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Abstract
T regulatory (Treg) cells have amajor role in themaintenance of immune tolerance against self and

foreign antigens through the control of harmful inflammation. Treg cells exert immunosuppressive

function by several mechanisms, which can be distinguished as contact dependent or indepen-

dent. Recently, the secretion of extracellular vesicles (EVs) by Treg cells has been reported as a

novel suppressive mechanism capable of modulating immunity in a cell-contact independent and

targetedmanner, which has been identified in different pathologic scenarios. EVs are cell-derived

membranous structures involved in physiologic and pathologic processes through protein, lipid,

and genetic material exchange, which allow intercellular communication. In this review, we revise

and discuss current knowledge on Treg cells-mediated immune tolerance giving special attention

to the production and release of EVs. Multiple studies support that Treg cells-derived EVs repre-

sent a refined intercellular exchange device with the capacity of modulating immune responses,

thus creating a tolerogenic microenvironment in a cell-free manner. The mechanisms proposed

encompass miRNAs-induced gene silencing, the action of surface proteins and the transmission

of enzymes. These observations gain relevance by the fact that Treg cells are susceptible to con-

verting into effector T cells after exposition to inflammatory environments. Yet, in contrast to

their cells of origin, EVs are unlikely to be modified under inflammatory conditions, highlighting

the advantage of their use. Moreover, we speculate in the possibility that Treg cells may con-

tribute to infectious tolerance via vesicle secretion, intervening with CD4+ T cells differentiation

and/or stability.
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Abbreviations: APCs, antigen presenting cells; BM-DCs, bonemarrow-derived dendritic cells

(DCs); CD73, ecto-5-nucleotide enzyme; Cox-2, cyclooxygenase-2; CTLA-4, cytotoxic T

lymphocyte antigen-4; CTLs, cytotoxic T lymphocytes; d3Tx, thymectomized on the third day

of life; DCOVA, OVA-pulsed DCs; ESCRT, endosomal sorting complex required for transport;

EVs, extracellular vesicles; FasL, Fas ligand; Foxp3, Forkhead box P3; Foxp3+ , Treg cells;

H3K27, histone H3 lysine 27; H3K4, Histone H3 lysine K4; iDCs, immature DCs; IKK2,

inhibitor kappa B kinase 2; ILVs, intraluminal vesicles; IPEX, immune dysregulation,

polyendocrinopathy, enteropathy X-linked; LAG-3, lymphocyte activation gene-3; M2, Type-2

macrophages; mDCs, mature DCs;MDSC, myeloid-derived suppressor cells; MVBs,

multivesicular bodies; Nrp-1, neuropilin-1; PD-1, programmed cell death protein 1; PLC𝛾 ,

phospholipase C gamma; Rab27, Ras-related protein Rab-27; ROR𝛾t, retinoic acid

1 INTRODUCTION

The immune system is responsible for the remarkable function of

maintaining a maximally diverse group of T cells, among other leuco-

cytes, capable of defending against various pathogens and constantly

receptor-related-orphan-receptor-gamma t; T-bet, T-box transcription factor; tDCs,

tolerogenic dendritic cells; TIEG1, TGF-𝛽 inducible early gene 1; TIGIT, T cell immunoreceptor

with Ig and ITIM domains; TIM-3, T cell immunoglobulin andmucin domain 3; Treg, T

regulatory cells; TSG101, tumor susceptibility gene 101; Tx, thymectomy.

J Leukoc Biol. 2020;1–12. c○2020 Society for Leukocyte Biology 1www.jleukbio.org

https://orcid.org/0000-0002-4070-6169
http://www.instagram.com/andro_pantru
http://crossmark.crossref.org/dialog/?doi=10.1002%2FJLB.3MR0420-533RR&domain=pdf&date_stamp=2020-06-12


2 ROJAS ET AL.

changing neoplastic cells, while rigorously preventing immune

responses against healthy tissues. The latter process is broadly

categorized as “immune tolerance” and when the mechanisms that

promote this state fail, autoimmunity, cancer, or infections can take

place.1-4 The immune systemmaintains self-tolerance through several

mechanisms. One of them is the suppression of effector cells mediated

by subsets of regulatory cells such as tolerogenic dendritic cells (tDCs),

regulatory B cells, myeloid-derived suppressor cells (MDSC), type-2

macrophages (M2), and vastly studied, T regulatory cells (Treg) cells.

Several advances have allowed the identification, analysis, and exper-

imental manipulation of Treg cells subpopulations, which have been

identified based on their expression of molecular markers, cytokine

production, and mechanisms of action.5-11 The existence of Treg cells

was first postulated in the late 1960s by Nishizuka and Sakakura, in a

report in which they were studying the pathogenesis of autoimmune

oophoritis developed after neonatal thymectomy (Tx). They noted that

mice thymectomized on the third day of life (d3Tx) experienced organ-

specific autoimmune signs, which was not observed in mice thymec-

tomized on day 1 or 7 of life. Interestingly, disease could be completely

prevented if d3Tx animals received a thymus transplant between days

10 and 15 after birth. They concluded that d3Tx prevented suppressor

cells from reaching the periphery, resulting in autoimmune disease.

This idea led to the hypothesis that auto-reactive T cellswere exported

from the thymus during the first three days of life and, somewhat later

in ontogeny, a population of suppressor T cells may emigrate from

the thymus to control auto-reactive T cells.12 Later, studies of Ger-

shon and Kondo using thymectomized, lethally irradiated, and bone

marrow-reconstituted mice described that a subset of T cells exert

immune suppression to induce tolerance. Applying this experimental

setting, which permits to identify thymus and bone marrow-derived

cells, the authors could conclude that bonemarrow precursors require

the cooperation of thymus-derived cells to induce tolerance.13 Nowa-

days there is no doubt of the functional contribution of Treg cells in

the process of generating and maintaining tolerance, although the

mechanisms used to exert such activities are still a matter of study.

A few years ago, a novel mechanism of suppression was attributed

to Treg cells: extracellular vesicles (EVs) production. Although this

process was identified early on, recent evidence indicates that Treg

cells may control the immune response through the export of several

factors packaged in EVs.14-17 This discovery has significant potential

as these vesicles could be used, in a targeted manner, to modulate

immunity in different pathologic scenarios. In this review, we will

revise and discuss current knowledge on Treg cells-mediated immune

tolerance giving special attention to the production and release of EVs.

1.1 Immune tolerance

The immune system protects the host from a broad range of

pathogenic microorganisms while avoiding excessive immune reac-

tions that would cause critical damage to the host.2 Thus, “immune tol-

erance” is considered as the control of harmful inflammation, including

processes to enhance wound healing and tissue repair.18 The mecha-

nisms that control potentially dangerous self-reactive (auto-reactive)

lymphocytes have been coined as “central” and “peripheral tolerance.”

“Central tolerance” is conceived as the process of removing self-

reactive T and B cells during their development along with the genera-

tion of thymic-derived Treg cells.19

1.1.1 Peripheral tolerance

Central tolerance is an imperfect process, in which some self-reactive

cells may escape thymic negative selection.20 In addition, not all anti-

gens that T cells need to be tolerant to are expressed in the thymus.21

Therefore, additional tolerance mechanisms exist to restrain the num-

ber and/or function of peripheral T cells thatmay react to self-antigens

in addition to food antigens.,21 a concept known as “peripheral toler-

ance,” which includes the proceeded of “anergy,” defined as a state of

unresponsiveness, and “cell deletion.”

1.2 Treg cells and their products

In mouse, Treg cells are characterized by the constitutive expression

of the transcription factor Forkhead box P3 (Foxp3), which gene is

coded in the X-chromosome.22,23; however, on human Treg cells Foxp3

is not a specific marker due to the transient expression of Foxp3 dur-

ing early T cell activation.24 Mutations in Foxp3 gene results in severe

autoimmune diseases such as IPEX (immune dysregulation, polyen-

docrinopathy, enteropathy, X-linked) in humans and the scurfy phe-

notype in mice.25 demonstrating that Treg cells are indispensable in

preventing autoimmunity through the lifespan of the organism. In

general, there are two pathways of Foxp3+ Treg cells development:

natural-occurring, thymus-derived Treg cells (nTreg or tTreg cells) and

peripheral-derived or induced (pTreg, iTreg) cells that generate from

naïve T cells that encounter its antigen and increase Foxp3 expression

in tolerogenic conditions such as commensal microbiota antigens in

mucosal surfaces.26

Treg cells exert immunosuppressive function by several described

mechanisms, which can be distinguished as contact dependent (cell-to-

cell interaction) and contact independent (soluble factors).

1.2.1 Contact-dependentmechanisms

Treg cells express a myriad of surface membrane inhibitory recep-

tors that mediate down-regulation of the immune responses. In

this context, some of the best characterized inhibitory molecules

include immune checkpoints regulators, such as: (i) CTLA-4 (cytotoxic

T-lymphocyte antigen-4), a receptor that inhibits the interaction of

the T cell expressed co-stimulatory receptor CD28 with its cognate

receptors (CD80/CD86, or B7) expressed on antigen presenting cells

(APC).27 CTLA-4 affinity for CD80/CD86 receptors is ∼100 times

higher than CD28 receptor affinity, and its interaction with these

ligands induces their trans-endocytosis and lysosomal degradation,

leading to decreasing effector T cells activation and function.28 (ii)

PD-1 (programmed cell death-1), which upon ligation with its ligands

PD-L1 and PD-L2 drives the inhibition of TCR signaling-related

kinases, leading to attenuation of T cell activation and expansion.29
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Even more, PD-L1 ligation can induce Foxp3 expression and pTreg

cells generation, and loss of PD-1 expression on Treg cells contribute

to Treg cells phenotype unstability.30 (iii) LAG3 (lymphocyte activation

gene 3) a homolog of CD4 protein that bindsMHC-II with high affinity,

preventing the maturation and the ability of APCs to activate effector

T cells.31 (iv) TIGIT (T cell immunoreceptor with Ig and ITIM domains),

which is an inhibitory receptor constitutively expressed by Treg cells

that regulates effector T cell activation binding to the poliovirus

receptor expressed on APCs with around 100 times higher affinity

than the costimulatory molecule CD226, competing for receptor

binding or preventing the dimerization of CD226.32

Other contact-dependent mechanisms include the induction of cell

death andmodulation of the immune synapse and cell phenotype. Treg

cells expressing Fas ligand (FasL) may induce apoptosis of Fas+ cells.33

Neuropilin-1 (Nrp1) is a membrane protein with affinity for a vari-

ety of ligands, and is involved in several physiologic processes such as

angiogenesis, neuronal guidance, and immune synapse.34 It was ini-

tially described that the contribution of Nrp1 to Treg cells function

was to stabilize the interaction between Treg cells and APCs during

antigenpresentation, dampening theproper activationof conventional

T cells and thus inhibiting the immune response.35 However, subse-

quent reports also showed that Nrp1 is necessary to maintain Foxp3

expression and suppressive function, due to phenotypic instability and

increased production of proinflammatory cytokines in Nrp1-deficient

Foxp3+ Tregs.36,37

1.2.2 Contact-independentmechanisms

On the other hand, Treg cells are capable of secreting or inducing the

secretion of soluble factors (cytokines, metabolites, vesicles) that con-

tribute to their suppressive activity, and may act together with the

aforementioned proteins depending on the context.38

Treg cells express molecules that are involved in the metabolic dis-

ruption of target cells. For example, Treg cells have a constitutively

high expression of CD25, the 𝛼-chain of the IL-2 receptor because

they do not produce but need IL-2 for cell survival, proliferation, and

proper suppressive function.39 This feature promotes IL-2 consump-

tion by Treg cells, which plays an essential role in controlling effec-

tor T cell function by causing death of activated CD4+ T cells via

IL-2 deprivation.40,41 Also, Treg cells promote metabolic disruption

through the action of the enzymesCD39 andCD73 (ecto-5-nucleotide

enzyme), surface ectonucleotidases that mediate the conversion of

proinflammatory extracellular ATP into immunosuppressive extracel-

lular adenosine.42 Adenosine may interact with any of its receptors

(A1, A2a, A2b, or A3) expressed on immune and nonimmune cells,

mainly promoting immune suppression. Particularly, on effector T cells,

the interaction with A2aR inhibits TCR signaling, decreasing their pro-

liferation and proinflammatory cytokine secretion.43-45

Finally, the production of anti-inflammatory cytokines, such as IL-

10, TGF-𝛽 , and IL-35, has also been strongly evidenced.46-50 IL-10 is

an immunosuppressive cytokine commonly associated to Treg cells

able to decrease the production of proinflammatory cytokines from

APCs, such as IL-12, IFN-𝛾 , or TNF-𝛼.51 It has been reported that

IL-10 decreases the expression of MHC-II and the expression of B7

family molecules (CD80/CD86) in DCs, endowing DCs with an imma-

ture phenotype, and thus, a tolerogenic function.52 Different immune

cell types secrete IL-10; however, the specific deletion of IL-10 gene

in Foxp3+ Treg cells is sufficient to generate several auto-immune

pathologies in animals, such as spontaneous colitis,46,47 highlighting

the physiologic relevance of Foxp3+ Treg cells-derived IL-10.

TGF-𝛽 is a pleiotropic cytokine that serves several roles in the

immune response and affects all T cell subpopulations. In peripheral

tissues, TGF-𝛽 promotes the conversion of naïve T cells into iTregs,

which also occurs during in vitro differentiation.26,53 In mice mod-

els, Foxp3+ Treg cells-derived TGF-𝛽 have shown to inhibit the acti-

vation and proliferation of effector T cells and modulate the immune

response during colitis, tumor, type 1 diabetes, allergy, organ trans-

plantation, and experimental autoimmune encephalomyelitis, among

others.48,54-58

IL-35 is a member of the IL-12 cytokine family, primarily secreted

by Foxp3+ Treg cells as a potent immunosuppressive cytokine that is

required by Treg cells to fully exert suppressive function both in vitro

and in vivo.49 Treg cells secrete IL-35 to inhibit the activation and dif-

ferentiation of naïve CD4+ T cells into a proinflammatory phenotype

and favors the transformation of these naïve cells into IL-35-secreting

CD4+Foxp3− regulatory cells with suppressive function.49 Treg cells-

derived IL-35 have also shown to inhibit the production of IL-17 in

effector T cells and decrease inflammation symptoms in mice models

of arthritis.50

Few years ago, the secretion of EVs by Treg cells was first

reported,14 and since then, multiple studies have investigated their

role in many experimental settings, which will be described in detail in

the next sections. Figure 1 depicts most of the molecules and factors

involved in Treg cells-mediated suppression.

1.3 Extracellular vesicles

EVs comprise a heterogeneous group of naturally occurring membra-

nous structures containing cytosol enclosed in a lipid bilayer, released

from essentially all cell types.59 This term includes a wide variety of

particles that can be classified according to their size (micro or nano-

vesicles), their cellular origin, proposed functions, or their formation

inside or at the surface of cells (prefix ecto or exo).60 EVs are consid-

ered mediators of intercellular communication, acting as carriers of

lipids, proteins, and nucleic acids, such as mRNA, miRNA, noncoding

RNA, and evenDNA fragments. This feature converts them into poten-

tial vectors of genetic information, able to modify gene expression in

recipient cells. In this context, EVs participate in different physiologic

and pathologic processes such as membrane exchange between cells,

immune modulation, angiogenesis, regeneration, and tumor microen-

vironment sensitization, among others.61,62

1.4 EVs biogenesis

Based on the current biogenesis mechanisms, EVs can be broadly dif-

ferentiated into two main categories: microvesicles and exosomes.59
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F IGURE 1 Treg cells immune suppressive mechanisms. Among the contact-dependent mechanisms (left), we found the action of immune
checkpoint regulators such as CTLA-4, an inhibitor molecule of the interaction between T cell expressed co-stimulatory receptor CD28 with its
cognate receptors CD80/86 expressed on APCs; PD-1, a TCR signaling-related kinases inhibitor that leads to the attenuation of T cell activation
and expansion after the interactionwith its ligands PD-L1 and PD-L2; LAG3, an homolog of theCD4protein that bindsMHC class II with high affin-
ity, preventing the maturation and the ability of APCs to activate effector T cells; TIGIT, a receptor binding competitor that binds to the poliovirus
receptor expressed on APCs with around 100 times higher affinity than the co-stimulatory molecule CD226. Moreover, molecules such as Fas
promote apoptosis after the interaction with its ligand (FasL). Likewise, Neuropilin-1 (Nrp1) has been identified as an immune synapse modulator
that promotes the interaction between Treg cells and APCs during antigen presentation, dampening the proper activation of conventional T cells
and thus inhibiting the immune response. On the other hand, contact-independent mechanisms (right) involve molecules such as CD25, the high
affinity 𝛼-chain of the IL-2 receptor, highly expressed on Treg cells. This causes the sequestration of IL-2 from the environment, leading to IL-2
deprivation and therefore, death of CD4+ T cells. CD39 and CD73 are surface ectonucleotidases that mediate the conversion of proinflamma-
tory extracellular ATP into immunosuppressive extracellular adenosine. Furthermore, anti-inflammatory cytokines such as TGF-𝛽 , IL-10, and IL-35
may inhibit the activation and proliferation of effector T cells. Finally, the transmission of extracellular vesicles (EVs) that deliver a wide variety
of immune-modulating molecules has been identified as a novel suppressive mechanism. The molecules identified in Treg cells-derived EVs are
showed in Figure 2

Both categories involve membrane-trafficking processes, even though

they occur at distinct sites and have different biogenesis mechanisms.

EVs can be originated by outward budding of the plasmamembrane or

by an intracellular endocytic trafficking pathway involving the fusion

of multivesicular late endocytic compartments. Particularly, EVs called

microvesicles, microparticles, or ectosomes, directly shed from the

plasma membrane into extracellular space and have a wide range of

sizes (up to 1 μm).63 On the counter side, “exosomes” are small vesicles

(50–150 nm) of endosomal origin formed as intraluminal vesicles

(ILVs) molded by inward budding and released from multivesicular

bodies (MVBs).64 Exosomes where first described on the early 1980s

as small vesicles (∼50 nm) associated with the recycling and release of

transferrin receptor in reticulocytes.65 But it was not until 1987 when

Rose Johnstone coined the term “exosome” to describe small mem-

brane vesicles formed by vesiculation of intracellular endosomes and

released by exocytosis as a consequence of multivesicular endosome

fusion with the plasma membrane.66 Exosomes are generated within

the endosomal system as ILVs secreted during the fusion ofMVBswith

the cell surface. This process requires particular sorting machiner-

ies that segregate cargoes into micro-domains with consequent

inward budding and fission of small membrane vesicles containing

sequestered cytosol. In this context, the endosomal sorting complex

required for transport (ESCRT) machinery has been demonstrated to

play a fundamental role. The ESCRT is a family of proteins that asso-

ciate in successive complexes (ESCRT-0-I, II, and III) at the membrane

ofMVB to regulate cargo targeting into the formation of ILVs.67

Exosomes may also be formed in an ESCRT-independent man-

ner through the generation of ceramide by neutral type II sphin-

gomyelinase, which imposes a spontaneous negative curvature on

membranes,68 or by the action of proteins of the tetraspanin family.

In sum, EVs biogenesis is an intricate phenomenon that involves

complex machinery and is cell type specific and directly influenced

by the physiologic or pathologic state of the donor cell. Moreover,

even though microvesicles and exosomes have different origins, the
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overlapping range of size, similar morphology, and variable com-

position challenges the possibility of having a rigid and accurate

classification and nomenclature of EVs. Hence, in this review, we will

refer indistinctly to exosomes as EVs because technical accuracy and

standardization in their isolation in all studies revised is limited.

1.5 Role of EVs in immune tolerance

Immune cell populations, as all cell types, release EVs with specific

cargo, which appears to be crucially involved in the regulation of

immune responses.69 From this perspective, EVs may act as mediators

of intercellular communication, antigen presentation, opsonization,

among others. EVs released by immune cells may have bidirectional

functions promoting either the activation or suppression of immune

responses.69,70 In addition, EVs from nonimmune cell origins, such as

cells present in the blood, mammary glands, or tumors may also modu-

late immune responses.71

The first studies that described EVs from immune cells showed

that APCs-derived EVs, particularly from B cells and DCs, were able

of carrying MHC class I, MHC class II, and T cell co-stimulatory

molecules.72,73 In this context, EVs can act as antigen-presenting plat-

forms and participate in T cell priming and activation. APC-derived

EVs have shown both in vitro and in vivo to effectively stimulate

T cell responses.74

As for T cells, it is essential to highlight that these cells have shown

to increase their secretory capacity upon TCR activation.75 Besides

EVs-enriched proteins, others related to T cells immune functions,

such as HLA-I, 𝛽2-microglobulin, components of the TCR/CD3 com-

plex, among others, have been identified on these vesicles.75 T cells are

able to generate EVs directly from the cell surface, probably by exploit-

ing molecular components and mechanisms at the plasma membrane

that are usually associated with the endosomal biogenesis of ILVs.76

1.6 Treg cells derived EVs

Among the wide variety of T cells, Treg cells have been shown to

actively release immunosuppressive EVs capable of acting in a cell-

contact independent manner. Smyth et al. first described that the

immune modulation-associated molecules CD25, CD73, and CTLA-

4 were present on Foxp3+ Treg cells-derived EVs and among them

only CD73 seemed to be essential for Treg cells-mediated suppres-

sive function.14 The expression of CD73 promotes the conversion of

extracellular AMP to adenosine, which, asmentioned before, following

interactionwith adenosine receptors on target T cells inhibits cytokine

release, leading to immune modulation. Thus, in Smyth’s study, the

incubation of Treg cells-derived EVs with AMP showed adenosine pro-

duction, proving that this mechanism was viable in a cell-independent

way.Most importantly, the authors suggested thatCD73expressionon

Treg cells-derived EVs was essential for their suppressive function as

EVs fromCD73KOTreg cells did not display suppressive activity.14

The same year, Yu et al. evaluated the effect of Treg cells-derived

EVs collected from recipient or donor mice using an in vitro approx-

imation and a kidney transplantation model. In this study Treg

cells-derived EVs showed effective suppression of T cell prolifera-

tion in a dose-dependent manner. Interestingly, EVs obtained from

donor Treg cells result more effective in favoring long-term allograft

tolerance than recipient-derived Treg cells.77 Subsequently, in a

very elegant study, Okoye et al. demonstrated that Treg cells were

not only able to release EVs upon activation, but they also released

substantially more CD63+ EVs per cell than any other lymphocyte

analyzed.78 In addition, they reported that Treg cells-derived EVs are

able to suppress T cell-mediated responses through the transference

of micro-RNAs. Particularly, they identified that Treg cells-derived EVs

contained and transferred miR-155, Let-7b, and Let-7d RNAs into co-

cultured T cells, and that this process was Ras-related protein Rab-27

(Rab27) dependent.78 Interestingly, they observed that Let-7d miRNA

was preferentially packaged and transferred to Th1 cells, suppressing

their proliferation and IFN-𝛾 secretion through cyclooxygenase-2

(Cox-2) inhibition. Moreover, this effect was capable of suppressing

Th1 activation and inflammation in a colitismurinemodel. Taking these

results into account, the authors suggest that even though isolated

Treg cells-derived EVs were able to suppress conventional T cells, this

was not as efficient as Treg cells, indicating that additionalmechanisms

are indeed required for optimal suppression.78

In 2017, Aiello et al. evaluated EVs release and immunoregulatory

properties of dnIKK2-Treg cells, a cell line generated after stimulation

with allogeneic immature DCs (iDCs) expressing a dominant-negative

form of IKK2 (dnIKK2), which previously showed to inhibit T cell

response in vitro in a contact-independent manner. It was found that

dnIKK2-Treg cells release EVs, which were taken up by target T cells

and exerted an anti-proliferative effect on them.16 Furthermore, these

EVs were able to convert T cells into regulatory cells and prolonged

kidney allograft survival in vivo. This immune-modulating capacity was

attributed to specificmiRNAs and iNOSenzyme,which, once delivered

into naïve T cells, blocked cell cycle progression and induced apoptosis.

The authors identified three miRNAs, miR-503, miR-330, and miR-9,

which affect the transcription of crucial genes involved in the regula-

tion of cell cycle, such as cyclin E and cyclin D1. Nevertheless, miRNAs

partially participated in the anti-proliferative effect of dnIKK2-Treg

cells-derived EVs. The enzyme iNOSwas also concentrated in dnIKK2-

Treg cells-derived EVs, suggesting that this protein could be deliv-

ered into target cells, thusmediatingNO-dependent anti-proliferative,

cytotoxic, and apoptotic effects.16 As mentioned earlier, dnIKK2-Treg

cells-derived EVs induced regulatory function on target T cells, which

is independent on Foxp3. T cells exposed to dnIKK2-Treg cells-derived

EVs release high amounts of IL-10 and express Tim3. Furthermore,

dnIKK2-Treg cells-derived EVs were also able to reduce the differenti-

ation of IFN-𝛾+ T cells, not exclusively Th1 cells, as inOkoye’s report.16

The followingyear,Azimi et. al evaluatedwhetherTreg cells-derived

exosomes from patients with relapsing-remitting multiple sclerosis

(RRMS), an autoimmune disease characterized by neuroaxonal degen-

eration in the central nervous system, had impaired suppressive

function based on previous reports that detected insufficient control

of autoreactive T cells due to defective functioning of CD4+CD25high

Treg cells.79,80 To evaluate the latter, they isolated exosomes obtained

from MS patients or control- derived Treg cells supernatant an
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compared their effects on the proliferative capacity and survival of

conventional CD4+ T cells from patients with RRMS. In this con-

text, they found that RRMS patient’s Treg cells-derived exosomes

exerted impaired suppressive function and induced less apoptosis on

Tconv cells compared to Treg cells-derived exosomes obtained from

healthy controls, proposing, for the first time, the dysfunction of MS

patient’s exosomes.81

Finally, Tung et al. described that Treg cells-derived EVs were able

to modulate DCs function, inducing tDCs. In this study, a murine Treg

cell line (dTreg cells) was generated upon stimulation of C57BL/6

Foxp3+Treg cells with allogeneic BALB/c DCs in vitro, which has a

direct allo-specificity for BALB/c MHC class II molecule I-Ad anti-

gens. dTreg cells produced EVs of around 100 nm in size following

TCR activation, which were acquired by BM-DCs upon co-culture.

In contrast to Treg cells, dTreg cells-derived EVs did not influence

the expression of the co-stimulatory molecule CD80 on BM-DCs.

However, the authors observed that following LPS activation, dTreg

cells-derived EVs-treatedDCs significantly reduced IL-6 and increased

IL-10 secretion.17 This effect was associated to the transfer of genetic

material from EVs to DCs. miRNA content analysis showed that

miR-150-5p and miR-142-3p were differentially detected in dTreg

cells-derived EVs compared with control CD4+Foxp3− T cells-derived

EVs. Moreover, miR-142-3p expression was significantly increased

in DCs co-cultured with dTreg cells-derived EVs, suggesting that

these EVs may deliver their miRNA contents to DCs. Surprisingly,

miR-142-3p expression has been associated with decreased IL-6

production, and miR150-5p has shown to regulate IL-10. Therefore,

these data indicate that dTreg cells-derived EVs can certainly modify

DCs phenotype and function, leading to the generation of tDCs.17

In addition to CD4+ Treg cells, other murine T cells with regula-

tory capacities have been found to release EVs following activation.

Xie et al. observed that CD8+ Treg cells secreted exosomes (named

EXOTr) capable of inhibitingDC-inducedCD8
+ cytotoxic T lymphocyte

(CTL) responses.82 To assess their immune suppressive capacity, the

authors immunized C57BL/6mice with OVA-pulsed DCs (DCOVA) plus

EXOTr. Then, evaluated OVA-specific CD8 T cells response and anti-

tumor immunity in mice THAT were challenged with OVA-expressing

BL6-10OVA melanoma cells. The results demonstrated that DCOVA-

stimulated CD8+ T cell responses and protective antitumor immu-

nity significantly dropped in immunized mice receiving co-injection

of EXOTr, proving that these vesicles were capable of suppressing

immune responses.82

In conclusion, recent studies suggest that Treg cells-derived EVs

could represent a refined intercellular exchange device with the

capacity of modulating immune responses, thus creating a tolerogenic

microenvironment in a cell-free manner. The proposed mechanisms

in which Treg cells-derived EVs could be mediating immune responses

encompass miRNAs-induced gene silencing, the action of surface

proteins and the transmission of enzymes (Fig. 2). Therefore, these

studies open up endless questions and possibilities regarding Treg

cells-derived EVs role in multiple immune scenarios. How much of the

suppressive activity of Treg cells is due to EVs vs. other mechanisms?

Are there any differences in the cargo of EVs coming from natural

or peripherally induced Treg cells? Which kind of technologies would

help overcome the technical difficulties of isolating both Treg cells

and EVs for a wider development of this research field? Could Treg

cells-derived EVs be of potential interest in an immunotherapeutic

clinical context?

It is important to point out that EVs-mediated suppression does

not account for the whole modulatory capacity of Treg cells. Thus,

considering the growing repertoire of molecules that have shown to

prevent immune activation,83 it is more likely that the combination

of cell contact and secreted factors would account for the optimal

Treg cell-mediated suppression. However, the blockade of the ability

of Treg cells to release EVs seen in Rab27-DKO mice,15 diminished

the capacity of Treg cells to suppress CD4+CD25− conventional

T cells proliferation to approximatively half of what is observed

in wild-type controls, allowing us to speculate the relevance of

exosome-mediated suppression.

In this context, it would not be farfetched to wonder about

their immunotherapeutic potential as an alternative or complemen-

tary therapy in conditions where restoration of immune tolerance is

required. Currently, clinical trials that evaluate the use of Foxp3+ Treg

cells as tolerance promoters are being tested in safety and efficacy.84

Nevertheless, it has been extensively recognized that inflammatory

environmentsmaypromote the conversionof humanFoxp3+ Treg cells

into effector T cells in vivo. If we consider this scenario, in which cells

are being administered into patients suffering inflammatory patholo-

gies, one could expect that the phenotype of the cells may vary when

facing this new environment. In this regard, EVs could serve as a suit-

able cell product to be administered into patients because they are

unlikely to be modified (or change their composition) under inflamma-

tory conditions, in contrast to their cells of origin. Nevertheless, it is

important to remark that cell type, environmental context, and physio-

logic state are decisive in the cargo and function of these vesicles; thus,

they should be taken into account in all experimental scenarios.

The studies reviewed in this report show heterogeneity in the

type of Treg cells investigated, method of EVs isolation, criteria used

for their characterization, and concentrations administered in vivo

(Table 1). To this, we could add the fact that Treg cells have shown dif-

ferent phenotypic and functional characteristics according to their ori-

gin (thymic or peripheral) and location (lymphoid or tissue resident).85

Hence, additional studies considering the aforementionedmay be very

advantageous, in order to advance toward a safe, standardized, and

plausible clinical application of these vesicles.

1.7 Treg cells plasticity, stability, and infectious

tolerance: could EVs be playing a role?

As we know, Treg cells carry out their regulatory functions using

diverse strategies, which largely depend on the transcription factor

FoxP3. This transcription factor, in turn, is regulated by different

mechanisms. Due to the Treg cells constitutive expression of CD25,

these cells have a high affinity for IL-2, which can activate several

pathways. Among them the activation of JAK3 stands out because it

phosphorylates STAT proteins, particularly STAT3 and STAT5, favoring
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F IGURE 2 Treg cells-derived EVs suppressivemechanisms.CD73-expressing Treg cells-derived EVs contribute to Treg cells suppressive activ-
ity through the production of adenosine, which interacts with its receptors on target cells. On effector T cells, the interaction between adenosine
and A2aR increases intracellular levels of cAMP leading to inhibition of cytokine production, including IL-2 and IFN-𝛾 . In contrast, nonautonomous
gene silencing mediated by miRNA-containing Treg cells-derived EVs is described as another suppressive mechanism. Delivery of EVs contain-
ing Let-7d to Th1 effector cells results in suppression of proliferation and cytokine secretion through the targeting of Cox-2. Furthermore, deliv-
ery of miR-155 into conventional T cells promotes the up-regulation of several Treg cells-associated genes in recipient cells. Likewise, Treg cells-
derived EVs can modify dendritic cells (DCs) phenotype and function inducing a tolerogenic phenotype through miRNA transference. Particularly,
the amount of miR150-5p and miR-142-3p increases on DCs co-cultured with Treg cells derived EVs, which promoted the up-regulation of IL-10
and down-regulation of IL-6

the expression of FoxP3 by binding at a STAT-binding site in the FoxP3

gene.86 Othermolecules have also a collateral role in the development

of Treg cells, such as CD28, which, not only enhance the signaling

of TCR and NF-AT pathway in Treg cells through the activation of

phospholipase C gamma (PLC𝛾)87 but also allows the survival of these

cells indirectly by stimulating the release of IL-2 by other T cells.88

On the other hand, the activation of TCR in human Treg cells leads

to the activation of the NF-AT pathway allowing the formation of

an NF-AT/AP-1 complex that binds in specific places to the FoxP3

promoter, stimulating its expression.89 TGF-𝛽 would also play a role

in the activation of the FoxP3 gene in naïve Treg cells through the

activation of the transcription factor TIEG1, which binds to the pro-

moter of the FoxP3 gene boosted by the E3 ubiquitin ligase ITCH.90

Furthermore, TGF-𝛽 activates the fusion of Caenorhabditis elegans

Sma genes and the Drosophila Mad, Mothers against decapentaplegic

pathway, activating SMAD3, a protein that in conjunction with NF-AT,

acts on an enhancer of the foxp3 gene.87 If we consider that EVs

contain distinct molecules, of different cellular origin and function, it

is acceptable to presume that Treg cells could release EVs harboring

cytokines, their receptors, among other proteins, that could intervene

with signaling pathways involved in Treg cells differentiation and/or

stability. In other words, Treg cells may secrete EVs to self-maintain

and not only to act or modulate on other target cells. In this regard, we

have observed in our laboratory that Treg cells-derived EVs contain

molecules such as CD25, neuropilin-1 (Nrp-1), granzyme B and CD73,

among multiple proteins that are components of the TCR complex and

of key signaling pathways (JAK/STAT, TGF-𝛽) (unpublished results).

All these molecules are linked to Treg cells biology and their EVs

could behave as communicators between Treg cells to assure their

permanence during an ongoing immune response.

As mentioned earlier, FoxP3 expression can be regulated through

“epigenetic modifications” as well. In this case, it has been postulated
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the great importance of DNA hypomethylation for the transcription

of FoxP3 as for other molecules characteristic of Treg cells, such as

CTLA-4.91 For instance, it has been shown that there are differences in

the degree of DNA methylation in the CpG islands of the FoxP3 prox-

imal promoter when comparing Treg cells with naïve T cells. Specifi-

cally, greatermethylation has been found in naïve T cells, whereas Treg

cells are characterizedbyhypomethylationof theCpG islands.92 Other

important modifications are at histone level through acetylations and

methylations. Among the most important are the modifications on the

histone 3 or H3, such as the trimethylation of lysine 4 (H3K4), which

generates a permissive state in the FoxP3 promoter for transcription,

as found in Tregs, whereas in conventional T cells other configurations

predominate, such as histone H3 lysine 27 (H3K27).93 All these epige-

netic modifications have high relevance particularly in the differentia-

tion of iTreg cells.

For a long time, it was thought that Treg cells maintain their sup-

pressive function regardless of the context. However, robust investiga-

tion has identified the transformation of these cells toward a Th17-like

effector phenotype under inflammatory conditions. In detail, Xu et al.

were able to produce the differentiation of Foxp3+ Treg cells in IL-17

producing cells in the presence of IL-6, inferring that mouse Treg cells

can be induced toward a Th17-like phenotype.94 Having this as a base,

Koenen et al. could induce IL-17 producing cells fromFoxP3+ Treg cells

in the presence of APCs and the cytokines IL-2 or IL-15.95 Similarly,

many other studies have studied the effect of (de)-differentiation of

Treg cells toward a proinflammatory phenotype in specific contexts,

which is known as “Treg cells plasticity.” This concept has become very

important due to its involvement in various pathologies, such as aller-

gies, chronic and autoimmune diseases, cancer, transplant rejection,

and others.96 For instance, Chen et al. showed that overexpression of

the E3 ubiquitin ligase STUB1, highly present in inflammation or infec-

tion, may result in degradation of Foxp3, with the subsequent loss of

Treg cells suppressive function, and the appearance of Treg cells with

Th1-like phenotype.97 In another model, Dominguez-Villar et al. eval-

uated the influence of IL-12 on the Treg cells, culturing the cells with

andwithout IL-12, and showing that a percentageof the groupexposed

to IL-12 expressed IFN-𝛾 , getting a Th1-like phenotype.98 Thus, in

response to certain scenarios, Treg cells may acquire effector pheno-

types recognizable by the expression of canonical markers, such as T-

box transcription factor (T-bet; Th1-like Treg cells), GATA3 (Th2-like),

or retinoic acid receptor-related-orphan-receptor-gamma t (ROR𝛾t;

Th17-like).99 The report by Okoye et al. supports the conception that

Treg cells-derived EVs could positively impact on immune tolerance by

specifically affecting T cell differentiation. It is widely evidenced that

miRNAs can shape the phenotype of immune cells for favoring immune

tolerance; thus, the transfer ofmiRNA fromTreg cells-derivedEVs is an

additional strategy of these cells to control overt inflammation.

“Infectious tolerance” is a form of peripheral immune regulation,

dependent on CD4+ T cells that can suppress the generation of any

effector CD4+ T cells, resulting in that these CD4+ T cells also become

tolerant and gain the ability to suppress through further generations

of cells.100 One of the first studies in this field was done by Qin et al.

in 1993, who performing transplant experiments in mice, found that

CD4+ T cells were necessary to induce and maintain long-term trans-

plantation tolerance.101 This phenomenon was then explained by the

infectious tolerance that suppressive CD4+ T cells exerted on other

naïve T cells, guiding them to a similar state of tolerance, even in the

absence of the original tolerogenic stimulus (which was, in this case,

anti-CD4 and -CD8 antibodies).101 After that, various experiments

where long-term suppression was observed demonstrated that tol-

erance could be transferred through many generations of naïve sec-

ondary recipients.101-106 The latter findings can now be supported,

at least partly, by the fact that Treg cells release EVs (loaded with

immune regulatory factors) upon TCR engagement; therefore, Treg

cellsmay contribute to infectious tolerance via vesicle secretion. These

observations supported the theory that infectious tolerance must be

a normal self-tolerance process. Then, the question that then arose

was how, because most of these studies were conducted using artifi-

cial monoclonal antibodies, tolerance was induced. Later on, in 2002,

Jonuleit et al. demonstrated that the process of infectious tolerance

could occur naturally. Whereas, co-culture of human CD25+ Treg cells

with CD25−CD4+ T cells resulted in the conversion of CD25−CD4+ T

cells into cellswith suppressive activity (Thsup)with suppressive activ-

ity, which have emerged from the initial CD25−CD4+ T cell population.

Themechanism bywhich this happens was found to be contact depen-

dent and partiallymediated bymembrane-bound TGF-𝛽 . However, this

new generation of Thsup cells exerts their suppressive function over

a new generation of naïve CD4+ T cells in a cell contact independent

fashion, partly through the secretion of TGF-𝛽 , but not of IL-10.107 In

2003, similar results were found by Walker et al. who found that the

expression of Foxp3 could be induced in CD4+CD25− T cells upon TCR

stimulation. However, they also found that this new subset of Treg cells

exerted their immune suppressive function in a contact-dependent

and cytokine-independent manner.108 Furthermore, murine studies

have demonstrated that the process of tolerance induction requires

TCR engagement in the presence of soluble TGF-𝛽 , which favors the

appearance of a Thsup population displaying de novo expression of

Foxp3.26 Contrary to what was seen in humans, this new Thsup pop-

ulation exerted its suppressive function in a cell contact dependent

fashion, suppressedT cell proliferation, and inhibited the production of

Th1- and Th2-like cytokines in vitro, and displayed suppressive func-

tion in vivo.26 It is important to note that most of the studies ana-

lyzing whether suppression takes place in a cell-contact dependent or

independent manner have been carried out using transwell settings, in

which the size of the membrane pore used could (or could not) permit

the transport of EVs betweenwells. Therefore, the possibility that Treg

cells-derived EVs play a role in “infecting” T cells to becomeTreg cells is

still open. In this regard, we have observed that Foxp3− T cells incu-

bated with Treg cells-derived EVs up-regulate Foxp3 mRNA expres-

sion and decrease those of IFN-𝛾 and IL-17 (unpublished results), sug-

gesting that the secretion of EVs could be a factor involved in the pro-

cess of infectious tolerance. Evenmore, a very recent paper by Sullivan

et al. suggests that EVs obtained from spleens of tolerized animals con-

tain IL-35 in theirmembrane,which couldmediate infectious tolerance

by targeting Tconv cells and inducing the expression of the immune

regulators PD-1, Tim3, and LAG3.109 Thus, the mechanism by which
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infectious tolerance canoccurnaturally canvarydependingon the sup-

pressive cell and the techniqueused toevaluate the roleof “soluble fac-

tors.”

2 CONCLUDING REMARKS

Altogether,webelieve that all the evidence obtainedup todate, includ-

ing in vitro and in vivo studies, supports the production of EVs by Treg

cells as an additionalmechanism to induce tolerance. The development

of new techniques will allow us in the near future to fully character-

ize these vesicles and identify their cargoes to further dissect howTreg

cells-derived EVs exert immune suppression. Additionally, by discover-

ing key elements present in these EVs, one could either implement the

tracking of them from individual’s samples (as new biomarkers) and/or

design “hand-made” vesicles for therapeutic applications.

AUTHORSHIP

C.R., M.C-M., I.C., N.V., A.E., P.C-K., A.R., F.G-J., I.E., R.V., and K.P-L. con-

ceived andwrote themanuscript. A.M-R. created the figures.

ACKNOWLEDGMENTS

Thisworkwas financially supported byFONDECYT (nos. 1160347and

1181780), and the National Scholarship CONICYT granted to C.R. (no.

2110841).

DISCLOSURES

The authors declare no conflicts of interest.

ORCID

Karina Pino-Lagos https://orcid.org/0000-0002-4070-6169

REFERENCES

1. Theofilopoulos AN, Kono DH, Baccala R. The multiple pathways to

autoimmunity.Nat Immunol. 2017;18(7):716-724.
2. Sakaguchi S, Yamaguchi T, Nomura T, Ono M, cells RegulatoryT, tol-

erance immune. Cell. 2008;133(5):775-787.
3. Schreiber RD, Old LJ, Smyth MJ, immunoediting Cancer. integrat-

ing immunity’s roles in cancer suppression and promotion. Science.
2011;331(6024):1565-1570.

4. Dunn GP, Old LJ, Schreiber RD. The immunobiology of can-

cer immunosurveillance and immunoediting. Immunity. 2004;21(2):
137-148.

5. Andersson J, TranDQ, PesuM, et al. CD4+ FoxP3+ regulatory T cells

confer infectious tolerance in a TGF-beta-dependent manner. J Exp
Med. 2008;205(9):1975-1981.

6. McGuirk P, McCann C, Mills KH. Pathogen-specific T regulatory 1

cells induced in the respiratory tract by a bacterial molecule that

stimulates interleukin 10 production by dendritic cells: a novel strat-

egy for evasion of protective T helper type 1 responses by Bordetella

pertussis. J ExpMed. 2002;195(2):221-231.

7. Chaudhry A, Samstein RM, Treuting P, et al. Interleukin-10 signaling

in regulatoryT cells is required for suppressionof Th17 cell-mediated

inflammation. Immunity. 2011;34(4):566-578.
8. Lee CR, Kwak Y, Yang T, et al. Myeloid-derived suppressor cells are

controlled by regulatory T cells via TGF-beta during murine colitis.

Cell Rep. 2016;17(12):3219-3232.
9. Shurin GV, Ma Y, Shurin MR. Immunosuppressive mechanisms of

regulatory dendritic cells in cancer. Cancer Microenviron. 2013;6(2):
159-167.

10. Park MJ, Lee SH, Kim EK, et al. Interleukin-10 produced by

myeloid-derived suppressor cells is critical for the induction of

Tregs and attenuation of rheumatoid inflammation in mice. Sci Rep.
2018;8(1):3753.

11. Savage ND, de Boer T, Walburg KV, et al. Human anti-inflammatory

macrophages induce Foxp3+ GITR+ CD25+ regulatory T cells,

which suppress via membrane-bound TGFbeta-1. J Immunol.
2008;181(3):2220-2226.

12. Shevach EM. The resurrection of T cell-mediated suppression.

J Immunol. 2011;186(7):3805-3807.
13. Gershon RK, Kondo K. Cell interactions in the induction of tolerance:

the role of thymic lymphocytes. Immunology. 1970;18(5):723-737.
14. Smyth LA, Ratnasothy K, Tsang JY, et al. CD73 expression on extra-

cellular vesicles derived from CD4+ CD25+ Foxp3+ T cells con-

tributes to their regulatory function.Eur J Immunol. 2013;43(9):2430-
2440.

15. Okoye IS, Coomes SM, Pelly VS, et al. MicroRNA-containing T-

regulatory-cell-derived exosomes suppress pathogenic T helper 1

cells. Immunity. 2014;41(3):503.
16. Aiello S, Rocchetta F, Longaretti L, et al. Extracellular vesicles derived

from T regulatory cells suppress T cell proliferation and prolong allo-

graft survival. Sci Rep. 2017;7(1):11518.
17. Tung SL, Boardman DA, Sen M, et al. Regulatory T cell-derived

extracellular vesicles modify dendritic cell function. Sci Rep.
2018;8(1):6065.

18. Zaiss DMW, Gause WC, Osborne LC, Artis D. Emerging functions

of amphiregulin in orchestrating immunity, inflammation, and tissue

repair. Immunity. 2015;42(2):216-226.
19. Hogquist KA, Baldwin TA, Jameson SC. Central tolerance: learning

self-control in the thymus.Nat Rev Immunol. 2005;5(10):772-782.
20. JohnsonMB, Cerosaletti K, Flanagan SE, Buckner JH. Genetic mech-

anisms highlight shared pathways for the pathogenesis of polygenic

type 1 diabetes and monogenic autoimmune diabetes. Curr Diab Rep.
2019;19(5):20.

21. Xing Y, Hogquist KA. T-cell tolerance: central and peripheral. Cold
Spring Harb Perspect Biol. 2012;4(6).

22. Chatila TA, Blaeser F, Ho N, et al. JM2, encoding a fork head-related

protein, is mutated in X-linked autoimmunity-allergic disregulation

syndrome. J Clin Invest. 2000;106(12):R75-81.
23. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the develop-

ment and function of CD4+CD25+ regulatory T cells. Nat Immunol.
2003;4(4):330-336.

24. Wang J, Ioan-Facsinay A, van der Voort EI, Huizinga TW, Toes RE.

Transient expression of FOXP3 in human activated nonregulatory

CD4+ T cells. Eur J Immunol. 2007;37(1):129-138.
25. Wildin RS, Ramsdell F, Peake J, et al. X-linked neonatal diabetes mel-

litus, enteropathy and endocrinopathy syndrome is the human equiv-

alent of mouse scurfy.Nat Genet. 2001;27(1):18-20.
26. Chen W, Jin W, Hardegen N, et al. 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(12):1875-1886.

27. Wing K, Onishi Y, Prieto-Martin P, et al. CTLA-4 control over Foxp3+
regulatory T cell function. Science. 2008;322(5899):271-275.

28. Chikuma S. CTLA-4, an essential immune-checkpoint for T-Cell acti-

vation. Curr TopMicrobiol Immunol. 2017;410:99-126.

https://orcid.org/0000-0002-4070-6169
https://orcid.org/0000-0002-4070-6169


ROJAS ET AL. 11

29. Sheppard KA, Fitz LJ, Lee JM, et al. PD-1 inhibits T-cell recep-

tor induced phosphorylation of the ZAP70/CD3zeta signalosome

and downstream signaling to PKCtheta. FEBS Lett. 2004;574(1-3):
37-41.

30. Francisco LM, SalinasVH, BrownKE, et al. PD-L1 regulates the devel-

opment, maintenance, and function of induced regulatory T cells. J
ExpMed. 2009;206(13):3015-3029.

31. Huang CT, Workman CJ, Flies D, et al. Role of LAG-3 in regulatory T

cells. Immunity. 2004;21(4):503-513.
32. Johnston RJ, Comps-Agrar L, Hackney J, et al. The immunoreceptor

TIGIT regulates antitumor and antiviral CD8(+) T cell effector func-

tion. Cancer Cell. 2014;26(6):923-937.
33. Gorbachev AV, Fairchild RL. CD4+CD25+ regulatory T cells utilize

FasL as a mechanism to restrict DC priming functions in cutaneous

immune responses. Eur J Immunol. 2010;40(7):2006-2015.
34. Prud’homme GJ, Glinka Y. Neuropilins are multifunctional corecep-

tors involved in tumor initiation, growth, metastasis and immunity.

Oncotarget. 2012;3(9):921-939.
35. Sarris M, Andersen KG, Randow F, Mayr L, Betz AG. Neuropilin-

1 expression on regulatory T cells enhances their interactions with

dendritic cells during antigen recognition. Immunity. 2008;28(3):
402-413.

36. Overacre-Delgoffe AE, Chikina M, Dadey RE, et al. Interferon-

gamma drives Treg fragility to promote anti-tumor immunity. Cell.
2017;169(6):1130-1141. e11.

37. Campos-Mora M, Contreras-Kallens P, Galvez-Jiron F, et al.

CD4+Foxp3+T regulatory cells promote transplantation tolerance

by modulating effector CD4+ T cells in a neuropilin-1-dependent

manner. Front Immunol. 2019;10:882.
38. Josefowicz SZ, Lu LF, Rudensky AY. Regulatory T cells: mechanisms

of differentiation and function. Annu Rev Immunol. 2012;30:531-564.
39. Barron L, Dooms H, Hoyer KK, et al. Cutting edge: mechanisms of IL-

2-dependentmaintenance of functional regulatory T cells. J Immunol.
2010;185(11):6426-6430.

40. Pandiyan P, Zheng L, Ishihara S, Reed J, Lenardo MJ.

CD4+CD25+Foxp3+ regulatory T cells induce cytokine deprivation-

mediated apoptosis of effector CD4+ T cells. Nat Immunol.
2007;8(12):1353-1362.

41. Thornton AM, Donovan EE, Piccirillo CA, Shevach EM. Cutting edge:

iL-2 is critically required for the in vitro activation of CD4+CD25+ T

cell suppressor function. J Immunol. 2004;172(11):6519-6523.
42. Allard B, Turcotte M, Stagg J. CD73-generated adenosine: orches-

trating the tumor-stroma interplay to promote cancer growth. J
Biomed Biotechnol. 2012;2012:485156.

43. Deaglio S, Dwyer KM, Gao W, et al. Adenosine generation catalyzed

byCD39andCD73expressed on regulatory T cellsmediates immune

suppression. J ExpMed. 2007;204(6):1257-1265.
44. Ohta A, Ohta A, Madasu M, et al. A2A adenosine receptor may

allow expansion of T cells lacking effector functions in extracel-

lular adenosine-rich microenvironments. J Immunol. 2009;183(9):
5487-5493.

45. Ohta A, Sitkovsky M. Extracellular adenosine-mediated modulation

of regulatory T cells. Front Immunol. 2014;5:304.
46. Collison LW, Pillai MR, Chaturvedi V, Vignali DA. Regulatory T

cell suppression is potentiated by target T cells in a cell con-

tact, IL-35- and IL-10-dependent manner. J Immunol. 2009;182(10):
6121-6128.

47. Wei X, Zhang J, Gu Q, et al. Reciprocal expression of IL-35 and IL-10

defines two distinct effector Treg subsets that are required for main-

tenance of immune tolerance. Cell Rep. 2017;21(7):1853-1869.
48. Ke Y, Jiang G, Sun D, Kaplan HJ, Shao H. Anti-CD3 antibody

ameliorates experimental autoimmune uveitis by inducing both

IL-10 and TGF-beta dependent regulatory T cells. Clin Immunol.
2011;138(3):311-320.

49. Collison LW, Chaturvedi V, Henderson AL, et al. IL-35-mediated

induction of a potent regulatory T cell population. Nat Immunol.
2010;11(12):1093-1101.

50. Kochetkova I, Golden S, Holderness K, Callis G, Pascual DW. IL-35

stimulation of CD39+ regulatory T cells confers protection against

collagen II-induced arthritis via the production of IL-10. J Immunol.
2010;184(12):7144-7153.

51. Buelens C, Verhasselt V, De Groote D, Thielemans K, Goldman

M, Willems F. Interleukin-10 prevents the generation of dendritic

cells from human peripheral blood mononuclear cells cultured with

interleukin-4 and granulocyte/macrophage-colony-stimulating fac-

tor. Eur J Immunol. 1997;27(3):756-762.
52. Buelens C, Willems F, Pierard G, Delvaux A, Velu T, Goldman M.

IL-10 inhibits the primary allogeneic T cell response to human

peripheral blood dendritic cells. Adv Exp Med Biol. 1995;378:

363-365.

53. Fan H,Wang J, Zhou X, Liu Z, Zheng SG. Induction of antigen-specific

immune tolerance by TGF-beta-induced CD4+Foxp3+ regulatory T

cells. Int J Clin ExpMed. 2009;2(3):212-220.
54. Fahlen L, Read S, Gorelik L, et al. T cells that cannot respond to TGF-

beta escape control by CD4(+)CD25(+) regulatory T cells. J ExpMed.
2005;201(5):737-746.

55. Chen ML, Pittet MJ, Gorelik L, et al. Regulatory T cells suppress

tumor-specific CD8 T cell cytotoxicity through TGF-beta signals in

vivo. Proc Natl Acad Sci U S A. 2005;102(2):419-424.
56. Green EA, Gorelik L, McGregor CM, Tran EH, Flavell RA.

CD4+CD25+ T regulatory cells control anti-islet CD8+ T cells

through TGF-beta-TGF-beta receptor interactions in type 1 diabetes.

Proc Natl Acad Sci U S A. 2003;100(19):10878-10883.
57. Bhowmick S, Singh A, Flavell RA, Clark RB, O’Rourke J, Cone RE.

The sympathetic nervous system modulates CD4(+)FoxP3(+) regu-
latory T cells via a TGF-beta-dependent mechanism. J Leukoc Biol.
2009;86(6):1275-1283.

58. Beidaq El, A Link, W C, et al. In vivo expansion of endogenous reg-

ulatory T cell populations induces long-term suppression of contact

hypersensitivity. J Immunol. 2016;197(5):1567-1576.
59. van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology

of extracellular vesicles.Nat RevMol Cell Biol. 2018;19(4):213-228.
60. RaposoG, StoorvogelW. Extracellular vesicles: exosomes,microvesi-

cles, and friends. J Cell Biol. 2013;200(4):373-383.
61. Anderson HC, Mulhall D, Garimella R. Role of extracellular mem-

brane vesicles in the pathogenesis of various diseases, including

cancer, renal diseases, atherosclerosis, and arthritis. Lab Invest.
2010;90(11):1549-1557.

62. Greening DW, Gopal SK, Xu R, Simpson RJ, Chen W. Exosomes and

their roles in immune regulation and cancer. Semin Cell Dev Biol.
2015;40:72-81.

63. Tricarico C, Clancy J, D’Souza-Schorey C. Biology and biogenesis of

shedmicrovesicles. Small GTPases. 2017;8(4):220-232.
64. MathieuM,Martin-Jaular L, Lavieu G, Thery C. Specificities of secre-

tion and uptake of exosomes and other extracellular vesicles for cell-

to-cell communication.Nat Cell Biol. 2019;21(1):9-17.
65. Harding C, Heuser J, Stahl P. Receptor-mediated endocytosis of

transferrin and recycling of the transferrin receptor in rat reticulo-

cytes. J Cell Biol. 1983;97(2):329-339.
66. Johnstone RM, Adam M, Hammond JR, Orr L, Turbide C. Vesi-

cle formation during reticulocyte maturation. Association of plasma

membrane activities with released vesicles (exosomes). J Biol Chem.
1987;262(19):9412-9420.

67. Hurley JH. ESCRTs are everywhere. Embo J. 2015;34(19):2398-2407.
68. Palmulli R, van Niel G. To be or not to be… secreted as exosomes,

a balance finely tuned by the mechanisms of biogenesis. Essays
Biochem. 2018;62(2):177-191.

69. RobbinsPD,Morelli AE. Regulationof immune responses by extracel-

lular vesicles.Nat Rev Immunol. 2014;14(3):195-208.



12 ROJAS ET AL.

70. Sadallah S, Eken C, Schifferli JA. Ectosomes as modulators of inflam-

mation and immunity. Clin Exp Immunol. 2011;163(1):26-32.
71. Anel A, Gallego-Lleyda A, de Miguel D, Naval J, Martinez-Lostao

L. Role of exosomes in the regulation of T-cell mediated immune

responses and in autoimmune disease. Cells. 2019;8(2).
72. Raposo G, Nijman HW, Stoorvogel W, et al. B lymphocytes secrete

antigen-presenting vesicles. J ExpMed. 1996;183(3):1161-1172.
73. Zitvogel L, Regnault A, Lozier A, et al. Eradication of established

murine tumors using a novel cell-free vaccine: dendritic cell-derived

exosomes.NatMed. 1998;4(5):594-600.
74. Montecalvo A, Shufesky WJ, Stolz DB, et al. Exosomes as a short-

range mechanism to spread alloantigen between dendritic cells dur-

ing T cell allorecognition. J Immunol. 2008;180(5):3081-3090.
75. BlanchardN, Lankar D, Faure F, et al. TCR activation of human T cells

induces the production of exosomes bearing the TCR/CD3/zeta com-

plex. J Immunol. 2002;168(7):3235-3241.
76. Booth AM, Fang Y, Fallon JK, Yang JM, Hildreth JE, Gould SJ. Exo-

somes and HIV Gag bud from endosome-like domains of the T cell

plasmamembrane. J Cell Biol. 2006;172(6):923-935.
77. Yu X, Huang C, Song B, et al. CD4+CD25+ regulatory T cells-derived

exosomes prolonged kidney allograft survival in a rat model. Cell
Immunol. 2013;285(1-2):62-68.

78. Okoye IS, Coomes SM, Pelly VS, et al. MicroRNA-containing T-

regulatory-cell-derived exosomes suppress pathogenic T helper 1

cells. Immunity. 2014;41(1):89-103.
79. VigliettaV, Baecher-AllanC,WeinerHL,HaflerDA. Loss of functional

suppression by CD4+CD25+ regulatory T cells in patients with mul-

tiple sclerosis. J ExpMed. 2004;199(7):971-979.
80. Kitz A, Singer E, Hafler D. Regulatory T cells: from discovery to

autoimmunity. Cold Spring Harb Perspect Med. 2018;8(12).
81. Azimi M, Ghabaee M, Moghadasi AN, Noorbakhsh F, Izad M.

Immunomodulatory function of Treg-derived exosomes is impaired

in patients with relapsing-remitting multiple sclerosis. Immunol Res.
2018;66(4):513-520.

82. Xie Y, Zhang X, Zhao T, Li W, Xiang J. Natural CD8(+)25(+) regu-
latory T cell-secreted exosomes capable of suppressing cytotoxic T

lymphocyte-mediated immunity against B16melanoma.BiochemBio-
phys Res Commun. 2013;438(1):152-155.

83. Shevach EM. Mechanisms of foxp3+ T regulatory cell-mediated sup-

pression. Immunity. 2009;30(5):636-645.
84. RomanoM, Fanelli G, AlbanyCJ,GigantiG, LombardiG. Past, present,

and future of regulatory T cell therapy in transplantation and autoim-

munity. Front Immunol. 2019;10:43.
85. Sharma A, Rudra D. Emerging functions of regulatory T cells in tissue

homeostasis. Front Immunol. 2018;9:883.
86. ZornE,NelsonEA,MohseniM, et al. IL-2 regulates FOXP3expression

in humanCD4+CD25+ regulatory T cells through a STAT-dependent

mechanism and induces the expansion of these cells in vivo. Blood.
2006;108(5):1571-1579.

87. Huehn J, Polansky JK, Hamann A. Epigenetic control of FOXP3

expression: the key to a stable regulatory T-cell lineage?. Nat Rev
Immunol. 2009;9:83-89.

88. Tang Q, Henriksen KJ, Boden EK, et al. Cutting edge: cD28 controls

peripheral homeostasis ofCD4+CD25+ regulatoryT cells. J Immunol.
2003;171(7):3348-3352.

89. Mantel PY, Ouaked N, Ruckert B, et al. Molecular mecha-

nisms underlying FOXP3 induction in human T cells. J Immunol.
2006;176(6):3593-3602.

90. Venuprasad K, Huang H, Harada Y, et al. The E3 ubiquitin ligase Itch

regulates expression of transcription factor Foxp3 and airway inflam-

mation by enhancing the function of transcription factor TIEG1. Nat
Immunol. 2008;9(3):245-253.

91. Ohkura N, Kitagawa Y, Sakaguchi S. Development and maintenance

of regulatory T cells. Immunity. 2013;38(3):414-423.

92. Lal G, Zhang N, van der TouwW, et al. Epigenetic regulation of Foxp3

expression in regulatory T cells by DNA methylation. J Immunol.
2009;182(1):259-273.

93. Huehn J, Beyer M. Epigenetic and transcriptional control of Foxp3+
regulatory T cells. Semin Immunol. 2015;27(1):10-18.

94. Xu L, Kitani A, Fuss I, Strober W. Cutting edge: regulatory T cells

induce CD4+CD25-Foxp3- T cells or are self-induced to become

Th17 cells in the absence of exogenous TGF-beta. J Immunol.
2007;178(11):6725-6729.

95. Koenen HJ, Smeets RL, Vink PM, van Rijssen E, Boots AM, Joosten

I. Human CD25highFoxp3pos regulatory T cells differentiate into IL-

17-producing cells. Blood. 2008;112(6):2340-2352.
96. Yang WY, Shao Y, Lopez-Pastrana J, Mai J, Wang H, Yang XF.

Pathological conditions re-shape physiological Tregs into pathologi-

cal Tregs. Burns Trauma. 2015;3(1).
97. Chen Z, Barbi J, Bu S, et al. The ubiquitin ligase Stub1 nega-

tively modulates regulatory T cell suppressive activity by promoting

degradation of the transcription factor Foxp3. Immunity. 2013;39(2):
272-285.

98. Dominguez-Villar M, Baecher-Allan CM, Hafler DA. Identification of

T helper type 1-like, Foxp3+ regulatory T cells in human autoimmune

disease.NatMed. 2011;17(6):673-675.
99. PandiyanP, Zhu J.Origin and functions of pro-inflammatory cytokine

producing Foxp3+ regulatory T cells. Cytokine. 2015;76(1):13-24.
100. Cobbold S, Waldmann H. Infectious tolerance. Curr Opin Immunol.

1998;10(5):518-524.

101. Qin S, Cobbold SP, Pope H, et al. “Infectious” transplantation toler-

ance. Science. 1993;259(5097):974-977.
102. Chen ZK, Cobbold SP,WaldmannH,Metcalfe S. Amplification of nat-

ural regulatory immune mechanisms for transplantation tolerance.

Transplantation. 1996;62(9):1200-1206.
103. Onodera K, Lehmann M, Akalin E, Volk HD, Sayegh MH, Kupiec-

Weglinski JW. Induction of “infectious” tolerance to MHC-

incompatible cardiac allografts in CD4 monoclonal antibody-

treated sensitized rat recipients. J Immunol. 1996;157(5):1944-

1950.

104. Onodera K, Hancock WW, Graser E, et al. Type 2 helper T cell-type

cytokines and thedevelopmentof “infectious” tolerance in rat cardiac

allograft recipients. J Immunol. 1997;158(4):1572-1581.
105. Graca L, Honey K, Adams E, Cobbold SP, Waldmann H. Cutting edge:

anti-CD154 therapeutic antibodies induce infectious transplantation

tolerance. J Immunol. 2000;165(9):4783-4786.
106. Waldmann H, Cobbold S. How do monoclonal antibodies induce

tolerance? A role for infectious tolerance. Annu Rev Immunol.
1998;16:619-644.

107. Jonuleit H, Schmitt E, Kakirman H, Stassen M, Knop J, Enk AH.

Infectious tolerance: human CD25(+) regulatory T cells convey sup-

pressor activity to conventional CD4(+) T helper cells. J Exp Med.
2002;196(2):255-260.

108. WalkerMR, Kasprowicz DJ, Gersuk VH, et al. Induction of FoxP3 and

acquisitionof T regulatory activity by stimulatedhumanCD4+CD25-
T cells. J Clin Invest. 2003;112(9):1437-1443.

109. Sullivan JA, Tomita Y, Jankowska-Gan E, et al. Treg-Cell-derived IL-

35-coated extracellular vesicles promote infectious tolerance. Cell
Rep. 2020;30(4):1039-1051. e5.

How to cite this article: Rojas C, Campos-Mora M, Cár-

camo I, et al. T regulatory cells-derived extracellular vesicles

and their contribution to the generation of immune tolerance.

J Leukoc Biol. 2020;1–12. https://doi.org/10.1002/JLB.3MR0

420-533RR

https://doi.org/10.1002/JLB.3MR0420-533RR
https://doi.org/10.1002/JLB.3MR0420-533RR

