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Exosomes are lipid-bilayer-enclosed extracellular vesicles released by many cell types in both normal and
pathological conditions, and which transport nucleic acids, lipids and proteins between cells. Due to their suitable
proprieties, as well as their known therapeutic effects, exosome-based nanocarriers have a bright future as next-

generation drug delivery vehicles.

extracellular vesicles exosomes systemic lupus erythematosus drug delivery systems

| 1. Introduction

Autoimmune diseases are among the leading causes of morbidity and mortality associated with chronic disease
worldwide, especially in women, who comprise more than 90% of affected patients 2. Autoimmune diseases are
classified in two types, the first of which is organ-specific and the second systemic, wherein the immune response
attacks different organs and tissues simultaneously, as exemplified by diseases such as systemic lupus
erythematosus (SLE) Bl. The pathogenesis of SLE hinges on loss of tolerance and sustained autoantibody
production, characterized by the presence of autoreactive T cells and hyperactive B cells which produce
autoantibodies; these later form immune complex deposits that damage different tissues on which autoantigens are
expressed BBl Although non-steroidal anti-inflammatory drugs such as glucocorticoids (GCs) and
immunosuppressive therapies are often administered to SLE patients to relieve immunological inflammation during
disease progression BIZE! these drugs can cause serious side effects due to their toxicity and the lack of target
tissue disease. Several investigations point to cell-based therapies, such as stem cell transplantation, to treat SLE
IO phyt these are expensive and add to the long-term medical costs associated with the disease. These
drawbacks underscore the urgent need to identify safe and effective therapies for SLE prevention and treatment.
The development of drug delivery vehicles has recently emerged as a novel therapeutic approach in autoimmune

diseases [1213I14]  pheing exosomes one of the most promising nanocarriers due to their various therapeutic
advantages [13I[161[17],

Exosomes are lipid-bilayer-enclosed extracellular vesicles released by many cell types in both normal and
pathological conditions, and which transport nucleic acids, lipids and proteins between cells 2813 As drug and
gene delivery carriers, exosomes have unique advantageous characteristics including encapsulating endogenous
bioactive molecules, low immunogenicity, biodegradability, longer circulation time, smaller size than other
nanocarriers and the ability to cross many biological barriers L3171,
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Current evidence shows that exosomes are able to modulate the immune system, as shuttles for antigen
presentation 29212211231 55 immunosuppressive effectors of inflammation process and as immunologic agents for
immunotherapy, emerging as promising tools for therapeutic delivery in autoimmune diseases 2423, |n SLE, many
studies have demonstrated that circulating exosomes are immunologically active and their levels correlate with
disease activity 2827 |n addition, through analysis of exosomal-derived microRNAs (miRNAs) levels, distinct
miRNA have been identified to discriminate lupus nephritis (LN) 28] as predictors of early fibrosis [22B9[31] gnd

response to therapy in LN 22, Therefore, exosomes serve as novel biomarkers and predictors of SLE progress.

| 2. Biogenesis and Function of Extracellular Vesicles

Extracellular vesicles are small spherical lipid bilayer-coated vesicles, secreted by multiple cell types and present in
many body fluids, which mediate intercellular communication [B8l34] Nowadays, interest in extracellular vesicles
(EVs) centers mainly on their functions as component exchangers and as signaling transmitters under both normal
and pathological conditions 31, EVs display heterogeneity between different subtypes and are classified according
to their size (small or large EVs), composition (CD63+/CD81+, cargos) or biogenesis (exosomes, microvesicles
and apoptotic bodies) [181[33][34]

The most broadly studied EVs are exosomes, 40—-150 nm in diameter, endosome-derived and originating from
intraluminal vesicles (ILVs) that reside inside multivesicular bodies (MVBs) [2&. Nucleic acids and lipids are thought
to be selectively and actively incorporated into ILVs B8 Apart from the presence of membrane proteins, it is
considered that inward budding of endosomal membranes integrates cytosolic proteins and other components to
ILVs, after which MVBs fuse with plasma membrane, releasing ILVs as exosomes [LEIE7B8 (Figure 1A).
Microparticles (MPs), microvesicles, also called ectosomes, are large EVs (100-1000 nm) shed directly by
blebbing and budding mechanisms from the plasma membrane B2, Apoptotic bodies are usually much larger
(1000-5000 nm), composed of cellular and nuclear fragments, formed during the late stages of apoptosis 1837,
Several molecular markers are rich in EV subtypes, such as alix, syntenin-1, TSG101 and CD81 for exosomes and

metalloproteinases, integrins and phosphatidylserine for Mvs 49411,
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Figure 1. Biogenesis, secretion, uptake and molecular composition of exosomes. (A) exosomes from intraluminal
vesicles (ILVs) in multivesicular bodies (MVBs) are secreted extracellularly by fusion with the cellular membrane.
Next, exosomes interacting with recipient cells directly by surface binding, membrane fusion or internalization will
target exogenous exosomes in the canonical endosomal pathway by lipid raft, clathrin, caveloae or
micropinocytosis/phagocytosis processes. (B) exosomes can contain different types of cell surface proteins
(tetraspanins, integrins, major histocompatibility complex (MHC), etc.), intracellular protein (skeletal proteins, heat
shock proteins, etc.), nucleic acids (RNA, DNA, microRNAs (miRNA), long non-coding RNA (IncRNA), etc.), amino
acids, lipids and metabolites. They are mediators of near and long-distance intercellular communication in health
and disease, affecting several aspects of cell biology. This, together with their intrinsic features such as stability,
biocompatibility, low immunogenicity and ability to overcome biological barriers, has prompted interest in using

exosomes as drug delivery vehicles.

When released to the extracellular space, exosomes interact with their acceptor cells in different ways. Information
transmission can occur at the cell surface without delivering any cargo (surface binding), as occurs during immune
responses 291421 byt the most common way is internalization of exosomes or their content, through clathrin,

caveolin or lipid rafts-mediated endocytosis, phagocytosis, macropinocytosis or direct membrane fusion 43](44145]
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(461471481 (Figure 1A). The function of EVs in recipient cells depends on their cargo and thus on the cell type from
which they are released. Cargos transported by EVs are highly heterogeneous and include RNAs (coding and non-
coding), DNAs, lipids and proteins that can be transported inside EVs or membrane-bound (2138l RNAs enclosed
in EVs such as mRNAs can control cell differentiation processes, survival, repair and angiogenesis [22/0[511[52]
(Eigure 1B). MiRNA are the most studied RNAs present in exosomes, which exert their function through gene
expression regulation in acceptor cells B€. EVs-miRNAs have revealed a role in a wide range of cell processes,
both beneficial and detrimental, such as immune response, angiogenesis, apoptosis and differentiation [22124155],
Lipids transported by EVs are asymmetrically distributed between the outer and inner EV membranes and include
cholesterol, ceramides, prostaglandins, sphingolipids and phosphatidylserines. Their functions have been related
to the EV biogenesis itself and more importantly, to an immunomodulatory role of bioactive lipids EV-transported in
immune-related pathologies 8. The protein content of EVs is highly enriched in cytoskeletal, cytosolic, heat shock
and vesicular trafficking proteins that control different cell signaling pathways including calcium signaling,
coagulation and inflammation BZB8IS Therefore, EVs and particularly exosomes modulate a variety of
physiological processes related to cell homeostasis and regulation, also mediating detrimental processes during

disease.

Indeed, due to their involvement in normal and pathological cellular physiology, EVs have been recognized as good
biomarkers in a wide variety of diseases including cancer, cardiovascular diseases, nephropathies and
autoimmune diseases [€Ql[61162](63](64] \Moreover, exosomes have been considered useful indicators of disease
progression. In cancer, tumor-derived exosomes are pointed out as biomarkers of disease development through
tumor progression monitoring 266l |n autoimmune diseases, recent works show exosome-associated miRNA

profiles as a promising tool for disease monitoring 223967 and a prognostic tool for therapy response (681,

3. Role of Extracellular Vesicles in Systemic Lupus
Erythematosus

3.1. Modulation of Inmune Response

Systemic lupus erythematosus is a prototypic autoimmune disease characterized by diverse immune disturbances.
One of the serologic hallmarks of SLE is the production of antibodies to nuclear molecules (antinuclear antibodies
(ANA)) B4l These ANA can form circulating proinflammatory immune complexes (ICs) that trigger cytokine
production by innate immune cells or deposition in the tissue (especially the kidney) to fix complement and incite

inflammation [82; EVs could be mediators in these processes.

Several reports indicate higher levels of circulating IC-carrying MPs in SLE; as an example, Ullal et al.
demonstrated that MPs display DNA and nucleosomal molecules in an antigenic form and could represent a source
of ICs in SLE 9. Another study by Nielsen et al. demonstrated that plasma MPs carry antigens accessible to
autoantibodies and that complement-activating ICs may form on MPs in SLE patients (/1. Additionally, Cloutier et

al. showed that platelet-derived MPs from synovial fluid carried large quantities of ICs, composed primarily of anti-
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citrullinated protein antibodies (ACPASs) directed against vimentin and fibrinogen (well established autoantigens in

rheumatoid arthritis) and not by MP Fc-receptor binding 2.,

Given their composition and immune properties, EVs act as proinflammatory mediators in SLE 2. In one study,
healthy peripheral blood mononuclear cells (PBMCs) were stimulated with exosomes isolated from SLE patients,
producing TNF-a, IL-1[3, and IL-6. Investigators demonstrated that circulating exosomes are immunologically active
and their levels correlate with disease activity in lupus [28l. Dieker et al. reported that circulating apoptotic MPs from
SLE patients drive the activation of dendritic cell subsets and prime neutrophils 4. In another study, Winber et al.
demonstrated that SLE patients display increased ROS production and degranulation by polymorphonuclear
leukocytes (PMNSs) in response to MPs 73, Recently, Burbano et al. highlighted the involvement of platelet-derived
MPs during monocyte activation in patients with SLE, showing that MPs are one of the most representative
sources of the total amount of circulating ICs-IlgG* in patients with SLE [8l. Another study revealed that
macrovascular and microvascular endothelial cells exposed to MPs and MPs-ICs from patients with SLE increase
expression of adhesion molecules, chemokine production and structural alterations Z4. Finally, Salvi et al. reported
that exosomes isolated from the plasma of SLE patients can activate secretion of IFN-a by human blood
plasmacytoid dendritic cells (pDCs) in vitro. They identified exosome-delivered miRNAs as potentially novel TLR7
endogenous ligands able to induce pDC activation in SLE patients 24, These findings enhance EVs as novel

mediators during onset of autoimmune reactions and potential therapeutic targets in the SLE treatment.
3.2. Biomarkers and Predictors of Disease Activity

Several studies reported EVs as reliable biomarkers of disease activity beyond their role in regulating immune
responses, offering a valuable complement to classical laboratory markers B4IZ8] Nielsen et al. demonstrated
different concentrations and composition of MPs in SLE patients from those in healthy subjects 2. Additionally, a
deeper phenotypic analysis of MP from SLE showed that MP were more abundant in these patients and were
associated with declining renal function 2. A proteomic study revealed a specific SLE-MP with a particularly
altered proteome, including diminished mitochondrial and platelet proteins and increased glycolytic and
cytoskeletal proteins [l Investigators concluded that an abnormal generation of MPs may partake in the
pathology of SLE and that new diagnostic, monitoring and treatment strategies targeting these processes may be
advantageous. In a recent study, MPs isolated from platelet-poor plasma and urine from SLE patients were
characterized by flow cytometry, the authors concluding that HMGB1 + MPs present in urine are hallmarks of
nephritis in patients with SLE [82],

Many recent studies highlight exosomal-derived miRNAs levels to identify distinct miRNA to discriminate LN. Our
group revealed increased urinary exosomal miRNAs levels in patients with SLE, discriminating LN 28 and in a
recent study, we identified urinary exosomal miR-146a as a marker of albuminuria, activity changes and disease
flares in LN 29, Another study reported a unique miRNA expression profile of urinary exosome (miR-3135b, miR-
654-5p and miR-146a-5p) as novel non-invasive diagnostic markers for type IV LN with cellular crescent 11, In line
with early renal fibrosis, Solé et al. identified urinary exosomal miR-29¢ as a novel non-invasive marker of early

progression to fibrosis in patients with LN 3], Moreover, a urinary exosomal multimarker panel composed of miR-
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21, miR-150 and miR-29c was provided as a non-invasive method to detect early renal fibrosis and predict disease
progression in LN 2%, Finally, a recent study reported urinary exosomal miR-135b-5p, miR-107 and miR-31 as

promising novel markers for clinical outcomes, regulating LN renal recovery by HIF1A inhibition 22!,

In summary, quantity and phenotype of circulating EVs may be useful as novel biomarkers of activity and

progression of SLE, providing a new therapeutic approach.
6. Exosome-Based Drug Delivery in Systemic Lupus Erythematosus

Both in themselves and as vehicles of drug and gene delivery, exosomes are under active development as
therapeutic agents [17,186]. Exosomes loaded with endogenous and/or exogenous cargo have recently emerged
as novel therapeutic effectors in immune therapy [24,187], targeting the autoimmune-mediated inflammatory
pathology associated with SLE [188]. Exosomes can modify major components of innate and adaptive immune
responses, including T-cells, B-cells and macrophages [189-191]. This immunomodulatory property makes
exosomes an attractive tool for immunotherapy as well as tissue regeneration. The use of EVs as a cell-free
therapeutic alternative offers several distinct advantages over parent stem cells. A major advantage is that EVs,
depending on their source, may be less immunogenic than their parental cells, likely due to a lower abundance of
transmembrane proteins such as MHC complexes [192]. Unlike live cells, EVs are highly stable and easily stored
long-term. In addition, EVs do not replicate, thus avoiding risk of aneuploidy or other chromosomal abnormalities in
tumor generation. Finally, exosomes are also able to cross biological barriers that MSCs cannot pass [85,106], a
significant advantage in a systemic disease such as SLE which affect organs with physiological barriers as the
brain and kidney (blood-brain and blood-urine). Immune-therapeutic exosomes include naturally occurring

exosomes, exosomes secreted by modified cells, and exosomes loaded with exogenous cargos (Figure 3).
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Donor Cell Recipient cells
1. Natural exosom P

Figure 3. Natural exosomes and engineered exosomes loaded with endogenous or exogenous cargos for

therapeutic purposes. Immune-therapeutic exosomes include naturally occurring exosomes mainly from
mesenchymal stem cells (route 1); exosomes secreted by modified cells due to pathological factors or transfection
(route 2); and exosomes loaded with exogenous cargos classified into three kinds, mainly including small molecule
drugs, such as curcumin and glucocorticoids (GC), nucleic acids (miRNA, small interference RNA (siRNA),
INcRNA, etc.), proteins and peptides (route 3). These exosomes can be surface-modified with targeting peptides for
a successful exosome-based drug delivery system. In the context of systemic lupus erythematosus,
immunosuppression, cartilage repair and renoprotection are important pathways regulated in target cells by

exosome-based drug delivery. shRNA: Small hairpin RNA.

Several studies have shown that EVs from various cell sources have a therapeutic effect through their intrinsic
content [193], which includes tumor-derived EVs, MSCs [93], activated antigen-presenting cells (APCs), natural
killer (NK) cells and endothelial progenitor cells (EPCs) (Figure 3, route 1). Furthermore, cell-derived exosomes
can improve immunosuppressive ability after cell pretreatment. With the stimulation by physical and chemical
factors, exosomes can produce stronger immunosuppressive effects [191]. In autoimmune diseases, including
SLE, the most studied naturally secreted EVs for therapeutic purposes derive from MSCs and EPCs. One major
role of MSCs is to suppress proliferation and function of cells in both innate and adaptive immunity responses
[194]. Loading therapeutic cargos into exosomes is based on their biological processes, cargo is loaded into donor
cells or overexpressed certain gene products which are then packaged into exosomes (Figure 3, route 2).
Exosome content of cells modified by pathological factors (physical/chemical factors) or transfection can be
delivered to recipient cells as a therapeutic method [191]. Finally, exogenous cargos can be directly loaded into

exosomes by different methods, and the cargo can be classified into three kinds, mainly including small molecule
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drugs, nucleic acids (miRNA, siRNA, IncRNA, etc.), proteins and peptides (Figure 3, route 3). However, using the
properties of exosomes alone is insufficient to achieve specific delivery of exogenous cargos into diseased tissues.
Therefore, as described before, different exosome engineering techniques to improve the therapeutic effect of
exosomes are still being developed, such as surface modification of exosomes or loading magnetic nanoparticles
(17,84,181,223].

In summary, these works illustrate the undeniable potential of exosomes as a therapeutic drug carrier in
autoimmune diseases. Nevertheless, more studies are warranted for a clear understanding of the application of
exosome-based drug delivery in autoimmune diseases, overall, in SLE. Exosome-based nanocarriers potentially
have a bright future as next-generation drug delivery vehicles.
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