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Abstract: Regulatory T (Treg) cells play crucial roles in maintaining immune self-tolerance and
immune homeostasis, and closely associated with many human diseases. Recently, Treg cells-
derived extracellular vesicles (Treg-EVs) have been demonstrated as a novel cell-contact independent
inhibitory mechanism of Treg cells. Treg-EVs contain many specific biological molecules, which are
delivered to target cells and modulate immune responses by inhibiting T cell proliferation, inducing
T cell apoptosis, and changing the cytokine expression profiles of target cells. The abnormal quantity
or function of Treg-EVs is associated with several types of human diseases or conditions, such
as transplant rejection, inflammatory diseases, autoimmune diseases, and cancers. Treg-EVs are
promising novel potential targets for disease diagnosis, therapy, and drug transport. Moreover, Treg-
EVs possess distinct advantages over Treg cell-based immunotherapies. However, the therapeutic
potential of Treg-EVs is limited by some factors, such as the standardized protocol for isolation and
purification, large scale production, and drug loading efficiency. In this review, we systematically
describe the structure, components, functions, and basic mechanisms of action of Treg-EVs and discuss
the emerging roles in pathogenesis and the potential application of Treg-EVs in human diseases.

Keywords: regulatory T cells; extracellular vesicles; treatment; diagnosis; inflammation; immunotherapy

1. Introduction

Regulatory T (Treg) cells are a special subpopulation of CD4+ T cells and are considered
a vital regulator in maintaining immunological self-tolerance and immune homeostasis [1,2].
They are characterized by high expression of CD25 (cytokine IL-2 receptor alpha chain) and
specific expression of transcription factor forkhead box protein P3 (FOXP3) [3–7]. Treg cells
mainly develop in thymus-derived (tTreg cells or natural Treg cells, nTreg cells), but some
Treg cells develop in the periphery (pTreg cells) [8]. Treg cells are involved in a variety of
diseases, including autoimmune diseases, inflammatory diseases, transplantation rejection,
and tumors [9]. Treg-mediated suppression can be attributed to contact-dependent or
contact-independent mechanisms, such as expressing inhibitory receptors like cytotoxic T
lymphocyte protein-4 (CTLA-4), CD39, and CD73 (Ecto-5-nucleotide enzyme), expressing
perforin and granzyme B to kill target cells directly, the consumption of IL-2, and production
of immunosuppressive cytokines (IL-10, IL-35, and TGF-β) [10–14]. Interestingly, numerous
recent studies have demonstrated that Treg cells can release extracellular vesicles (EVs) to
regulate target cells without direct contact with them [15–18].

Extracellular vesicles (EVs) are secreted by cells to the extracellular environment [19]
and play a crucial role in intercellular communication by serving as vehicles for the trans-
port of proteins, lipids, and nucleic acids [20]. EVs can be secreted by almost any cell
type, including malignant cells and immune cells [21]. These vesicles play roles in antigen
presentation, immune regulation, and signal transduction through autocrine and paracrine
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pathways, which are intimately related to the types of cells that release them [22]. Ac-
cording to vesicles’ sizes and production mechanisms, EVs can be divided into exosomes,
micro-vesicles, and apoptotic bodies. Despite the mode of biogenesis being different, ex-
tracellular vesicle subtypes display a similar appearance, overlapping size, and standard
composition [19]. The International Society for Extracellular Vesicles (ISEV) guidelines
recommend using the operational terms for EV subtypes to replace the traditional classifi-
cation [23]. In this review, we mainly use the general term “extracellular vesicles” based on
the guidelines of MISEV2018.

Treg cells-derived extracellular vesicles (Treg-EVs) maintain self-immune tolerance
and regulate immune responses by expressing specific molecules and delivering cargoes as
a novel contact-independent mechanism of Treg cells. As Treg cells play an increasingly
important role in immunity, research on Treg-EVs continues to deepen. In this review, we
systematically describe the structure, components, and functions of Treg-EVs and discuss
the possible use of Treg-EVs in human diseases.

2. The Structure and Composition of Extracellular Vesicles from Treg Cells

Extracellular vesicles are divided into exosomes, micro-vesicles, and apoptotic bodies.
Exosomes are small membrane vesicles of 50 nm to 150 nm in diameter, produced by
sprouting inward from the restricted membrane of endosomes to form a multivesicular
body (MVB), then fused with the plasma membrane and released into the extracellular
space. Micro-vesicles are directly generated from the plasma membrane, with diameters
ranging from 150 nm to 1000 nm. Apoptotic bodies are only released from the surface of
apoptotic cell during cell death, measuring 1–5µm [24].

Extracellular vesicles from different cells have similar elemental compositions and
structures. Extracellular vesicles from Treg cells are also lipid bilayer sacs containing pro-
teins, nucleic acids, and others [25]. However, Treg-EVs contain cell type-specific biological
molecules, mainly related to the immune function of Treg cells. Treg-EVs modulate immune
responses by expressing specific molecules and delivering unique genetic materials. We
will focus on the three types of major components of Treg-EVs, namely, protein, nucleic
acid, and lipid in the following contents (Table 1 and Figure 1).

Table 1. Summary of specific cargo of Treg cells-derived extracellular vesicles.

Treg-EVs Source Characterization
Method Size; Markers Specific Cargo Treg-EVs Function Ref.

Protein

Mouse natural
Treg cells; murine
Treg-cell line with

self-specificity
(Auto-Treg cells)

EM and flow
cytometry

Mean 100 nm;
LAMP-1/CD63

and CD81

Transmembrane proteins:
CD4, CD2, MHC class I,
high levels of CD73 and
CD25, and low level of

CTLA-4

CD73 contributes to Treg
suppressive activity
through adenosine

production

[16]

Human natural
Treg cells

EM, NTA, flow
cytometry, ELISA,
and Western blot

Mean 150 nm;
CD63 and CD81

Transmembrane proteins:
CD25, CD39, CCR4, low

levels of CD4 and CTLA-4

Inhibiting T cell
proliferation by unknown

mechanism
[26]

IL-35-producing
Treg cells

TEM, NTA, ELISA,
and Western blot 50–200 nm; CD81

Transmembrane proteins:
CD39, CD73, and IL-35
subunits (p35 and Ebi3)

Delivering IL-35 to the
surface of B and T cells
and induced secondary

suppression

[27]

MicroRNA

Mouse natural
Treg cells

Flow cytometry,
dynamic light

scatter, and ELISA

20–100 nm; CD9,
CD63, and CD81 miR-155, let-7b, and let-7d

Inhibiting Th1 cell
proliferation and IFN-γ
secretion by delivering

let-7d

[15]
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Table 1. Cont.

Treg-EVs Source Characterization
Method Size; Markers Specific Cargo Treg-EVs Function Ref.

Human natural
Treg cells

TEM, NTA,
Western blot, and

flow cytometry

Mean 140 nm;
presence of
clathrin and

absence of calnexin

High levels of miR-150-5p,
miR-146a-5p, and

miR-21-5p, and low levels
of miR-155-5p,

miR-106a-5p, and
miR-19a-3p

Inhibiting CD4+ T cell
proliferation by delivering

miR-146a-5p
[28]

Mouse Treg cells
stimulated by
dendritic cell

EM and NanoSight Mean 100 nm;
markers NA

Low levels of miR-384-5p
and high levels of
miR-142-3p and

miR-150-5p

Changing DCs cytokine
profiles by delivering

miR-150-5p and
miR-142-3p

[29]

Legend: EM, electron microscopy; NTA, nanoparticle tracking analysis; ELISA, enzyme linked immunosorbent
assay; TEM, transmission electron microscopy.
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layer sacs containing proteins, nucleic acids, and lipids. Treg-EVs proteins mainly include com-
mon proteins and cell-specific proteins. Common proteins are divided into membrane proteins 
(e.g., TCR/CD3, flotillin, annexins, CD63, integrin, and LAMP-1) and intracellular proteins (e.g., 
HSP70, ESCRT, TSG101, GAPDH, and Actin). Cell-specific proteins are associated with Treg cell 
surface proteins (e.g., CD4, CD25, CTLA-4, CD73, CCR4, and CD81 co-localized with IL-35 hetero-
dimers). Nucleic acids in Treg-EVs include DNA, mRNA, miRNA, and lncRNA. The lipids in 
Treg-EVs include cholesterol, sphingolipids, and phospholipids, and ceramide. 

  

Figure 1. Schematic diagram of the structure and components of Treg-EVs. Treg-EVs are lipid bilayer
sacs containing proteins, nucleic acids, and lipids. Treg-EVs proteins mainly include common proteins
and cell-specific proteins. Common proteins are divided into membrane proteins (e.g., TCR/CD3,
flotillin, annexins, CD63, integrin, and LAMP-1) and intracellular proteins (e.g., HSP70, ESCRT,
TSG101, GAPDH, and Actin). Cell-specific proteins are associated with Treg cell surface proteins (e.g.,
CD4, CD25, CTLA-4, CD73, CCR4, and CD81 co-localized with IL-35 heterodimers). Nucleic acids in
Treg-EVs include DNA, mRNA, miRNA, and lncRNA. The lipids in Treg-EVs include cholesterol,
sphingolipids, and phospholipids, and ceramide.
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2.1. Protein

Proteins carried by Treg-EVs have always been the focus of people’s attention. In
general, EV proteins can be associated with the lumen, including those in the limiting
membrane, or sometimes related to the luminal surface of EVs [19]. EVs are composed of
lipid bilayer membranes. The transmembrane proteins expose their extracellular domains
to the extracellular space of EVs, which is essential for EVs to interact with their respective
receptors. Notably, soluble cytosolic proteins can be encapsulated in EVs as cargoes, which
are protected from external proteases [16].

2.1.1. Common EV Proteins

Like EVs derived from other cell types, Treg-EVs contain many common EV proteins,
which are considered as universal markers. These rich protein components play essential
roles in EVs biogenesis and secretion. The common proteins on the surface of extracellular
vesicles include membrane transporters and fusion proteins (e.g., flotillin and annexins),
tetraspanins (e.g., CD63 and CD81), cell adhesion-related proteins (e.g., integrin), lysosomal-
related membrane proteins (e.g., LAMP), and some glycoproteins. The common proteins
located inside extracellular vesicles include heat shock protein (e.g., HSP70), poly-vesicle
biosynthesis-related proteins, endosomal sorting complex for transport (ESCRT) and its
auxiliary protein components (e.g., TSG101), and cytoskeletal proteins (e.g., actin, tubulin).
There are also some common metabolic enzymes (e.g., GAPDH), signaling proteins, and
carrier proteins [19,30]. At present, the common EV-proteins CD63 and CD81, together
with electron microscopy results, are used to identify and isolate Treg-EVs.

2.1.2. Treg-EVs Specific Proteins

More importantly, Treg-EVs consist of some unique proteins, which can be used to
distinguish them from other cells-derived EVs and are directly related to their function.
Murine CD4+ CD25+Foxp3+ cells-derived EVs express high level of CD25 and low level
of cytotoxic T lymphocyte-associated protein 4 (CTLA-4), as well as CD4+ T cell-type
specific proteins, such as CD4, CD2, and MHC class I [16]. Human CD4+CD25highCD127low

Treg cells-derived EVs express CD25 and homing receptor CCR4, as well as low levels of
CD4 and CTLA-4, without Fas-ligand [26]. CTLA-4, an immune checkpoint protein and a
transmembrane protein highly expressed on Treg cells, is involved in a critical mechanism
of Treg-mediated suppression [31]. However, the expression of CTLA-4 detected was too
low to mediate significant suppression in both mouse and human Treg-EVs [16].

Transmembrane proteins CD73/CD39 on Treg-EVs can facilitate suppression through
adenosine production. Murine Treg-EVs have a high expression of CD73, but human Treg-
EVs express CD39 without CD73 [16,26]. The transmembrane proteins CD39 and CD73, as
ectonucleotidases present on Treg cells, work together to stepwise hydrolyze extracellular
ATP to immunosuppressive adenosine (ADO) [32]. CD39 catalyzes the production of
adenosine monophosphate (AMP) from ATP, which is further hydrolyzed to adenosine
by CD73. Adenosine binds to the adenosine receptor (A2AR) to activate related signaling
pathways and mediate inhibitory effects [33]. CD73 is now considered the most critical
molecule in murine Treg-EVs-mediated inhibition, the lack of CD73 on Treg-EVs reverses
its inhibitory properties [16]. Human Treg-EVs also inhibited the proliferation of effector T
cells (Teff), which may be related to the expression of CD39, but it is currently unclear [26].
Interestingly, Neuropilin-1 (Nrp1) expression is required for the expression of CD73 in
Treg-EVs. Nrp1 is expressed on the membrane of Treg cells and contributes to maintain
their phenotype and suppressive function [34,35]. Treg-EVs without Nrp1 failed to inhibit
conventional T cell proliferation, and to facilitate skin transplantation tolerance. Nrp1
knockout led to less expression of CD73 in Treg-EVs [36].

Interleukin-35 (IL-35) on the surface of Treg-EVs can promote immune tolerance
in a novel way [27]. IL-35, a heterodimeric cytokine mainly produced by Treg cells, is
composed of Epstein–Barr virus-induced gene 3 beta-chain (Ebi3) and IL-12 alpha chain
(p35) subunits [37]. Unlike other soluble cytokines, IL-35 is associated with the tetraspanin
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CD81 as the component on the surface of Treg-EVs. IL-35-coated EVs deliver IL-35 to
the surface of many target B and T cells and induce secondary suppression. This special
cytokine delivery method is a potential immune suppression mechanism mediated by
Treg-EVs [27].

Altogether, the common proteins CD63 and CD81 can be used to identify and isolate
extracellular vesicles. Cell-specific proteins are closely related to the specific functions of
Treg-EVs.

2.2. Nucleic Acids

The first reported nucleic acid in extracellular vesicles was the microRNA (miRNA)
and mRNA in 2007 [38]. Later, other types of nucleic acids were also discovered in ex-
tracellular vesicles, including DNA (mitochondrial DNA, single-stranded DNA, double-
stranded DNA) [39], rRNAs [40], miRNAs [41], lncRNA [42], Y-RNA [43], snoRNA, and
piRNA [44]. Up to now, the research interest of nucleic acids in Treg-EVs has mainly focused
on microRNA.

MicroRNA is a family of small non-coding RNA of 21~25 nucleotides (nt) in length,
which mainly negatively regulates gene expression in a sequence-specific manner. Specific
miRNAs are selectively sorted into EVs, so the miRNA repertoires of EVs are usually
different from that of parental cells [45,46]. Treg-EVs have been widely reported to transfer
miRNAs to target cells and regulate cell functions. For example, murine Foxp3+ Treg
cells-derived EVs preferentially transfer miR-155, let-7b, and let-7d to T helper 1 (Th1)
cells, and let-7d can significantly inhibit Th1 cell proliferation and IFN-γ secretion [15].
The miRNA profiles of human Treg cells-derived EVs are significantly different from EVs
released by other T cell subtypes. Compared with EVs derived from Th1 and Th17 cells,
Treg-EVs are characterized by increased levels of miR-150-5p, miR-146a-5p, and miR-21-5p
and decreased levels of miR-155-5p, miR-106a-5p, and miR-19a-3p [28].

Treg-EVs can also transfer miRNAs to dendritic cells (DCs) and modulate DCs function.
The Treg cells generated by stimulation of C57BL/6 Foxp3+ cells with allogeneic BALB/c
DCs produce EVs expressing low-level miR-384-5p and high levels of miR-142-3p and
miR-150-5p, compared with CD4+Foxp3- cells. Treg-EVs transfer miR-150-5p and miR-142-
3p to DCs. These miRNAs induce a ‘tolerogenic’ phenotype by changing DCs cytokine
profiles [29]. Therefore, specific miRNAs are enriched in Treg-EVs and transferred to
corresponding target cells to play an immunomodulatory role.

2.3. Lipids

Lipids play an essential role in the process of EVs budding from the plasma membrane
or endosomal membrane to form vesicles. Most lipids in EVs are cholesterol, sphingolipids,
and phospholipids [45]. However, the lipid composition of EVs remains poorly explored in
Treg-EVs, as well as in the EVs derived from other cell types.

The lipid composition of EVs is closely related to the types of cells from which they
originate. However, due to the special way of production, the components of lipids in EVs
are different from those in the original cell membrane. The common lipids in EVs include
cholesterol (CHOL), diacylglycerol (DAG), sphingomyelin (SM), ceramide (Cer), phospho-
lipids, phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), and glycerophospholipids. The proportion of SM, PS, PI, Cer,
and CHOL in EVs is higher than the original cells. On the contrary, the proportion of PC in
EVs is lower than the source cells [47,48]. The specificity of the lipid component of Treg
EVs needs further exploration.

Lipids in EVs are essential for the formation and release of EVs, for the stability of
vesicles during transport, and for facilitating the binding with target cells [49]. EVs may
contain some bioactive lipids and enzymes responsible for synthesizing these bioactive
lipids, which may affect the behavior of target cells. Through EVs-mediated lipid transfer,
EVs serve as carriers to release lipids synthesized by derived cells and induce acceptor cells
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to produce lipids [50]. Thus far, there are few studies on the components and roles of lipids
in Treg-EVs. Further research on Treg-EVs may reveal novel functions of lipids in Treg-EVs.

3. The Interaction between Treg-EVs and Target Cells

EVs mediate signal transduction and molecular transfer via several mechanisms and
induce physiological changes in acceptor cells. In some cases, EVs stay on the surface of
target cells and induce signal transduction by binding to specific receptors presented in
the plasma membrane. In other cases, EVs are endocytosed into target cells or directly
fused with the plasma membrane of target cells, thereby delivering their contents into the
cytosol and then modifying or reprogramming the acceptor cells. EVs are internalized by
multiple pathways, and fusion with lysosomes results in the degradation of extracellular
vesicles and recycling of their contents. The direct fusion of extracellular vesicles with the
membrane of recipient cells can release its contents into the cytoplasm of recipient cells
and enables the exchange of transmembrane proteins and lipids [19,51]. The interaction
between Treg-EVs and their target cells has significant effects on the functions of Treg-
EVs in target cells. However, the mode of vesicle interaction with the cell surface and
the mechanisms that mediate the transfer of extracellular vesicle cargoes are not fully
unraveled, depending on the origin and specific composition of extracellular vesicle and
the identity of the acceptor cell.

4. The Cellular and Molecular Functions of Treg-EVs

Treg cells can participate in immune regulation through releasing extracellular vesicles
in a contact-independent manner. Treg-EVs possess the capacity to modulate immune
responses by miRNAs-induced gene silencing, the activity of surface proteins, and the
transmission of enzymes. In different target cells, Treg-EVs affect a variety of physiological
processes, including cell proliferation, apoptosis, and cytokine production (Figure 2).
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Int. J. Mol. Sci. 2022, 23, 11206 7 of 16

4.1. Apoptosis

Treg-EVs can induce apoptosis in conventional T cells [52]. The EVs derived from
some Treg cells can transfer miR-503 and iNOS enzyme to naïve T cells, block their cell
cycle progression and induce apoptosis [53]. MiR-503 induces G1 cell cycle arrest by
reducing the expression levels of cyclin E and cyclin D1 proteins in target cells [54,55].
iNOS enzyme can catalyze NO production and induce the downregulation of cyclin D1
and cell cycle arrest [56,57]. However, similar to cell proliferation, Treg-EVs may inhibit the
apoptosis of some specific types of cells. In immortalized murine colonic epithelial cell line
YAMC cells, Treg-EVs can inhibit apoptosis by transferring mir-195a-3p, which negatively
regulates the apoptosis-related protein expression [58]. Interestingly, Treg-EVs show the
indirect anti-apoptotic effects in vivo. Treg-EVs can inhibit apoptosis of myocardial cells in
acute myocardial infarction mouse model by promoting M2 polarization of macrophage in
myocardial tissues [59]. Therefore, the effects of Treg-EVs on cell apoptosis and proliferation
depend on cell type.

4.2. Cytokine Production

Treg-EVs can significantly change the cytokine expression profile of target cells. In
Teff cell, CD73 expressed on Treg-EVs inhibited the production of cytokines including IL-2,
IL-6, and IFN-γ in a dose-dependent manner [16]. Moreover, Treg-EVs mainly transfer
miRNAs to regulate cytokine production of target cells. Human Treg-EVs could increase
the levels of IL-4 and IL-10 and decrease the levels of IL-6, IL-2, and IFN-γ in Teff cells by
transferring miR-146a-5 and miR-150-5p [26]. Treg-EVs also preferentially package and
transfer miRNA let-7d to Th1 cells and then suppress IFN-γ secretion by repressing Cox-2
expression [15]. In addition, Treg-EVs can transfer miR-142-3p to DCs and decrease IL-6
because the 3′ UTR of IL-6 is targeted by miR-142-3p [29].

4.3. Cell Differentiation

Treg-EVs can regulate target cell differentiation. EVs derived from TGF-β-induced
CD4+ CD25+ Treg cells (iTreg) showed a significantly higher miR-449a-5p expression level
than those from non-induced cells. iTreg-EVs inhibited Th17 differentiation by targeting
the Notch1 pathway of T cells by transferring miR-449a-5 [60].

4.4. Cell Proliferation

Treg-EVs can inhibit cell proliferation via at least two ways. First, Treg-EVs inhibit
target cell proliferation via surface proteins. Treg-EVs can suppress effector T (Teff) cell
proliferation by CD73/CD39. CD73 (ecto-5′-nucleotidase) had been indicated to be the
vital surface molecule of Treg cells-mediated inhibitory function. CD73 converts AMP to
anti-inflammatory adenosine, which interacts with adenosine receptors A2aR expressed
on effector T cells and then activates the intracellular cAMP pathway to inhibit cell prolif-
eration [16]. CD39 expressed on Treg-EVs may inhibit Teff cell proliferation by the same
mechanism [26]. Second, Treg-EVs can transfer miRNAs to target cells and suppress cell
proliferation. For example, Human Treg-EVs inhibit CD4+ T cell proliferation by delivering
miR-146a-5p, which down-modulates critical genes IRAK2 and STAT1 necessary for T
cell proliferation [28]. In addition, Treg-EVs transfer let-7d to Th1 cell and inhibit cell
proliferation [15]. However, Treg-EVs may promote cell proliferation in some specific types
of cell, such as immortalized murine colonic epithelial cell line YAMC cells [58].

5. The Roles of Treg-EVs in Human Diseases

Increasing evidence demonstrates that Treg cells play essential roles in various hu-
man diseases and conditions. The abnormal quantity or function of Treg-EVs is one of
the possible mechanisms mediating Treg cell-associated diseases. Treg-EVs are involved
in suppressing transplant rejection, inhibiting inflammatory diseases, and regulating au-
toimmune diseases. Currently, Treg-EVs are mainly obtained from isolated Treg cells, but
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differences in Treg cell sources and methods of Treg cells, and EVs isolation could lead to
the heterogeneity of isolated Treg-EVs in studies (Table 2).

Table 2. Heterogeneity of Treg cell-derived EVs in studies and their roles in human diseases and
conditions.

Diseases and
Conditions Source of Tregs Tregs Isolation

Method
Treg-EVs Isolation

Method
Effective
Molecule Roles of Treg-EVs Reference

Kidney
transplantation

Rat Lymphocytes FACS

Ultracentrifugation
(110,000× g) and

30% sucrose/D2O
density cushion

Not determined Prolonging kidney
allograft survival [18]

Rat CD4+CD25−

regulatory T cells FACS Ultracentrifugation
(100,000× g)

miR-503 and
iNOS

Prolonging kidney
allograft survival by

inhibiting T cell
proliferation

[53]

Liver
transplantation

Mouse spleen
lymphocytes FACS

Ultracentrifugation
(110,000× g) with
filtration (0.22 µm)

Not determined

Prolonging liver
allograft survival by
suppressing CD8+

cytotoxic T
lymphocyte
proliferation

[61]

Skin
transplantation Human blood

RosetteSep kit
and CD25

Microbeads kit

Ultracentrifugation
(100,000× g) with
filtration (0.22 µm)
and ExoQuick-TC

Not determined

Prolonging skin
allograft survival by
modify T-effector cell
cytokine production

[26]

Psoriasis
Human

peripheral blood
mononuclear cells

FACS

Ultracentrifugation
(100,000× g),

microfiltration
(ExoMir Mini kit)
and differential

precipitation
(ExoSpin kit)

Not determined
Associated with

psoriasis
pathogenesis

[28]

Multiple sclerosis
(MS)

Human
peripheral blood
mononuclear cells

Dynabead
Regulatory

CD4+CD25+ T
cell kit

Total Exosome
Isolation kit Not determined

Suppressing the
proliferation of

conventional T cells
[52]

Rheumatoid
arthritis (RA)

TGF-β-induced
Treg cells-derived
EVs (iTreg-EVs)

FACS EV isolation kits miR-449a-5p
Reversing Th17/Treg
imbalance to prevent

RA progression
[60]

Intestinal
inflammation

Mouse spleen FACS
Ultracentrifugation

(100,000× g) and
ExoQuick solution

let-7d
Preventing colitis by
inhibiting Th1 cell

proliferation
[15]

Mouse spleen
mononuclear cells

Mini-MACS
immunomagnetic
separation system

Ultracentrifugation
(100,000× g) with
filtration (0.22 µm)

miR-195a-3p

Alleviating
inflammatory bowel

disease by promoting
proliferation and

inhibiting apoptosis
of colonicepithelial

cells

[58]

B16 melanoma
Mouse

CD8+CD25+

regulatory T cells

MACS beads
immunomagnetic
separation system

Ultracentrifugation Not determined

Suppressing cytotoxic
T lymphocyte-

mediated immunity
against B16
melanoma

[17]

Acute myocardial
infarction (AMI) Mouse spleen

CD4+CD25+

regulatory T cell
isolation kit

Total exosome
isolation reagent kit Not determined

Ameliorating AMI by
promoting

macrophage M2
polarization

[59]

5.1. Transplantation Rejection

Recently, the roles of Treg-EVs in transplant rejection have significantly attracted the
attention of researchers. At present, solid organ transplantation is still the first choice for
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treating end-stage organ failure. However, chronic immune rejection significantly limits the
survival rate of the transplant. Patients have to take immunosuppressive drugs to prevent
rejection in the long term, which often causes severe side effects. T regulatory cell-mediated
transplantation tolerance is considered an attractive novel therapeutic strategy. Treg cells
can reduce transplantation rejection by mediating immune suppression and maintaining
immune tolerance [62,63]. Similar to Treg cells, Treg-EVs can also prevent transplantation
rejection and prolong the survival time of transplant.

5.1.1. Kidney Transplantation

Treg-EVs, especially exosomes with a size of 30–100 nm, could inhibit T cell prolifera-
tion, delay acute rejection, and then significantly prolong the survival time of allografts
in a rat kidney transplantation model [18]. Similarly, Treg-EVs could also prolong the
survival time of kidney transplantation in a rat model of kidney allograft by inhibiting T
cell proliferation [53].

5.1.2. Liver Transplantation

In a rat orthotopic liver transplantation (OLT) model, the injection of mouse natural
CD4+ CD25+ Treg-EVs can significantly prolong the survival time of animals. Mechanically,
Treg-EVs induced the cell cycle arrest in CD8+ cytotoxic T lymphocytes (CTLs) and then
inhibited proliferation and cytotoxic activity by reducing the expression of perforin and
IFN-γ, which play a crucial role in immune rejection [61].

5.1.3. Skin Transplantation

In a mouse model of humanized skin transplantation, human Treg-EVs prevented
alloimmune mediated human skin allograft damage and prolonged skin allograft survival
by limiting immune cell infiltration. Mechanically, Treg-EVs modified the cytokine pro-
duction of Teff, such as reducing IL-6 while increasing IL-4 and IL-10 [26]. Blocking IL-6
production and IL-6 signaling pathway [64,65] and increasing IL-4 level [66] can promote
transplantation tolerance.

5.2. Autoimmune Diseases

Autoimmune diseases can be attributed to the immune responses to self-antigens
resulting in damage or dysfunction of tissues, which are often accompanied by abnormal
quantity and/or function of Treg cells [67]. Abnormal Treg-EVs are associated with the
pathogenesis of various autoimmune diseases.

5.2.1. Psoriasis

Psoriasis is a chronic, immune-mediated disorder manifesting in the skin and joints [68].
Treg cells are dysfunctional in most patients with psoriasis and play an important role
in psoriasis pathogenesis. Treg-EVs may be associated with disease progression. The
expression of multiple miRNAs derived from T cells was significantly upregulated in the
sera of psoriasis patients compared with healthy donors. Interestingly, after treatment
with etanercept (a tumor necrosis factor α (TNF-α) inhibitor biologic), the expression of
miR-146a-5p enriched in Treg-EVs was increased, unlike other miRNAs that returned to
normal levels. However, there is no direct evidence that miRNA changes in serum are
associated with Treg-EVs. Therefore, the values of miRNAs derived from Treg-EVs in
psoriasis need more extensive studies [28].

5.2.2. Multiple Sclerosis (MS)

Multiple sclerosis is an autoimmune disease characterized by axonal degeneration of
the central nervous system [52,69]. The defects in the Treg function have been considered
one of the possible mechanisms leading to MS [70,71]. Compared with normal human Treg-
EVs, the ability of extracellular vesicles from MS patients to inhibit the proliferation and
induce apoptosis of conventional T cells (Tconv) was significantly reduced. Mechanically,
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the dysregulation of immunomodulatory molecules related Treg-EVs might contribute to
insufficient Treg cell activity in MS patients [52].

5.2.3. Rheumatoid Arthritis (RA)

Rheumatoid arthritis is an autoimmune disease characterized by synovial hyper-
plasia and irreversible destruction of articular cartilage [72]. Th17 cell expansion and
impaired Treg function are associated with disease progression [73]. TGF-β-induced Treg
cells-derived EVs (iTreg-EVs) preferentially localize to pathological joints and delay the
occurrence of RA in a mouse collagen-induced RA experimental model. In this model,
iTreg-EVs target the expression of the inflammatory gene Notch1 by transferring miR-449a-
5p [60,74]. Notch signaling is involved in T cell development and differentiation, and
inhibition of the Notch1 pathway could inhibit Th1 and Th17 cells, while promoting Treg
cells. By transferring miR-449a-5p, iTreg-EVs reversed Th17/Treg imbalance to prevent
disease progression and relieve RA symptoms [75,76].

5.3. Inflammation

Treg cells play key roles in suppressing inflammation, partially by releasing extracellu-
lar vesicles. Treg-EVs showed impressive roles in suppressing intestinal inflammation in
animal models. Targeted inhibition of Th1 cell proliferation and IFN production by Treg-
EVs is a possible mechanism to suppress inflammation. Let-7d deficient murine Treg-EVs
failed to prevent colitis compared with wild-type Treg-EVs. The lack of Dicer (required
for miRNA maturation) and Rab27 (required for vesicle release) or impaired transport of
let-7d abolished the ability of Treg cells to suppress inflammation [15]. Let-7d of Treg-EVs
targeting Cox-2 prevented Th1 cell-mediated intestinal inflammation [15,77].

In addition, Treg-EVs alleviate inflammatory bowel disease (IBD) by transferring
miRNA to intestinal epithelial cells. IBD is a non-specific intestinal inflammatory disease
with intestinal epithelial barrier dysfunction. In a dextran sodium sulfate (DSS)-induced
IBD mouse model, Treg-EVs promoted the reparative process of intestinal epithelial barrier
damage. Mechanically, Treg-EVs transferred miR-195a-3p to the intestinal epithelial cells,
which directly targeted the mRNA of CASP12 gene, and negatively regulated the expression
of Caspase 12, a pro-apoptotic protein. Therefore, Treg-EVs can promote intestinal epithelial
cell proliferation and inhibit apoptosis and then reduce IBD symptoms [58].

5.4. Cancers

Treg-EVs may promote tumorigenesis via two ways. First, Treg-EVs inhibit cell
proliferation of effector T cells [26] and cytokine production [15]. Moreover, Treg-EVs
derived from natural CD8+ CD25+ regulatory T cells significantly inhibited DC-induced
cytotoxic T lymphocyte responses and anti-tumor immunity in a mouse B16 melanoma
model [17]. Second, the ability of Treg-EVs to promote the proliferation of immortalized
epithelial cells [58] may also contribute to tumorigenesis. However, more studies are
required to reveal the roles and mechanisms of Treg-EVs in tumorigenesis.

5.5. Other Diseases

Acute myocardial infarction (AMI) is an ischemic heart disease, and Treg cells can sup-
press the inflammatory response caused by myocardial infarction and promote pathological
cardiac remodeling [78]. In an AMI mouse model, Treg-EVs reduced myocardial infarct
size and myocyte cell apoptosis. The expression of iNOS (a marker of M1 macrophages),
IL-1β, and TNF-α was notably suppressed in myocardial tissue treated by Treg-EVs. In
contrast, Arg-1 (a marker of M2 macrophages) and TGF-β were significantly up-regulated.
Interestingly, the depletion of mouse endogenous macrophages abolished the effects of
Treg-EVs on AMI [59], suggesting that Treg-EVs may ameliorate AMI by promoting the
polarization of macrophages to M2 style.
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6. Application of Treg-EVs in Human Diseases

Based on the current research, infusion of Treg-EVs, as a new cell-free therapy, has
excellent potential in disease diagnosis, inhibition of transplantation rejection, and even
drug transport. At present, there are still many problems to be solved, but Treg cell-derived
EVs have a bright prospect in the treatment of human disease. Compared with infused Treg
cells, Treg-EVs are cell-free, easily enter specific tissues, and have no risk of Treg phenotypic
conversion.

6.1. Transplantation and Autoimmune Diseases

Treg-EVs are a promising tool to treat immune-related diseases. Treg cells have been
applied in the phase I/II clinical trials of patients with organ transplantation such as
kidney transplantation (NCT02129881) [79] and liver transplantation (NCT02166177), as
well as patients with autoimmune diseases such as autoimmune hepatitis (NCT02704338).
However, the inflammatory environment may lead to human Treg cell instability and the
phenotypic conversion of Treg cells into helper T cells (Th) such as Th1, Th2, and Th17
cells [80].

Like Treg cells, Treg-EVs may regulate immune responses, inhibit transplant rejection,
and promote tissue regeneration. Recently, many types of EVs from mesenchymal stem
cells (MSC), endothelial colony-forming cells (ECFC), neural stem cells (NSC), and other
sources in regenerative therapy [81] have been used in pre-clinical and clinical studies.
Therefore, Treg-EVs may be used to replace Treg cells for the treatment of inflammatory
diseases directly. However, similar to other EVs, some technical issues must be solved
before clinical application. It is a big challenge to isolate a large number of clinical-grade
quality Treg-EVs under GMP conditions. Meanwhile, the technologies for the clinical-scale
separation and in vitro expansion of Treg cells are also under development [81,82].

6.2. Biomarkers for Disease Diagnosis

Treg-EVs may be used as new and potential biomarkers for disease diagnosis. EVs
are released by virtually all cell types in the body and have been widely found in various
biofluids, including plasma [83], semen [84], urine [85], tumor effusions [86], and so on.
More importantly, EVs express cell type-specific markers. The composition of EVs can
reflect the physiological and pathological changes of cells or tissues from which EVs are
derived, making the application of EVs possible as biomarkers for diagnosing diseases.
The levels of EVs and the changes in their components such as proteins, miRNAs, and
mRNAs can be used as diagnostic markers, closely correlated with the disease’s occurrence,
development, and prognosis. The application of EVs as biomarkers in tumors [87], liver
diseases [88], Parkinson’s disease [89], and other diseases has entered clinical research and
has a large number of reviews.

As early as 2014, it was proposed that EVs derived from Treg cells could be used as a
possible therapeutic and diagnostic tool in transplantation [82]. However, so far, Treg-EVs
application has been limited in animal studies and not been used in clinical trials for several
possible reasons, including the lack of standardized protocol for isolation and purification
of Treg-EVs, as well as unified and standardized procedures for the analysis of Treg-EVs.

6.3. Delivery Media

As the messengers for intercellular communication, EVs can serve as the ideal carriers
to transport therapeutic proteins, nucleic acids, and drugs to the target cells in clinical trials
to treat diseases [90]. Treg-EVs can target a variety of cells, and the use of Treg-EVs for
drug transport is a perfectly reasonable assumption after discovering EVs’ structural and
functional features.

For example, the modified Treg-EVs can be used as a vehicle for the delivery of anti-
VEGF antibodies (aV) to reduce choroidal neovascularization in both mouse and monkey
models. The ocular neovascular disease is a progressive disease that can cause severe
vision loss. Using antibodies targeting vascular endothelial growth factor (VEGF) is the
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most effective treatment. The rEXS–cL–aV, that is, Treg-EVs conjugated with aV using a
peptide linker (cL), is a nanodrug. First, Treg-EVs enhance the delivery efficiency of aV.
Conjugated aV transported by Treg-EVs accumulates in the neovascularization lesions.
The ability of Treg-EVs to localize to neovascularization lesions, similar to the migration
of Treg cells to sites of inflammation, might be attributed to the expression of chemokine
receptors (such as CCR6) on Treg-EVs. Second, due to the slower elimination of Treg-EVs
than that of soluble proteins, rEXS–cL–aV has prolonged the retention compared with
aV alone. In addition, Treg-EVs mediate immunosuppression and synergize with aV to
form a combination therapy. Treg-EVs contributed greatly to the high treatment efficacy of
rEXS–cL–aV [91].

Obviously, in addition to the obstacles of Treg-EVs application mentioned above,
the modification of EVs may generate additional difficulties. In fact, extracellular vesicle
modification procedures may cause membrane damage, which may trigger the immune
responses. Moreover, it is difficult to control the amounts of drugs loaded into EVs. In
addition to simply mixing EVs with drugs to get hydrophobic compounds into EVs, com-
monly used methods include physical or chemical induction, which have their limitations.
At present, studies have shown that the use of different routes of administration causes
EVs to have different biodistribution patterns in the human body. Therefore, formulating
an appropriate dosage regimen must also be considered [92]. Nonetheless, Treg-EVs as a
drug-delivery system are a promising avenue for treating human diseases.

7. Conclusions and Remarks

In conclusion, Treg-EVs represent one of the key mechanisms of Treg cell-mediated
suppression and are closely associated with human diseases. Treg-EVs carry many im-
munosuppressive molecules originated from parent Treg cells and repress the proliferation
and function of target cells, especially T cells. Treg-EVs may be the promising novel targets
for human disease treatment. Moreover, Treg-EVs can be used as biomarkers for disease
diagnosis and drug delivery media.

Although encouraging results have been achieved with Treg-EVs, several aspects
remain to be explored before Treg-EVs can be used for clinics. First, the roles and specific
mechanisms of Treg-EVs in human diseases need further investigation. Second, standard
operating procedures and large-scale production of Treg-EVs for clinical use remain to be
explored. Third, it is necessary to improve the efficiency of drug loading in Treg-EVs and
explore the route and dose of Treg-EVs. Therefore, future investigations should focus on
combining basic research on Treg-EVs with emerging technologies to bring breakthroughs
for the treatment.

Author Contributions: Conceptualization, C.L., J.G. and R.J.; writing—original draft preparation,
C.L.; writing—review and editing, J.G. and R.J. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by the Key Research and Development Program of Hubei Province,
grant number 2020BCB046.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sakaguchi, S.; Yamaguchi, T.; Nomura, T.; Ono, M. Regulatory T Cells and Immune Tolerance. Cell 2008, 133, 775–787. [CrossRef]

[PubMed]
2. Munoz-Rojas, A.R.; Mathis, D. Tissue Regulatory T Cells: Regulatory Chameleons. Nat. Rev. Immunol. 2021, 21, 597–611.

[CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2008.05.009
http://www.ncbi.nlm.nih.gov/pubmed/18510923
http://doi.org/10.1038/s41577-021-00519-w
http://www.ncbi.nlm.nih.gov/pubmed/33772242


Int. J. Mol. Sci. 2022, 23, 11206 13 of 16

3. Sakaguchi, S.; Sakaguchi, N.; Asano, M.; Itoh, M.; Toda, M. Immunologic Self-Tolerance Maintained by Activated T Cells
Expressing Il-2 Receptor Alpha-Chains (Cd25). Breakdown of a Single Mechanism of Self-Tolerance Causes Various Autoimmune
Diseases. J. Immunol. 1995, 155, 1151–1164. [PubMed]

4. Khattri, R.; Cox, T.; Yasayko, S.A.; Ramsdell, F. An Essential Role for Scurfin in Cd4+Cd25+ T Regulatory Cells. Nat. Immunol.
2003, 4, 337–342. [CrossRef]

5. Fontenot, J.D.; Gavin, M.A.; Rudensky, A.Y. Foxp3 Programs the Development and Function of Cd4+Cd25+ Regulatory T Cells.
Nat. Immunol. 2003, 4, 330–336. [CrossRef]

6. Hori, S.; Nomura, T.; Sakaguchi, S. Control of Regulatory T Cell Development by the Transcription Factor Foxp3. Science 2003,
299, 1057–1061. [CrossRef]

7. Chen, W.; Jin, W.; Hardegen, N.; Lei, K.J.; Li, L.; Marinos, N.; McGrady, G.; Wahl, S.M. Conversion of Peripheral Cd4+Cd25−
Naive T Cells to Cd4+Cd25+ Regulatory T Cells by Tgf-Beta Induction of Transcription Factor Foxp3. J. Exp. Med. 2003, 198,
1875–1886. [CrossRef]

8. Shevach, E.M.; Thornton, A.M. Ttregs, Ptregs, and Itregs: Similarities and Differences. Immunol. Rev. 2014, 259, 88–102. [CrossRef]
9. Sakaguchi, S.; Mikami, N.; Wing, J.B.; Tanaka, A.; Ichiyama, K.; Ohkura, N. Regulatory T Cells and Human Disease. Annu. Rev.

Immunol. 2020, 38, 541–566. [CrossRef]
10. Vignali, D.A.; Collison, L.W.; Workman, C.J. How Regulatory T Cells Work. Nat. Rev. Immunol. 2008, 8, 523–532. [CrossRef]
11. Shevach, E.M. Mechanisms of Foxp3+ T Regulatory Cell-Mediated Suppression. Immunity 2009, 30, 636–645. [CrossRef] [PubMed]
12. Sakaguchi, S.; Miyara, M.; Costantino, C.M.; Hafler, D.A. Foxp3+ Regulatory T Cells in the Human Immune System. Nat. Rev.

Immunol. 2010, 10, 490–500. [CrossRef] [PubMed]
13. Rojas, C.; Campos-Mora, M.; Carcamo, I.; Villalon, N.; Elhusseiny, A.; Contreras-Kallens, P.; Refisch, A.; Galvez-Jiron, F.; Emparan,

I.; Montoya-Riveros, A.; et al. T Regulatory Cells-Derived Extracellular Vesicles and Their Contribution to the Generation of
Immune Tolerance. J. Leukoc. Biol. 2020, 108, 813–824. [CrossRef] [PubMed]

14. Azimi, M.; Aslani, S.; Mortezagholi, S.; Salek, A.; Javan, M.R.; Rezaiemanesh, A.; Ghaedi, M.; Gholamzad, M.; Salehi, E.
Identification, Isolation, and Functional Assay of Regulatory T Cells. Immunol. Investig. 2016, 45, 584–602. [CrossRef] [PubMed]

15. Okoye, I.S.; Coomes, S.M.; Pelly, V.S.; Czieso, S.; Papayannopoulos, V.; Tolmachova, T.; Seabra, M.C.; Wilson, M.S. MicroRNA-
Containing T-Regulatory-Cell-Derived Exosomes Suppress Pathogenic T Helper 1 Cells. Immunity 2014, 41, 89–103. [CrossRef]

16. Smyth, L.A.; Ratnasothy, K.; Tsang, J.Y.; Boardman, D.; Warley, A.; Lechler, R.; Lombardi, G. Cd73 Expression on Extracellular
Vesicles Derived from Cd4+ Cd25+ Foxp3+ T Cells Contributes to Their Regulatory Function. Eur. J. Immunol. 2013, 43, 2430–2440.
[CrossRef]

17. Xie, Y.; Zhang, X.; Zhao, T.; Li, W.; Xiang, J. Natural Cd8+ 25+ Regulatory T Cell-Secreted Exosomes Capable of Suppressing
Cytotoxic T Lymphocyte-Mediated Immunity against B16 Melanoma. Biochem. Biophys. Res. Commun. 2013, 438, 152–155.
[CrossRef]

18. Yu, X.; Huang, C.; Song, B.; Xiao, Y.; Fang, M.; Feng, J.; Wang, P. Cd4+Cd25+ Regulatory T Cells-Derived Exosomes Prolonged
Kidney Allograft Survival in a Rat Model. Cell. Immunol. 2013, 285, 62–68. [CrossRef]

19. van Niel, G.; D’Angelo, G.; Raposo, G. Shedding Light on the Cell Biology of Extracellular Vesicles. Nat. Rev. Mol. Cell Biol. 2018,
19, 213–228. [CrossRef]

20. Raposo, G.; Stoorvogel, W. Extracellular Vesicles: Exosomes, Microvesicles, and Friends. J. Cell Biol. 2013, 200, 373–383. [CrossRef]
21. Kalluri, R.; LeBleu, V.S. The Biology, Function, and Biomedical Applications of Exosomes. Science 2020, 367, eaau6977. [CrossRef]

[PubMed]
22. de Candia, P.; de Rosa, V.; Casiraghi, M.; Matarese, G. Extracellular RNAs: A Secret Arm of Immune System Regulation. J. Biol.

Chem. 2016, 291, 7221–7228. [CrossRef] [PubMed]
23. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;

Atkin-Smith, G.K.; et al. Minimal Information for Studies of Extracellular Vesicles 2018 (Misev2018): A Position Statement of the
International Society for Extracellular Vesicles and Update of the Misev2014 Guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef] [PubMed]

24. Cheng, L.; Hill, A.F. Therapeutically Harnessing Extracellular Vesicles. Nat. Rev. Drug Discov. 2022, 21, 379–399. [CrossRef]
25. Thery, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, Biogenesis and Function. Nat. Rev. Immunol. 2002, 2, 569–579.

[CrossRef]
26. Tung, S.L.; Fanelli, G.; Matthews, R.I.; Bazoer, J.; Letizia, M.; Vizcay-Barrena, G.; Faruqu, F.N.; Philippeos, C.; Hannen, R.; Al-Jamal,

K.T.; et al. Regulatory T Cell Extracellular Vesicles Modify T-Effector Cell Cytokine Production and Protect against Human Skin
Allograft Damage. Front. Cell Dev. Biol. 2020, 8, 317. [CrossRef]

27. Sullivan, J.A.; Tomita, Y.; Jankowska-Gan, E.; Lema, D.A.; Arvedson, M.P.; Nair, A.; Bracamonte-Baran, W.; Zhou, Y.; Meyer,
K.K.; Zhong, W.; et al. Treg-Cell-Derived Il-35-Coated Extracellular Vesicles Promote Infectious Tolerance. Cell Rep. 2020, 30,
1039–1051.e5. [CrossRef]

28. Torri, A.; Carpi, D.; Bulgheroni, E.; Crosti, M.C.; Moro, M.; Gruarin, P.; Rossi, R.L.; Rossetti, G.; di Vizio, D.; Hoxha, M.; et al.
Extracellular MicroRNA Signature of Human Helper T Cell Subsets in Health and Autoimmunity. J. Biol. Chem. 2017, 292,
2903–2915. [CrossRef]

29. Tung, S.L.; Boardman, D.A.; Sen, M.; Letizia, M.; Peng, Q.; Cianci, N.; Dioni, L.; Carlin, L.M.; Lechler, R.; Bollati, V.; et al.
Regulatory T Cell-Derived Extracellular Vesicles Modify Dendritic Cell Function. Sci. Rep. 2018, 8, 6065. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/7636184
http://doi.org/10.1038/ni909
http://doi.org/10.1038/ni904
http://doi.org/10.1126/science.1079490
http://doi.org/10.1084/jem.20030152
http://doi.org/10.1111/imr.12160
http://doi.org/10.1146/annurev-immunol-042718-041717
http://doi.org/10.1038/nri2343
http://doi.org/10.1016/j.immuni.2009.04.010
http://www.ncbi.nlm.nih.gov/pubmed/19464986
http://doi.org/10.1038/nri2785
http://www.ncbi.nlm.nih.gov/pubmed/20559327
http://doi.org/10.1002/JLB.3MR0420-533RR
http://www.ncbi.nlm.nih.gov/pubmed/32531824
http://doi.org/10.1080/08820139.2016.1193869
http://www.ncbi.nlm.nih.gov/pubmed/27420738
http://doi.org/10.1016/j.immuni.2014.05.019
http://doi.org/10.1002/eji.201242909
http://doi.org/10.1016/j.bbrc.2013.07.044
http://doi.org/10.1016/j.cellimm.2013.06.010
http://doi.org/10.1038/nrm.2017.125
http://doi.org/10.1083/jcb.201211138
http://doi.org/10.1126/science.aau6977
http://www.ncbi.nlm.nih.gov/pubmed/32029601
http://doi.org/10.1074/jbc.R115.708842
http://www.ncbi.nlm.nih.gov/pubmed/26887954
http://doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pubmed/30637094
http://doi.org/10.1038/s41573-022-00410-w
http://doi.org/10.1038/nri855
http://doi.org/10.3389/fcell.2020.00317
http://doi.org/10.1016/j.celrep.2019.12.081
http://doi.org/10.1074/jbc.M116.769893
http://doi.org/10.1038/s41598-018-24531-8


Int. J. Mol. Sci. 2022, 23, 11206 14 of 16

30. Gutierrez-Vazquez, C.; Villarroya-Beltri, C.; Mittelbrunn, M.; Sanchez-Madrid, F. Transfer of Extracellular Vesicles during Immune
Cell-Cell Interactions. Immunol. Rev. 2013, 251, 125–142. [CrossRef]

31. Tekguc, M.; Wing, J.B.; Osaki, M.; Long, J.; Sakaguchi, S. Treg-Expressed Ctla-4 Depletes Cd80/Cd86 by Trogocytosis, Releasing
Free Pd-L1 on Antigen-Presenting Cells. Proc. Natl. Acad. Sci. USA 2021, 118, e2023739118. [CrossRef]

32. Deaglio, S.; Dwyer, K.M.; Gao, W.; Friedman, D.; Usheva, A.; Erat, A.; Chen, J.F.; Enjyoji, K.; Linden, J.; Oukka, M.; et al.
Adenosine Generation Catalyzed by Cd39 and Cd73 Expressed on Regulatory T Cells Mediates Immune Suppression. J. Exp.
Med. 2007, 204, 1257–1265. [CrossRef] [PubMed]

33. Allard, B.; Longhi, M.S.; Robson, S.C.; Stagg, J. The Ectonucleotidases Cd39 and Cd73: Novel Checkpoint Inhibitor Targets.
Immunol. Rev. 2017, 276, 121–144. [CrossRef]

34. Delgoffe, G.M.; Woo, S.R.; Turnis, M.E.; Gravano, D.M.; Guy, C.; Overacre, A.E.; Bettini, M.L.; Vogel, P.; Finkelstein, D.; Bonnevier,
J.; et al. Stability and Function of Regulatory T Cells Is Maintained by a Neuropilin-1-Semaphorin-4a Axis. Nature 2013, 501,
252–256. [CrossRef] [PubMed]

35. Overacre, A.E.; Vignali, D.A. T(Reg) Stability: To Be or Not to Be. Curr. Opin. Immunol. 2016, 39, 39–43. [CrossRef] [PubMed]
36. Campos-Mora, M.; de Solminihac, J.; Rojas, C.; Padilla, C.; Kurte, M.; Pacheco, R.; Kaehne, T.; Wyneken, U.; Pino-Lagos, K.

Neuropilin-1 Is Present on Foxp3+ T Regulatory Cell-Derived Small Extracellular Vesicles and Mediates Immunity against Skin
Transplantation. J. Extracell. Vesicles 2022, 11, e12237. [CrossRef]

37. Collison, L.W.; Workman, C.J.; Kuo, T.T.; Boyd, K.; Wang, Y.; Vignali, K.M.; Cross, R.; Sehy, D.; Blumberg, R.S.; Vignali, D.A. The
Inhibitory Cytokine Il-35 Contributes to Regulatory T-Cell Function. Nature 2007, 450, 566–569. [CrossRef]

38. Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J.J.; Lotvall, J.O. Exosome-Mediated Transfer of mRNAs and MicroRNAs
Is a Novel Mechanism of Genetic Exchange between Cells. Nat. Cell Biol. 2007, 9, 654–659. [CrossRef]

39. Thakur, B.K.; Zhang, H.; Becker, A.; Matei, I.; Huang, Y.; Costa-Silva, B.; Zheng, Y.; Hoshino, A.; Brazier, H.; Xiang, J.; et al.
Double-Stranded DNA in Exosomes: A Novel Biomarker in Cancer Detection. Cell Res. 2014, 24, 766–769. [CrossRef]

40. Crescitelli, R.; Lässer, C.; Szabó, T.G.; Kittel, A.; Eldh, M.; Dianzani, I.; Buzás, E.I.; Lötvall, J. Distinct RNA Profiles in Subpopula-
tions of Extracellular Vesicles: Apoptotic Bodies, Microvesicles and Exosomes. J. Extracell. Vesicles 2013, 2, 20677. [CrossRef]

41. ‘t Hoen, E.N.N.; Buermans, H.P.; Waasdorp, M.; Stoorvogel, W.; Wauben, M.H.; ‘t Hoen, P.A. Deep Sequencing of RNA
from Immune Cell-Derived Vesicles Uncovers the Selective Incorporation of Small Non-Coding RNA Biotypes with Potential
Regulatory Functions. Nucleic Acids Res. 2012, 40, 9272–9285. [CrossRef] [PubMed]

42. Bullock, M.D.; Silva, A.M.; Kanlikilicer-Unaldi, P.; Filant, J.; Rashed, M.H.; Sood, A.K.; Lopez-Berestein, G.; Calin, G.A. Exosomal
Non-Coding RNAs: Diagnostic, Prognostic and Therapeutic Applications in Cancer. Noncoding RNA 2015, 1, 53–68. [CrossRef]
[PubMed]

43. Cambier, L.; de Couto, G.; Ibrahim, A.; Echavez, A.K.; Valle, J.; Liu, W.; Kreke, M.; Smith, R.R.; Marban, L.; Marban, E. Y RNA
Fragment in Extracellular Vesicles Confers Cardioprotection via Modulation of Il-10 Expression and Secretion. EMBO Mol. Med.
2017, 9, 337–352. [CrossRef] [PubMed]

44. Huang, X.; Yuan, T.; Tschannen, M.; Sun, Z.; Jacob, H.; Du, M.; Liang, M.; Dittmar, R.L.; Liu, Y.; Liang, M.; et al. Characterization
of Human Plasma-Derived Exosomal RNAs by Deep Sequencing. BMC Genom. 2013, 14, 319. [CrossRef]

45. Villarroya-Beltri, C.; Baixauli, F.; Gutiérrez-Vázquez, C.; Sánchez-Madrid, F.; Mittelbrunn, M. Sorting It Out: Regulation of
Exosome Loading. Semin. Cancer Biol. 2014, 28, 3–13. [CrossRef]

46. Mittelbrunn, M.; Gutiérrez-Vázquez, C.; Villarroya-Beltri, C.; González, S.; Sánchez-Cabo, F.; González, M.; Bernad, A.; Sánchez-
Madrid, F. Unidirectional Transfer of MicroRNA-Loaded Exosomes from T Cells to Antigen-Presenting Cells. Nat. Commun. 2011,
2, 282. [CrossRef]

47. Colombo, M.; Raposo, G.; Thery, C. Biogenesis, Secretion, and Intercellular Interactions of Exosomes and Other Extracellular
Vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [CrossRef]

48. Hannafon, B.N.; Ding, W.Q. Intercellular Communication by Exosome-Derived MicroRNAs in Cancer. Int. J. Mol. Sci. 2013, 14,
14240–14269. [CrossRef]
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