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Introduction

The pathological mechanisms underlying the development and maintenance of
rheumatoid arthritis (RA) are incompletely understood, but broadly involve
persistent joint inflammation that can lead to irreversible joint damage. In recent
years, extracellular vesicles (EVs) have attracted increasing attention for

potential roles in inflammation, including in inflammatory arthritis (1).

EVs are released from cells and are found in all types of bodily fluids. They are
typically classified as exosomes, microvesicles or apoptotic bodies, according to
the mode of biogenesis (Fig. 1). Exosomes and microvesicles are continually
released from cells, whereas apoptotic bodies are released only as cells undergo
apoptosis. The majority of research investigating EVs has been on exosomes
and microvesicles and these will be the focus of this review. Having said that,
EV nomenclature tends to be inconsistent within the literature, since it is
technically difficult to isolate specific classes of EV, leading to methodological
variability and a lack of consensus on not only optimal isolation techniques, but
also what types of EVs are enriched (2). To ensure consistency within this
review, we have therefore reviewed the isolation techniques within each study
and-adopted a consistent nomenclature. If a technique does not convincingly

enrichfor a particular class of EV, the general term EV is used.

EVs contain a heterogeneous collection of proteins, RNAs and lipids, which
reflect the state of the particular cells from which EVs are derived. Interactions
between EVs and other cells can occur in several ways (Fig. 2), enabling the
molecular cargo of an EV to exert functional effects on recipient cells. It is clear
that EVs can deliver molecules which drive disease. For example, EVs have
been implicated in neurodegenerative disease through traffic of infectious, prion-
like proteins (reviewed in (3)), and in cancer through the transfer of oncoproteins
to promote metastasis (4). EVs can also functionally impact recipient cells
though the transfer of RNAs, such as micro RNAs (miRNAs), which can influence
expression of target genes, including those involved in inflammatory processes
(5, 6).
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In the context of inflammation, EVs have been shown to exert both pro- and anti-
inflammatory effects. For example, exosomes from heat-stressed hepatocytes
potently stimulate TNF-a expression in recipient macrophages via exosome-
associated HSP70 (7). Similarly, EVs from neuronal stem/precursor cells
exposed to Th1 cytokines can activate STAT1 signalling via the delivery of EV-
bound IFN-y to its cognate receptor on recipient cells (8). Moreover, exosomes
purified from human amniotic fluid or malignant ascites fluid can promote STAT3
and NFkB signalling in recipient monocytes, through activation of the Toll-like
receptors, TLR2 and TLR4, leading to the release of cytokines such as TNF-aa,
IL-18 and IL-6 (9). Similarly, exosomes derived from tumour cells contain
specific miRNAs that act as agonists for endosomal Toll-like receptors in
recipient immune cells (10). In contrast, some EVs have anti-inflammatory
effects. SOCS family proteins are key suppressors of inflammation through
inhibition of JAK-STAT signalling (11). Exosomes and microvesicles isolated
from alveolar macrophages contain SOCS1 and SOCS3 respectively, both of
which:can attenuate STAT signalling (12). EVs derived from malignant ascites
fluid can promote CD25 and FOXP3 expression in recipient T cells, leading to the
expansion of immunosuppressive, regulatory cells that release inhibitory

cytokines and increase resistance to apoptosis (13).

Separate to biological effects, EVs are also proving to be an important source of
novel-biomarkers, as the molecular cargo of EVs provides information about the
cell of origin. Released EVs can be isolated from readily accessible fluids such
as blood and urine. Together, these properties make EVs well suited as sources
of biomarkers, as elegantly demonstrated by the finding of cancer-specific mMRNA
in.serum microvesicles isolated from patients with glioblastoma (14). More
recently, serum exosomes containing glypican-1 were found to distinguish
between patients with pancreatic cancer, those with benign pancreatic disease
and healthy controls with absolute sensitivity and specificity. Interestingly, the
presence of glypican-1 in circulating exosomes preceded the MRI-detectable
appearance of lesions in a mouse model of pancreatic cancer, prompting hope

that exosomal glypican-1 might form the basis for an early diagnostic test (15).
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Indeed, there is now optimism regarding the use of exosomes for “liquid biopsies”
in the oncology field, and the first exosome-based diagnostic test was recently
brought to market. Exosomal biomarkers may also be useful outside of
oncology;; Cheng et al. recently showed that serum EV miRNAs distinguished
patients with Alzheimer’'s disease from healthy controls, with high sensitivity and
specificity. Moreover, this miRNA signature also showed promise in identifying
apparently healthy subjects who developed Alzheimer’s disease at a later stage
16).

Therapeutically, exosomes are being investigated for drug delivery, taking
advantage of a natural role in transporting biological cargo between cells within
the'body. For example, siRNA based therapies have undergone clinical trials for
a broad range of human diseases, but delivery has proven challenging for a
variety of reasons, including extracellular RNases that rapidly degrade RNA and
difficulty with specific targeting to the desired tissue or cell type. In this regard,
EVs not only offer protection from RNases via a lipid membrane, but can also be
modified to express surface proteins that allow targeting. As an example,
exosomes have been loaded with siRNAs against BACE1, a therapeutic target in
Alzheimer’s disease, and then successfully targeted to neurons after being
engineered to express the neuron-specific peptide RVG. Intravenous injection of
these exosomes into mice successfully knocked down BACE1 expression within
the brain (17). Similarly, another group used EVs displaying a peptide sequence
that acts as an EGFR ligand to specifically target EGFR expressing breast
cancer cells, with inhibition of tumour development in mice via delivery of a
synthetic small RNA cargo (18). Finally, it is worth noting that the ability of EVs
to deliver a defined molecular cargo to specific sites is analogous to liposome-
based pharmaceuticals. Liposomes are small vesicles generated from synthetic
lipid formulations. Liposomes can be engineered to express specific surface
molecules for cellular targeting and to carry defined cargo (19). Currently, there
are a number of therapies available that make use of liposomal delivery methods
(20). For example, Doxil® uses a liposomal delivery system to improve the

targeting of doxorubicin to tumour cells, and has FDA approval for treatment of
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Kaposi's sarcoma, ovarian cancer, metastatic breast cancer and multiple

myeloma (21). Clinical trials involving liposomes or EVs are in progress (19, 22).
Origin and abundance of EVs in arthritis

Synovial fluid contains EVs that originate from a variety of local and infiltrating
cells within the synovial joint. In one study, platelet-derived EVs were identified
as..the most abundant type of EVs in synovial fluid from RA and other
inflammatory arthritides, and were shown to be scarce in synovial fluid obtained
from patients with non-inflammatory osteoarthritis (OA) (23). However,
Berckmans et al. reported that the most abundant microvesicles in both RA and
non-RA synovial fluid were derived from granulocytes and monocytes, with
platelet-derived microvesicles only detectable at low levels (24). Consistent with
this, Headland et al. found high levels of neutrophil-derived EVs in RA synovial
fluid (25). Meanwhile, another group observed that the majority of EVs in RA
synovial fluid were derived from B and T cells, and noted that the levels of EVs
derived from T cells in RA synovial fluid were elevated when compared with OA
and strongly correlated with levels of rheumatoid factor (26). Conflicting reports
such as these could be due to methodological factors — including variations in
collection, isolation and analysis of EVs (Table 1). For example, Boilard and
colleagues demonstrated that platelet-derived EVs are more readily detected
through the presence of CD41, as opposed to CD61 (23), which was used by
Berckmans et al. (24) and this might explain their lower estimates. Moreover,
methods to avoid platelet activation and aggregation were not uniformly
employed across all of these studies. Such inconsistencies highlight the
importance of detailed method reporting in studies involving EVs, as well as the
inherent limitations that result from an absence of standardised isolation and

analysis techniques (27, 28).

In terms of abundance, there have been suggestions that RA promotes an
increase in EV numbers within the synovial fluid. For example, increased EV
concentrations have been observed in synovial fluid from individuals with RA
compared to psoriatic arthritis (PsA), but not OA (26, 29). In this situation, EV
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abundance in synovial fluid appears a function of cellular activation state rather
than cell number as indicated by poor correlations between the numbers of EV
and cell counts (26). Treatment of fibroblast-like synoviocytes (FLS) derived
from an RA joint with TNF resulted in a large increases in exosome production,
whereas FLS derived from an OA joint exhibited minimal release in response to
TNF (30). Similarly, normal human FLS have been observed to increase EV

production in response to IL-1p stimulation (31).

Whether circulating EVs found within the systemic circulation change in RA is
unclear. For instance, one study found that plasma from RA patients contained
increased numbers of EVs as well as higher proportions of platelet-derived EVs
when compared to healthy controls (32), but another group failed to detect any
differences (33). Interestingly, disease-modifying anti-rheumatic drug (DMARD)
treatment has been shown to affect circulating microvesicles (34). Specifically, a
decrease in the proportion of plasma microvesicles of platelet, monocyte, B, T
and.-endothelial origin in RA patients was observed following 4 weeks of
treatment with methotrexate, sulphasalazine and prednisone, and similar
changes were also observed in urine. Consistent with this, the authors reported
a significant correlation between disease activity and the proportion of plasma
and urine microvesicles of platelet, monocyte, B, T and endothelial cell origin.
Interestingly, the overall numbers of circulating EVs did not change during
DMARD therapy in this study (34). However, others have reported that the
number of microvesicles was not significantly different after 8 weeks of treatment
with methotrexate, sulphasalazine and prednisolone, despite a reduction in
disease activity (35), and plasma platelet-derived EVs numbers were not
significantly altered in patients who had undergone treatment with
immunosuppressive or biological drugs compared to untreated patients (32).

EVs as drivers of joint inflammation and destruction

In RA, FLS play key roles in promoting tissue inflammation and damage.
Exosomes derived from RA FLS may augment these effector functions, including
multiple effects on activated CD4" T cells, such as: reducing activation-induced
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cell death; promoting release of IFN-y and IL-2 from these cells; increasing
activity of NF-kB and Akt; and inhibiting caspase-3 and caspase-8 cleavage.
These effects were reversed by TNF inhibition (30). EVs isolated from RA FLS
have also been associated with degradation of bone and cartilage through direct
metalloproteinase activity (36) but also by autocrine induction of matrix
metalloproteinase 1 (MMP-1) release from FLS (30). Consistent with this,
another group observed that TNF stimulation of RA FLS increased secretion of
exosomal miR-221-3p, which negatively regulates bone formation (37), while
EVs from normal human FLS stimulated with IL-1 promoted release of
glycosaminoglycans from cartilage (31). Finally, exosomes derived from RA (but
not OA FLS) contained a membrane-bound form of TNF that can activate NF-kB

pathway signalling in recipient FLS in an autocrine, TNF dependent fashion (30).

As well as acting as a source of EVs, RA FLS can be targets for EVs derived
from other cells. For example, upon treatment with EVs from activated T cells
and-monocytes, RA FLS display increased release of not only MMPs, but also
cytokines and chemokines, such as IL-6, IL-8, MCP-1, and MCP-2. Interestingly,
similar.results were observed by stimulating OA FLS and non-diseased FLS,
suggesting that FLS are inherently equipped to respond to pro-inflammatory
signals from EVs (38). Another group found that exposure of FLS to EVs
isolated from RA synovial fluid results in increased transcription of chemokines
CXCL-1, CXCL-2, CXCL-3, CXCL-5, and CXCL-6 genes (39). Consistent with
this finding, supernatant from FLS treated with EVs caused chemokine-induced

migration of human microvascular endothelial cells and angiogenesis in vivo (39).

Although somewhat controversial, as noted earlier, platelet-derived EVs have
been reported in the synovial fluid of inflamed joints and thus may contribute to
the development of RA. Evidence for this was provided by Boilard et al. who
found that platelet-derived EVs from RA synovial fluid caused activation of FLS
via the IL-1 receptor and subsequent release of IL-6 and IL-8 (23). Both IL-1a
and IL-18 were associated with RA synovial fluid platelet-derived EVs, but IL-1a
was more abundant and was found on the surface of platelet-derived EVs.

John Wiley & Sons
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Importantly, blocking both IL-1a and IL-18 was required to prevent FLS
activation.  Interestingly, this study also identified the collagen receptor
glycoprotein VI as an important mediator in the genesis of platelet-derived EVs
and — in a finding that might be exploited for therapeutic purposes — showed that
loss of glycoprotein VI significantly reduced arthritic symptoms in the K/BxN
serum transfer mouse model of RA (23). More recently, using the K/BxN serum
transfer model, Duchez et al. reported that platelet-derived EVs intravenously
injected are preferentially taken up by activated joint neutrophils and that this
internalisation is dependent on both platelet-type 12-LO (an enzyme required for
metabolising arachidonic acid) and sPLA»-IlIA (an enzyme involved in releasing
lysophospholipids and fatty acids from EV phospholipids) (40). Strikingly, mouse
recipients of K/BxN serum developed more pronounced joint inflammation when
both 12-LO and sPLA,-IIA were present, providing further support to a

pathogenic role for platelet-derived EVs in arthritis.

EVs may be functionally important, even if the cell of origin is unclear. For
example, RA synovial fluid EVs have elevated levels of receptor activator of NF-
kB (RANK) and RANK-ligandLigand, which can drive osteoclast activity and bone
destruction (26). Microvesicles from the plasma of RA patients with high disease
activity induced the release of pro-inflammatory IL-1, TNF-a, and IL-17 from
autologous peripheral blood mononuclear cells (34). Microvesicles from RA
plasma also contained elevated levels of C1q, suggesting that circulating
microvesicles in RA propagate inflammation through transport of complement

components (35).

Immune complexes play an important pathogenic role in RA. EVs can form
macromolecular structures in association with immune complexes and such
complexes may contribute to joint inflammation. Cloutier et al. identified EV-
immune complex aggregates in RA synovial fluid using high-resolution flow
cytometry and transmission electron microscopy, which revealed — in addition to
the standard microvesicle population of ~100-300 nm in diameter — larger
structures ~700-3,000 nm in diameter that consisted of both microvesicles and

immune complexes (29). This was in contrast to synovial fluid from patients with
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psoriatic arthritis, which contained a single distinct population of 100-300 nm
microvesicles. The majority of immune complexes in RA synovial fluid were
associated with microvesicles (including platelet-derived microvesicles), and
contained citrullinated autoantigens, such as vimentin and fibrinogen. Platelet-
derived microvesicles containing citrullinated proteins bound IgG from RA
synovial fluid, but not IgG from psoriatic arthritis synovial fluid, to form
microvesicle-immune complex structures in vitro, suggesting that anti-citrullinated
protein. antibodies in RA synovial fluid facilitate the formation of microvesicle-
immune complexes. (29). Upon incubation with microvesicle-immune complexes
isolated from RA synovial fluid, human neutrophils released pro-inflammatory
leukotrienes more robustly compared to incubation with microvesicles alone (29).
Whether synovial fluid exosomes are also able to complex with immune
complexes remains unknown, but the observation that synovial fluid exosomes

also contain citrullinated peptides suggests this possibility (41).

Drawing together the above findings, we propose a model (Fig. 3) wherein
immune cells infiltrate the RA joint and — in conjunction with resident
synoviocytes such as FLS — release large numbers of EVs into the synovial
tissue and surrounding synovial fluid. Subsequently, synovial fluid EVs might
trigger synoviocytes to release pro-inflammatory cytokines and chemokines that
promote cell proliferation and survival as well as angiogenesis, leading to further
immune cell infiltration. In this way, a positive feedback loop mediated by EVs

might sustain joint inflammation.
Protective roles for EVs during joint inflammation

Although much work on EVs in RA indicates a pro-inflammatory role for EVs,
there is also growing evidence that EVs protect joints. For example, Martinez-
Lorenzo et al. found that the depletion of EVs abrogated the ability of synovial
fluid to induce cell death in immortalised T cells, suggesting that EVs might play
a role in limiting T cell driven inflammation (42). These investigators observed
that synovial fluid from RA patients contains relatively few exosomes compared

to synovial fluid from patients with traumatic arthritis and that RA synovial fluid
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displays a correspondingly reduced ability to initiate apoptosis in synovial T-cells
(42). Meanwhile, Headland et al. described a role for neutrophil-derived EVs in
mitigating cartilage damage (25). They showed that neutrophil-derived EVs
contain the anti-inflammatory protein Annexin A1 and are present in high
abundance in RA synovial fluid. Neutrophils derived from healthy blood were
stimulated with TNF-a, and EVs similar to those found in RA synovial fluid were
generated. These EVs were able to act upon chondrocytes to limit IL-13
mediated repression of cartilage matrix proteins, increase transcription of TGF-
B1 (which stimulates extracellular matrix accumulation), inhibit release of IL-8
and PGE, (which are involved in cartilage degradation), and limit chondrocyte
apoptosis. Blocking the Annexin A1 receptor, FPR2/ALX, abrogated these
protective effects, providing further support for the importance of EV-bound
Annexin A1. Interestingly, using rat cartilage explants, the authors showed that
neutrophil-derived EVs migrate into cartilage, and that this migration was more
pronounced when cartilage was pre-stimulated with IL-13, whereas monocyte-
derived EVs did not migrate into cartilage. Furthermore, in mouse models of RA,
intra=articular injections of EVs from TNF-stimulated neutrophils abrogated loss
of sulphated glycosaminoglycans from cartilage, while mice deficient in
TMEM16F (a protein involved in EV formation) had greater loss of sulphated
glycosaminoglycans (25). Taken together, these findings support a model (Fig.
3) wherein inflammation within cartilage might facilitate infiltration of neutrophil-
derived EVs, which could interact with recipient chondrocytes and protect against
further cartilage degradation in RA. Such a model obviously runs counter to a
large body of evidence indicating that neutrophils act to promote inflammation
and joint damage, but is consistent with recent work indicating an important role

for neutrophils in resolving inflammation (43).

EVs may also help to protect joints in conditions other than RA. In one recent
study, neutrophil-derived EVs hastened the resolution of gout (44). Specifically,
Cumpelik and colleagues observed that in a monosodium urate (MSU) induced
murine model of gout, an increase in IL-1p was closely followed by an increase in

neutrophil-derived EVs. It has previously been shown that MSU-induced IL-113
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production via the inflammasome is regulated by complement C5a (45), and
Cumpelik et al. interestingly discovered that neutrophil-derived EVs from human
gout exudates suppressed complement C5a-mediated inflammasome activation
in_recipient macrophages (44). This suggests a negative feedback model
wherein neutrophil-derived EVs help to limit the extent of joint inflammation.
Along similar lines, EVs derived from mature osteoclasts have been found to
inhibit osteoclast differentiation in 1,25-dihydroxyvitamin D3 stimulated bone
marrow cultures (46). In this case, inhibition was paradoxically dependent on
the presence of EV-associated RANK, which may competitively bind RANKL and
thereby prevent RANK-RANKL interactions in precursor cells to attenuate
osteoclast differentiation (46). Finally, EVs may also help to promote joint repair,
since intra-articular injection of exosomes from mesenchymal stem cells — which
have important roles in tissue repair (47, 48) and are normally found within the
synovium (49, 50) — was demonstrated to promote cartilage repair in a rat model

of osteochondral damage (51).

Finally, EVs might also facilitate the beneficial effects of some arthritis therapies.
In one. study of immortalised synovial cells, treatment with methotrexate and
sulfasalazine induced changes in the protein content of released exosomes (52).
Interestingly, many of the altered exosomal proteins had immunosuppressive
functions, raising the possibility that treatment-induced EVs might augment the

response to certain DMARDSs.
EVs as biomarkers in arthritis

As noted earlier, EVs are proving of interest as novel biomarkers in a variety of
diseases. One study in RA identified dysregulated long noncoding RNAs —
HOTAIR and LUST — in circulating exosomes obtained from the serum of
patients with established RA, compared to healthy donors (53). Other circulating
biomarker studies in RA have focused on miRNAs, but these all assessed total
serum or plasma RNA, without enriching for EVs. Given that the majority of
circulating miRNAs in plasma and serum are associated with EVs and methods

used to isolate circulating miRNAs also enrich for EV miRNAs (54, 55), these
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studies only provide indirect information on EV miRNA content. Several
circulating miRNAs appear to be promising biomarkers in RA. For example, one
study identified three miRNAs — miR-24, miR-30a-5p and miR-125a-5p — that in
combination were able to differentiate patients with RA from healthy controls and
patients with systemic lupus erythematosus or OA. Furthermore, miR-24
levels were found to correlate with the disease activity score (DAS-28), C-
reactive protein, visual analogue pain scales and erythrocyte sedimentation rate
(56).

Other studies show that circulating miRNAs might help to predict the response to
biologic agents. For example, levels of miR-23-3p and miR-223-3p in serum
were good indicators of response to anti-TNFa/DMARD combination therapy
(57), while high pre-treatment serum levels of miR-125b were associated with a
good clinical response to rituximab (58). Inclusion of an EV purification step in
such - miRNA biomarker studies might enrich for disease-specific miRNAs and
improve the signal-to-noise ratio by eliminating more abundant circulating RNAs
(e.g. ribosomal RNA) (55).

Apart from RNA, other components of EVs, such as protein, lipids and
metabolites might also prove to be useful biomarkers in RA, but minimal research

has been conducted to date in this area.
Therapeutic use of EVs in inflammatory joint disease

Engineering of EVs for treatment of inflammatory joint disease is currently being
explored using several different approaches in pre-clinical animal models (Fig.
4). In the collagen-induced arthritis (CIA) mouse model, intravenous injection of
exosomes from bone marrow dendritic cells (BMDCs) — either transduced to
express a viral-encoded homologue of IL-10, or treated with recombinant murine
IL-10 — dramatically repressed the onset of arthritis (59). Moreover, these
exosomes were also able to reduce the severity of established CIA.
Interestingly, these effects were not observed with injection of IL-10, suggesting
that the role of IL-10 might not be as a direct ligand in vivo, but rather to promote

the production of anti-inflammatory exosomes (59). Similar results in CIA have
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been observed using a single systemic injection of EVs generated from BMDCs
genetically engineered to express Fas Ligand, IL-4, the immunosuppressing
enzyme indoleamine 2,3-dioxygenase, or its inducer, cytotoxic T lymphocyte-
associated antigen-4-immunoglobulin (60).

Loading of EVs with other anti-inflammatory molecules may hold promise for the
treatment of joint inflammation. For example, recent work suggests that EVs
containing SOCS proteins may regulate pro-inflammatory STAT signalling, which
is increased in RA. Exposing alveolar macrophages to IL-10 or PGE2 rapidly
increased SOCS1 and SOCS3 secretion in exosomes and microvesicles
respectively. By treating alveolar epithelial cells with SOCS containing EVs,
STAT signalling was successfully suppressed (12). In this way, SOCS-loaded
EVs generated from autologous cells could represent a novel therapeutic
strategy for reducing joint inflammation. Finally, as mechanisms for selectively
loading RNAs into EVs are being discovered (61), the possibility of loading EVs
with therapeutic siRNAs might also become an option in arthritis.

As noted earlier, the ability of EVs to deliver a defined molecular cargo is being
exploited in liposome-based therapeutics. In one study, liposomes were loaded
with-a. membrane-bound form of APO2L/TRAIL and then injected into the knee in
a rabbit model of RA (62). This greatly reduced joint inflammation, with
decreased inflammatory infiltrate, vascularity and exudate. Another group
engineered liposomes to contain not only methotrexate but also surface bound
folate ' (63). The latter modification targeted the liposomes to activated
macrophages and when injected intraperitoneally, CIA was much less

pronounced compared with methotrexate injection alone.
Conclusions

Research interest in EVs has increased dramatically in recent years. Although
much work has occurred in the fields of cancer biology and oncology, efforts to
improve our understanding of EVs in RA are gaining momentum. High sensitivity
‘omics’ approaches to detect changes in protein, RNA, lipid and metabolite

profiles of EVs may facilitate diagnosis and selection of therapies. Modulating
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EV biogenesis or uptake might also hold promise for treating RA. Potential
molecular targets include 12-LO and sPLA.-IIA, or glycoprotein VI to block
uptake or biogenesis respectively. An alternative strategy might be to prevent
the formation of autoantibodies with EV-associated citrullinated peptides in order
to reduce EV-immune complex formation. Finally, and excitingly, EVs may

provide a new way to deliver and better target therapeutic agents in RA.
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Figure legends

Figure 1. Biogenesis of exosomes and microvesicles

Invagination of the late endosome forms intraluminal vesicles ranging from 30-
150 nm. Fusion of the late endosome (also known as a multi-vesicular body)
with -the plasma membrane releases the vesicles into the extracellular milieu,
which-are therefore termed ‘exosomes’. Microvesicles are formed by outward
protrusion of the plasma membrane and are typically larger than exosomes at
100-1,000 nm. (Note: some groups use the term ‘microparticle’ synonymously
with ‘microvesicle’, whereas others use ‘microparticle’ as a general term that
encompasses exosomes, microvesicles and non-vesicular particulate of similar
size and/or density. To avoid confusion, we will use microvesicle throughout this
review). Both exosomes and microvesicles contain a range of molecules from
the cell of origin, including proteins and RNAs.

Figure 2. Mechanisms of extracellular vesicle interaction with recipient
cells

EVs can interact with recipient cells in a number of ways. (a) EV membrane
proteins (including TNF) are capable of stimulating recipient cells via cognate
receptors on the surface of target cells. (b) Direct fusion of an EV membrane
and the plasma membrane of a recipient cell results in release of EV cargo into
the cytosol. (c) i) Endocytosis of EVs can lead to fusion of the endosomal and
EV membranes to release EV contents into the cytosol. ii) Alternatively, the
membrane of an endocytosed EV can degrade upon endosomal acidification,
resulting in release of EV cargo which can interact with endosomal receptors,
such as TLR7/8.

Figure 3. Potential roles for extracellular vesicles in joint iilnflammation
Resident _synoviocytes and infiltrating immune cells release EVs into synovial
fluid and synovial tissue. Synovial EVs contain molecules capable of driving
inflammation and joint destruction.  Furthermore, anti-citrullinated peptide
antibodies recognise EV-associated citrullinated peptides to form potent pro-
inflammatory complexes. A positive feedback loop is proposed, whereby EVs
derived from synoviocytes and various infiltrating leukocytes trigger pro-
inflammatory responses in resident synoviocytes, including fibroblast-like
synoviocytes, that leads to synovial hypertrophy, angiogenesis and further
immune cell infiltration. Conversely, some EVs may regulate joint inflammation.
For example, neutrophil derived EVs can migrate into cartilage and stimulate
protective effects in recipient chondrocytes, including transcription of genes
involved in cartilage repair.

Figure 4. Generation of anti-inflammatory extracellular vesicles and
liposomes for the treatment of inflammatory arthritis

(a) Cells genetically modified to express anti-inflammatory genes produce EVs
with anti-inflammatory properties. (b) Cells stimulated to generate
endogenously-derived EVs containing an anti-inflammatory cargo. (c) Synthetic
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liposomes deliver drugs by integrating molecules into the liposome membrane
that target an encapsulated drug to a specific cell type.
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Table 1. Substantial methodological variations explain discordant results across 4 studies investigating EV origins in synovial fluid.

Anti- . 2 .
Study Predominant EV origin coagulant1 Hyaluron}:i ase Sample 1')reparation3 EV origins assessed Lmeags Flow cytometer5 Comments
used? used? marker’
Boilard et Platelet No No 2 x 600xg, 30 mins (depletes cells) T cell CD3 BD FACSCanto Synovial fluid analysed neat following depletion of cells
al. (23) Monocyte/Macrophage CD14
Supernatant analysed Granulocyte/Neutrophil CD15 A combination of exosomes, microvesicles and apoptotic
Platelet CD41 bodies likely in preparation
High levels of platelet-derived EVs were detected in synovial
fluid using CD41 as a platelet lineage marker, as opposed to
CD61 where negligible levels were observed
Berckmans  Monocyte/Macrophage Yes No 1,550xg, 20 mins (depletes cells T helper cell CD4 BD FACScan Preparation enriched for microvesicles
etal (24) (sodium and apoptotic bodies) T suppressor cell CD8
citrate) Monocyte/Macrophage CD14 Inhibition of platelet activation by sodium citrate may reduce
Supernatant centrifuged 17,570xg, B cell CD20 levels of platelet-derived EVs
15 mins (pellets microvesicles) Platelet CD61
Granulocyte/Neutrophil CD66b Low levels of the platelet lineage marker CD61 is described
Microvesicle enriched pellet Erythrocyte Glycophorin A on platelet-derived EVs in synovial fluid (see ref (23))
analysed
Headland Granulocyte/Neutrophil No Yes 3,000xg, 25 mins (depletes cells T cell CD3 Amnis Synovial fluid analysed neat following depletion of cells,
et al. (25) and apoptotic bodies) Monocyte/Macrophage CD14 ImageStreamX apoptotic bodies and dense microvesicles
Granulocyte/Neutrophil CD66b Mk II
Supernatant centrifuged 10,000xg, Hyaluronidase treatment may have depleted microvesicles in
10 min (depletes microvesicles) supernatant following centrifugation at 10,000xg
Supernatant analysed Preparation likely to predominately contain exosomes
Use of a pan EV label (BODIPY-maleimide dye) may have
prevented false positives events being identified
Gyorgy et B cell No No 650xg, 20 mins (depletes cells) T cell CD3 BD FACSCalibur  Synovial fluid analysed neat following depletion of cells
al. (26) T helper cell CD4
Supernatant analysed T suppressor cell CD8 A combination of exosomes, microvesicles and apoptotic
Monocyte/Macrophage CD14 bodies likely in preparation
B cell CD19
Platelet CD4la Differential detergent lysis used to remove false-positive

events

" Platelet aggregation increases EV production (see ref (64))
? Hyaluronidase treatment of synovial fluid can influence levels of EVs in preparations (see ref (65))
3 Centrifugal force, duration, and whether EVs are analysed with or without selective enrichment affects type and number of EVs present (see ref (27))
# Lineage markers and antibody clones can vary in ability to accurately detect EV's (see ref (23))

° Ability to detect EVs by flow cytometry can vary depending on instrument and calibration settings (see ref (66))
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