer P, et al.
Intercellular Transfer of miR-126-3p by Endothelial Microparticles Reduces
Vascular Smooth Muscle Cell Proliferation and Limits Neointima Formation
by Inhibiting LRP6. J Mol Cell Cardiol (2017) 104:43–52. doi: 10.1016/
j.yjmcc.2016.12.005

109. Ullal AJ, Reich CF3rd, Clowse M, Criscione-Schreiber LG, Tochacek M,
Monestier M, et al. Microparticles as Antigenic Targets of Antibodies to
DNA and Nucleosomes in Systemic Lupus Erythematosus. J Autoimmun
(2011) 36(3-4):173–80. doi: 10.1016/j.jaut.2011.02.001

110. Nielsen CT, Ostergaard O, Stener L, Iversen LV, Truedsson L, Gullstrand B,
et al. Increased IgG on Cell-Derived Plasma Microparticles in Systemic
Lupus Erythematosus is Associated With Autoantibodies and Complement
Activation. Arthritis Rheumatol (2012) 64(4):1227–36. doi: 10.1002/
art.34381

111. Dieker J, Hilbrands L, Thielen A, Dijkman H, Berden JH, van der Vlag J.
Enhanced Activation of Dendritic Cells by Autologous Apoptotic
Microvesicles in MRL/lpr Mice. Arthritis Res Ther (2015) 17:103. doi:
10.1186/s13075-015-0617-2

112. Radic M, Marion T, Monestier M. Nucleosomes are Exposed at the Cell
Surface in Apoptosis. J Immunol (2004) 172(11):6692–700. doi: 10.4049/
jimmunol.172.11.6692

113. Winberg LK, Nielsen CH, Jacobsen S. Surface Complement C3 Fragments
and Cellular Binding of Microparticles in Patients With SLE. Lupus Sci Med
(2017) 4(1):e000193. doi: 10.1136/lupus-2016-000193

114. Nielsen CT, Ostergaard O, Rekvig OP, Sturfelt G, Jacobsen S, Heegaard NH.
Galectin-3 Binding Protein Links Circulating Microparticles With Electron
Dense Glomerular Deposits in Lupus Nephritis. Lupus (2015) 24(11):1150–
60. doi: 10.1177/0961203315580146

115. Feng D, Zhao WL, Ye YY, Bai XC, Liu RQ, Chang LF, et al. Cellular
Internalization of Exosomes Occurs Through Phagocytosis. Traffic (2010) 11
(5):675–87. doi: 10.1111/j.1600-0854.2010.01041.x
Frontiers in Immunology | www.frontiersin.org 13
116. Fabbri M, Paone A, Calore F, Galli R, Gaudio E, Santhanam R, et al.
MicroRNAs Bind to Toll-Like Receptors to Induce Prometastatic
Inflammatory Response. Proc Natl Acad Sci USA (2012) 109(31):E2110–6.
doi: 10.1073/pnas.1209414109

117. Morelli AE, Larregina AT, Shufesky WJ, Sullivan ML, Stolz DB, Papworth
GD, et al. Endocytosis, Intracellular Sorting, and Processing of Exosomes by
Dendritic Cells. Blood (2004) 104(10):3257–66. doi: 10.1182/blood-2004-03-
0824

118. Christianson HC, Svensson KJ, van Kuppevelt TH, Li JP, Belting M. Cancer
Cell Exosomes Depend on Cell-Surface Heparan Sulfate Proteoglycans for
Their Internalization and Functional Activity. Proc Natl Acad Sci USA (2013)
110(43):17380–5. doi: 10.1073/pnas.1304266110

119. Svensson KJ, Christianson HC, Wittrup A, Bourseau-Guilmain E, Lindqvist
E, Svensson LM, et al. Exosome Uptake Depends on ERK1/2-Heat Shock
Protein 27 Signaling and Lipid Raft-Mediated Endocytosis Negatively
Regulated by Caveolin-1. J Biol Chem (2013) 288(24):17713–24. doi:
10.1074/jbc.M112.445403

120. Rana S, Zöller M. Exosome Target Cell Selection and the Importance of
Exosomal Tetraspanins: A Hypothesis. Biochem Soc Trans (2011) 39(2):559–
62. doi: 10.1042/BST0390559

121. Record M, Carayon K, Poirot M, Silvente-Poirot S. Exosomes as New
Vesicular Lipid Transporters Involved in Cell-Cell Communication and
Various Pathophysiologies. Biochim Biophys Acta (2014) 1841(1):108–20.
doi: 10.1016/j.bbalip.2013.10.004

122. Escola JM, Kleijmeer MJ, Stoorvogel W, Griffith JM, Yoshie O, Geuze HJ.
Selective Enrichment of Tetraspan Proteins on the Internal Vesicles of
Multivesicular Endosomes and on Exosomes Secreted by Human B-
Lymphocytes. J Biol Chem (1998) 273(32):20121–7. doi: 10.1074/
jbc.273.32.20121

123. Heijnen HF, Schiel AE, Fijnheer R, Geuze HJ, Sixma JJ. Activated Platelets
Release Two Types of Membrane Vesicles: Microvesicles by Surface Shedding
and Exosomes Derived From Exocytosis of Multivesicular Bodies and Alpha-
Granules. Blood (1999) 94(11):3791–9. doi: 10.1182/blood.V94.11.3791

124. Rubinstein E, Ziyyat A, Prenant M, Wrobel E, Wolf JP, Levy S, et al. Reduced
Fertility of Female Mice Lacking CD81. Dev Biol (2006) 290(2):351–8. doi:
10.1016/j.ydbio.2005.11.031

125. Zhu GZ, Miller BJ, Boucheix C, Rubinstein E, Liu CC, Hynes RO, et al.
Residues SFQ (173-175) in the Large Extracellular Loop of CD9 are Required
for Gamete Fusion. Development (2002) 129(8):1995–2002. doi: 10.1242/
dev.129.8.1995

126. Hao S, Bai O, Li F, Yuan J, Laferte S, Xiang J. Mature Dendritic Cells Pulsed
With Exosomes Stimulate Efficient Cytotoxic T-Lymphocyte Responses and
Antitumour Immunity. Immunol (2007) 120(1):90–102. doi: 10.1111/j.1365-
2567.2006.02483.x

127. Nolte-'t Hoen EN, Buschow SI, Anderton SM, Stoorvogel W, Wauben MH.
Activated T Cells Recruit Exosomes Secreted by Dendritic Cells via LFA-1.
Blood (2009) 113(9):1977–81. doi: 10.1182/blood-2008-08-174094

128. Hwang I, Shen X, Sprent J. Direct Stimulation of Naive T Cells by Membrane
Vesicles From Antigen-Presenting Cells: Distinct Roles for CD54 and B7
Molecules. Proc Natl Acad Sci USA (2003) 100(11):6670–5. doi: 10.1073/
pnas.1131852100

129. Näslund TI, Paquin-Proulx D, Paredes PT, Vallhov H, Sandberg JK,
Gabrielsson S. Exosomes From Breast Milk Inhibit HIV-1 Infection of
Dendritic Cells and Subsequent Viral Transfer to CD4+ T Cells. Aids
(2014) 28(2):171–80. doi: 10.1097/QAD.0000000000000159

130. Mulcahy LA, Pink RC, Carter DRF. Routes and Mechanisms of Extracellular
Vesicle Uptake. J Extracell Vesicles (2014) 3(1):24641. doi: 10.3402/
jev.v3.24641

131. Zhang Z, Ohto U, Shimizu T. Toward a Structural Understanding of Nucleic
Acid-Sensing Toll-Like Receptors in the Innate Immune System. FEBS Lett
(2017) 591(20):3167–81. doi: 10.1002/1873-3468.12749

132. Majer O, Liu B, Barton GM. Nucleic Acid-Sensing TLRs: Trafficking and
Regulation. Curr Opin Immunol (2017) 44:26–33. doi: 10.1016/
j.coi.2016.10.003

133. Fransen JH, Hilbrands LB, Ruben J, Stoffels M, Adema GJ, van der Vlag J,
et al. Mouse Dendritic Cells Matured by Ingestion of Apoptotic Blebs Induce
T Cells to Produce Interleukin-17. Arthritis rheumatism (2009) 60(8):2304–
13. doi: 10.1002/art.24719
April 2022 | Volume 13 | Article 822995

https://doi.org/10.1038/srep14748
https://doi.org/10.1038/srep14748
https://doi.org/10.1111/cei.12342
https://doi.org/10.1038/ncomms7919
https://doi.org/10.1038/35070009
https://doi.org/10.1042/EBC20170078
https://doi.org/10.1002/mc.22891
https://doi.org/10.1016/j.coi.2019.11.009
https://doi.org/10.1007/s10495-005-2941-5
https://doi.org/10.1152/ajpcell.00158.2016
https://doi.org/10.1093/hmg/dds317
https://doi.org/10.1016/j.yjmcc.2017.09.004
https://doi.org/10.1016/j.yjmcc.2016.12.005
https://doi.org/10.1016/j.yjmcc.2016.12.005
https://doi.org/10.1016/j.jaut.2011.02.001
https://doi.org/10.1002/art.34381
https://doi.org/10.1002/art.34381
https://doi.org/10.1186/s13075-015-0617-2
https://doi.org/10.4049/jimmunol.172.11.6692
https://doi.org/10.4049/jimmunol.172.11.6692
https://doi.org/10.1136/lupus-2016-000193
https://doi.org/10.1177/0961203315580146
https://doi.org/10.1111/j.1600-0854.2010.01041.x
https://doi.org/10.1073/pnas.1209414109
https://doi.org/10.1182/blood-2004-03-0824
https://doi.org/10.1182/blood-2004-03-0824
https://doi.org/10.1073/pnas.1304266110
https://doi.org/10.1074/jbc.M112.445403
https://doi.org/10.1042/BST0390559
https://doi.org/10.1016/j.bbalip.2013.10.004
https://doi.org/10.1074/jbc.273.32.20121
https://doi.org/10.1074/jbc.273.32.20121
https://doi.org/10.1182/blood.V94.11.3791
https://doi.org/10.1016/j.ydbio.2005.11.031
https://doi.org/10.1242/dev.129.8.1995
https://doi.org/10.1242/dev.129.8.1995
https://doi.org/10.1111/j.1365-2567.2006.02483.x
https://doi.org/10.1111/j.1365-2567.2006.02483.x
https://doi.org/10.1182/blood-2008-08-174094
https://doi.org/10.1073/pnas.1131852100
https://doi.org/10.1073/pnas.1131852100
https://doi.org/10.1097/QAD.0000000000000159
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.1002/1873-3468.12749
https://doi.org/10.1016/j.coi.2016.10.003
https://doi.org/10.1016/j.coi.2016.10.003
https://doi.org/10.1002/art.24719
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Rother et al. Microparticles in Autoimmunity
134. Schiller M, Parcina M, Heyder P, Foermer S, Ostrop J, Leo A, et al. Induction
of Type I IFN is a Physiological Immune Reaction to Apoptotic Cell-Derived
Membrane Microparticles. J Immunol (2012) 189(4):1747–56. doi: 10.4049/
jimmunol.1100631

135. Crow MK, Olferiev M, Kirou KA. Type I Interferons in Autoimmune
Disease. Annu Rev Pathol (2019) 14:369–93. doi: 10.1146/annurev-pathol-
020117-043952

136. Pisetsky DS, Lipsky PE. Microparticles as Autoadjuvants in the Pathogenesis
of SLE. Nat Rev Rheumatol (2010) 6(6):368–72. doi: 10.1038/
nrrheum.2010.66

137. Dolan BP, Gibbs KD Jr, Ostrand-Rosenberg S. Dendritic Cells Cross-Dressed
With Peptide MHC Class I Complexes Prime CD8+ T Cells. J Immunol
(2006) 177(9):6018–24. doi: 10.4049/jimmunol.177.9.6018

138. Leone DA, Rees AJ, Kain R. Dendritic Cells and Routing Cargo Into
Exosomes. Immunol Cell Biol (2018) 96(7):683–93. doi: 10.1111/imcb.12170

139. Fehr EM, Spoerl S, Heyder P, Herrmann M, Bekeredjian-Ding I, Blank N,
et al. Apoptotic-Cell-Derived Membrane Vesicles Induce an Alternative
Maturation of Human Dendritic Cells Which is Disturbed in SLE. J
Autoimmun (2013) 40:86–95. doi: 10.1016/j.jaut.2012.08.003

140. Dieker JW, Fransen JH, van Bavel CC, Briand JP, Jacobs CW, Muller S, et al.
Apoptosis-Induced Acetylation of Histones is Pathogenic in Systemic Lupus
Erythematosus. Arthritis Rheumatol (2007) 56(6):1921–33. doi: 10.1002/
art.22646

141. van der Vlag J, Berden JH. Lupus Nephritis: Role of Antinucleosome
Autoantibodies. Semin Nephrol (2011) 31(4):376–89. doi: 10.1016/
j.semnephrol.2011.06.009

142. Thery C, Duban L, Segura E, Veron P, Lantz O, Amigorena S. Indirect
Activation of Naive CD4+ T Cells by Dendritic Cell-Derived Exosomes. Nat
Immunol (2002) 3(12):1156–62. doi: 10.1038/ni854

143. Utsugi-Kobukai S, Fujimaki H, Hotta C, Nakazawa M, Minami M. MHC
Class I-Mediated Exogenous Antigen Presentation by Exosomes Secreted
From Immature and Mature Bone Marrow Derived Dendritic Cells.
Immunol Lett (2003) 89(2-3):125–31. doi: 10.1016/S0165-2478(03)00128-7

144. Enjeti AK, Lincz LF, Seldon M. Microparticles in Health and Disease. Semin
Thromb Hemost (2008) 34(7):683–91. doi: 10.1055/s-0028-1104547

145. Herring JM, McMichael MA, Smith SA. Microparticles in Health and
Disease. J Vet Intern Med (2013) 27(5):1020–33. doi: 10.1111/jvim.12128

146. Porto I, De Maria GL, Di Vito L, Camaioni C, Gustapane M, Biasucci LM.
Microparticles in Health and Disease: Small Mediators, Large Role? Curr
Vasc Pharmacol (2011) 9(4):490–500. doi: 10.2174/157016111796197206

147. Owens AP3rd, Mackman N. Microparticles in Hemostasis and Thrombosis.
Circ Res (2011) 108(10):1284–97. doi: 10.1161/CIRCRESAHA.110.233056

148. Zwicker JI, Trenor CC3rd, Furie BC, Furie B. Tissue Factor-Bearing
Microparticles and Thrombus Formation. Arterioscler Thromb Vasc Biol
(2011) 31(4):728–33. doi: 10.1161/ATVBAHA.109.200964

149. Bidot L, Jy W, Bidot C Jr, Jimenez JJ, Fontana V, Horstman LL, et al.
Microparticle-Mediated Thrombin Generation Assay: Increased Activity in
Patients With Recurrent Thrombosis. J Thromb Haemost (2008) 6(6):913–9.
doi: 10.1111/j.1538-7836.2008.02963.x

150. Park MS, Xue A, Spears GM, Halling TM, Ferrara MJ, Kuntz MM, et al.
Thrombin Generation and Procoagulant Microparticle Profiles After Acute
Trauma: A Prospective Cohort Study. J Trauma Acute Care Surg (2015) 79
(5):726–31. doi: 10.1097/TA.0000000000000839

151. Furie B, Furie BC. Role of Platelet P-Selectin and Microparticle PSGL-1 in
Thrombus Formation. Trends Mol Med (2004) 10(4):171–8. doi: 10.1016/
j.molmed.2004.02.008

152. Boulanger CM, Scoazec A, Ebrahimian T, Henry P, Mathieu E, Tedgui A,
et al. Circulating Microparticles From Patients With Myocardial Infarction
Cause Endothelial Dysfunction. Circulation (2001) 104(22):2649–52. doi:
10.1161/hc4701.100516

153. Vanwijk MJ, Svedas E, Boer K, Nieuwland R, Vanbavel E, Kublickiene KR.
Isolated Microparticles, But Not Whole Plasma, From Women With
Preeclampsia Impair Endothelium-Dependent Relaxation in Isolated
Myometrial Arteries From Healthy Pregnant Women. Am J Obstet
Gynecol (2002) 187(6):1686–93. doi: 10.1067/mob.2002.127905

154. Horn P, Cortese-Krott MM, Amabile N, Hundsdorfer C, Kroncke KD, Kelm
M, et al. Circulating Microparticles Carry a Functional Endothelial Nitric
Frontiers in Immunology | www.frontiersin.org 14
Oxide Synthase That is Decreased in Patients With Endothelial Dysfunction.
J Am Heart Assoc (2012) 2(1):e003764. doi: 10.1161/JAHA.112.003764

155. Donadee C, Raat NJ, Kanias T, Tejero J, Lee JS, Kelley EE, et al. Nitric Oxide
Scavenging by Red Blood Cell Microparticles and Cell-Free Hemoglobin as a
Mechanism for the Red Cell Storage Lesion. Circulation (2011) 124(4):465–
76. doi: 10.1161/CIRCULATIONAHA.110.008698

156. Liu C, Zhao W, Christ GJ, Gladwin MT, Kim-Shapiro DB. Nitric Oxide
Scavenging by Red Cell Microparticles. Free Radic Biol Med (2013) 65:1164–
73. doi: 10.1016/j.freeradbiomed.2013.09.002

157. Mezentsev A, Merks RM, O'Riordan E, Chen J, Mendelev N, Goligorsky MS,
et al. Endothelial Microparticles Affect Angiogenesis In Vitro: Role of
Oxidative Stress. Am J Physiol Heart Circ Physiol (2005) 289(3):H1106–14.
doi: 10.1152/ajpheart.00265.2005

158. Guiducci S, Distler JH, Jungel A, Huscher D, Huber LC, Michel BA, et al. The
Relationship Between Plasma Microparticles and Disease Manifestations in
Patients With Systemic Sclerosis. Arthritis Rheumatol (2008) 58(9):2845–53.
doi: 10.1002/art.23735

159. Thulin A, Christersson C, Alfredsson J, Siegbahn A. Circulating Cell-Derived
Microparticles as Biomarkers in Cardiovascular Disease. biomark Med
(2016) 10(9):1009–22. doi: 10.2217/bmm-2016-0035

160. Tushuizen ME, Diamant M, Sturk A, Nieuwland R. Cell-Derived
Microparticles in the Pathogenesis of Cardiovascular Disease: Friend or
Foe? Arterioscler Thromb Vasc Biol (2011) 31(1):4–9. doi: 10.1161/
ATVBAHA.109.200998

161. Stok U, Cucnik S, Sodin-Semrl S, Zigon P. Extracellular Vesicles and
Antiphospholipid Syndrome: State-Of-the-Art and Future Challenges. Int J
Mol Sci (2021) 22(9):4689. doi: 10.3390/ijms22094689

162. Vikerfors A, Mobarrez F, Bremme K, Holmstrom M, Agren A, Eelde A, et al.
Studies of Microparticles in Patients With the Antiphospholipid Syndrome
(APS). Lupus (2012) 21(7):802–5. doi: 10.1177/0961203312437809

163. Dignat-George F, Camoin-Jau L, Sabatier F, Arnoux D, Anfosso F, Bardin N,
et al. Endothelial Microparticles: A Potential Contribution to the Thrombotic
Complications of the Antiphospholipid Syndrome. Thromb Haemost (2004)
91(4):667–73. doi: 10.1160/TH03-07-0487

164. Ford I, Urbaniak S, Greaves M. IgG From Patients With Antiphospholipid
Syndrome Binds to Platelets Without Induction of Platelet Activation. Br J
Haematol (1998) 102(3):841–9. doi: 10.1046/j.1365-2141.1998.00841.x

165. Nomura S, Inami N, Ozaki Y, Kagawa H, Fukuhara S. Significance of
Microparticles in Progressive Systemic Sclerosis With Interstitial
Pneumonia. Platelets (2008) 19(3):192–8. doi: 10.1080/09537100701882038

166. Leleu D, Levionnois E, Laurent P, Lazaro E, Richez C, Duffau P, et al.
Elevated Circulatory Levels of Microparticles Are Associated to Lung
Fibrosis and Vasculopathy During Systemic Sclerosis. Front Immunol
(2020) 11:532177. doi: 10.3389/fimmu.2020.532177

167. Kavian N, Marut W, Servettaz A, Nicco C, Chereau C, Lemarechal H, et al.
Pantethine Prevents Murine Systemic Sclerosis Through the Inhibition of
Microparticle Shedding. Arthritis Rheumatol (2015) 67(7):1881–90. doi:
10.1002/art.39121

168. Penet MF, Abou-Hamdan M, Coltel N, Cornille E, Grau GE, de Reggi M,
et al. Protection Against Cerebral Malaria by the Low-Molecular-Weight
Thiol Pantethine. Proc Natl Acad Sci USA (2008) 105(4):1321–6. doi:
10.1073/pnas.0706867105

169. Sellam J, Proulle V, Jungel A, Ittah M, Miceli Richard C, Gottenberg JE, et al.
Increased Levels of Circulating Microparticles in Primary Sjogren's
Syndrome, Systemic Lupus Erythematosus and Rheumatoid Arthritis and
Relation With Disease Activity. Arthritis Res Ther (2009) 11(5):R156. doi:
10.1186/ar2833

170. Kapsogeorgou EK, Abu-Helu RF, Moutsopoulos HM, Manoussakis MN.
Salivary Gland Epithelial Cell Exosomes: A Source of Autoantigenic
Ribonucleoproteins. Arthritis Rheumatol (2005) 52(5):1517–21. doi:
10.1002/art.21005

171. Rodriguez-Carrio J, Alperi-Lopez M, Lopez P, Alonso-Castro S, Carro-
Esteban SR, Ballina-Garcia FJ, et al. Altered Profile of Circulating
Microparticles in Rheumatoid Arthritis Patients. Clin Sci (Lond) (2015)
128(7):437–48. doi: 10.1042/CS20140675

172. Michael B, Misra D, Chengappa K, Negi V. Relevance of Elevated
Microparticles in Peripheral Blood and Synovial Fluid of Patients With
April 2022 | Volume 13 | Article 822995

https://doi.org/10.4049/jimmunol.1100631
https://doi.org/10.4049/jimmunol.1100631
https://doi.org/10.1146/annurev-pathol-020117-043952
https://doi.org/10.1146/annurev-pathol-020117-043952
https://doi.org/10.1038/nrrheum.2010.66
https://doi.org/10.1038/nrrheum.2010.66
https://doi.org/10.4049/jimmunol.177.9.6018
https://doi.org/10.1111/imcb.12170
https://doi.org/10.1016/j.jaut.2012.08.003
https://doi.org/10.1002/art.22646
https://doi.org/10.1002/art.22646
https://doi.org/10.1016/j.semnephrol.2011.06.009
https://doi.org/10.1016/j.semnephrol.2011.06.009
https://doi.org/10.1038/ni854
https://doi.org/10.1016/S0165-2478(03)00128-7
https://doi.org/10.1055/s-0028-1104547
https://doi.org/10.1111/jvim.12128
https://doi.org/10.2174/157016111796197206
https://doi.org/10.1161/CIRCRESAHA.110.233056
https://doi.org/10.1161/ATVBAHA.109.200964
https://doi.org/10.1111/j.1538-7836.2008.02963.x
https://doi.org/10.1097/TA.0000000000000839
https://doi.org/10.1016/j.molmed.2004.02.008
https://doi.org/10.1016/j.molmed.2004.02.008
https://doi.org/10.1161/hc4701.100516
https://doi.org/10.1067/mob.2002.127905
https://doi.org/10.1161/JAHA.112.003764
https://doi.org/10.1161/CIRCULATIONAHA.110.008698
https://doi.org/10.1016/j.freeradbiomed.2013.09.002
https://doi.org/10.1152/ajpheart.00265.2005
https://doi.org/10.1002/art.23735
https://doi.org/10.2217/bmm-2016-0035
https://doi.org/10.1161/ATVBAHA.109.200998
https://doi.org/10.1161/ATVBAHA.109.200998
https://doi.org/10.3390/ijms22094689
https://doi.org/10.1177/0961203312437809
https://doi.org/10.1160/TH03-07-0487
https://doi.org/10.1046/j.1365-2141.1998.00841.x
https://doi.org/10.1080/09537100701882038
https://doi.org/10.3389/fimmu.2020.532177
https://doi.org/10.1002/art.39121
https://doi.org/10.1073/pnas.0706867105
https://doi.org/10.1186/ar2833
https://doi.org/10.1002/art.21005
https://doi.org/10.1042/CS20140675
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Rother et al. Microparticles in Autoimmunity
Rheumatoid Arthritis. Indian J Rheumatol (2018) 13(4):222–8. doi: 10.4103/
injr.injr_101_18

173. Berckmans RJ, Nieuwland R, Tak PP, Boing AN, Romijn FP, Kraan MC, et al.
Cell-Derived Microparticles in Synovial Fluid From Inflamed Arthritic Joints
Support Coagulation Exclusively via a Factor VII-Dependent Mechanism.
Arthritis Rheumatol (2002) 46(11):2857–66. doi: 10.1002/art.10587

174. Berckmans RJ, Nieuwland R, Kraan MC, Schaap MC, Pots D, Smeets TJ,
et al. Synovial Microparticles From Arthritic Patients Modulate Chemokine
and Cytokine Release by Synoviocytes. Arthritis Res Ther (2005) 7(3):R536–
44. doi: 10.1186/ar1706

175. Burbano C, Rojas M, Munoz-Vahos C, Vanegas-Garcia A, Correa LA,
Vasquez G, et al. Extracellular Vesicles are Associated With the Systemic
Inflammation of Patients With Seropositive Rheumatoid Arthritis. Sci Rep
(2018) 8(1):17917. doi: 10.1038/s41598-018-36335-x

176. Brogan PA, Dillon MJ. Endothelial Microparticles and the Diagnosis of the
Vasculitides. Intern Med (2004) 43(12):1115–9. doi: 10.2169/
internalmedicine.43.1115

177. Miao D, Ma T-T, Chen M, Zhao M-H. Platelets Release Proinflammatory
Microparticles in Anti-Neutrophil Cytoplasmic Antibody-Associated
Vasculitis . Rheumatology (2019) 58(8):1432–42. doi: 10.1093/
rheumatology/kez044

178. Erdbruegger U, GrossheimM, Hertel B, Wyss K, Kirsch T, Woywodt A, et al.
Diagnostic Role of Endothelial Microparticles in Vasculitis. Rheumatol
(Oxford) (2008) 47(12):1820–5. doi: 10.1093/rheumatology/ken373

179. Brogan PA, Shah V, Brachet C, Harnden A, Mant D, Klein N, et al.
Endothelial and Platelet Microparticles in Vasculitis of the Young.
Arthritis Rheumatol (2004) 50(3):927–36. doi: 10.1002/art.20199

180. Pisetsky DS, Gauley J, Ullal AJ. Microparticles as a Source of Extracellular
DNA. Immunol Res (2011) 49(1-3):227–34. doi: 10.1007/s12026-010-8184-8

181. Ullal AJ, Marion TN, Pisetsky DS. The Role of Antigen Specificity in the
Binding of Murine Monoclonal Anti-DNA Antibodies to Microparticles
From Apoptotic Cells. Clin Immunol (2014) 154(2):178–87. doi: 10.1016/
j.clim.2014.05.007

182. Munoz LE, van Bavel C, Franz S, Berden J, Herrmann M, van der Vlag J.
Apoptosis in the Pathogenesis of Systemic Lupus Erythematosus. Lupus
(2008) 17(5):371–5. doi: 10.1177/0961203308089990

183. Rekvig OP, van der Vlag J. The Pathogenesis and Diagnosis of Systemic
Lupus Erythematosus: Still Not Resolved. Semin Immunopathol (2014) 36
(3):301–11. doi: 10.1007/s00281-014-0428-6

184. Pieterse E, van der Vlag J. Breaking Immunological Tolerance in Systemic
Lupus Erythematosus. Front Immunol (2014) 5:164. doi: 10.3389/
fimmu.2014.00164
Frontiers in Immunology | www.frontiersin.org 15
185. van Bavel CC, Dieker J, Muller S, Briand JP, Monestier M, Berden JH, et al.
Apoptosis-Associated Acetylation on Histone H2B is an Epitope for Lupus
Autoantibodies. Mol Immunol (2009) 47(2-3):511–6. doi: 10.1016/
j.molimm.2009.08.009

186. van Bavel CC, Dieker JW, Kroeze Y, Tamboer WP, Voll R, Muller S, et al.
Apoptosis-Induced Histone H3 Methylation is Targeted by Autoantibodies
in Systemic Lupus Erythematosus. Ann Rheum Dis (2011) 70(1):201–7. doi:
10.1136/ard.2010.129320

187. Nielsen CT, Ostergaard O, Rasmussen NS, Jacobsen S, Heegaard NHH. A
Review of Studies of the Proteomes of Circulating Microparticles: Key Roles
for Galectin-3-Binding Protein-Expressing Microparticles in Vascular
Diseases and Systemic Lupus Erythematosus. Clin Proteomics (2017) 14:11.
doi: 10.1186/s12014-017-9146-0

188. Wiklander OPB, Nordin JZ, O'Loughlin A, Gustafsson Y, Corso G, Mäger I,
et al. Extracellular Vesicle In Vivo Biodistribution is Determined by Cell
Source, Route of Administration and Targeting. J Extracell Vesicles (2015)
4:26316. doi: 10.3402/jev.v4.26316

189. Han C, Wang C, Chen Y, Wang J, Xu X, Hilton T, et al. Placenta-Derived
Extracellular Vesicles Induce Preeclampsia in Mouse Models. Haematol
(2020) 105(6):1686–94. doi: 10.3324/haematol.2019.226209

190. Verderio C, Muzio L, Turola E, Bergami A, Novellino L, Ruffini F, et al.
Myeloid Microvesicles are a Marker and Therapeutic Target for
Neuroinflammation. Ann Neurol (2012) 72(4):610–24. doi: 10.1002/
ana.23627

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Rother, Yanginlar, Pieterse, Hilbrands and van der Vlag. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
April 2022 | Volume 13 | Article 822995

https://doi.org/10.4103/injr.injr_101_18
https://doi.org/10.4103/injr.injr_101_18
https://doi.org/10.1002/art.10587
https://doi.org/10.1186/ar1706
https://doi.org/10.1038/s41598-018-36335-x
https://doi.org/10.2169/internalmedicine.43.1115
https://doi.org/10.2169/internalmedicine.43.1115
https://doi.org/10.1093/rheumatology/kez044
https://doi.org/10.1093/rheumatology/kez044
https://doi.org/10.1093/rheumatology/ken373
https://doi.org/10.1002/art.20199
https://doi.org/10.1007/s12026-010-8184-8
https://doi.org/10.1016/j.clim.2014.05.007
https://doi.org/10.1016/j.clim.2014.05.007
https://doi.org/10.1177/0961203308089990
https://doi.org/10.1007/s00281-014-0428-6
https://doi.org/10.3389/fimmu.2014.00164
https://doi.org/10.3389/fimmu.2014.00164
https://doi.org/10.1016/j.molimm.2009.08.009
https://doi.org/10.1016/j.molimm.2009.08.009
https://doi.org/10.1136/ard.2010.129320
https://doi.org/10.1186/s12014-017-9146-0
https://doi.org/10.3402/jev.v4.26316
https://doi.org/10.3324/haematol.2019.226209
https://doi.org/10.1002/ana.23627
https://doi.org/10.1002/ana.23627
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Microparticles in Autoimmunity: Cause or Consequence of Disease?
	Introduction to Microparticles
	Experimental Techniques to Isolate, Quantify and Characterize MPs
	Parameters That Influence the Analysis of MPs
	Different Methods to Isolate MPs
	Analysis of MP Numbers and Cellular Origin

	MPs and Cell Death
	Interaction of MPs With Immune Cells
	Fusion of MPs With Target Cells
	Binding of Antibodies to MPs
	Endocytosis of MPs
	Antigen Presentation Facilitated by MPs

	The Deleterious Properties of MPs in Disease
	MPs Are Pro-Coagulant
	MPs Cause Endothelial Dysfunction

	MPs in Autoimmune Diseases
	Antiphospholipid Syndrome
	Systemic Sclerosis
	Primary Sj&ouml;gren’s Syndrome
	Rheumatoid Arthritis
	Vasculitis
	Systemic Lupus Erythematosus

	Concluding Remarks
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


