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Introduction

Extracellular vesicles (EVs) are comprised of both microvesicles,
released from the plasma membrane by shedding, and nanovesi-
cles or exosomes, generated by reverse budding of multivesicular
bodies. These different types of vesicles are characterized pre-
dominantly by their size, with exosomes ranging from 30 to 100
nm and microvesicles usually being larger than 200 nm (1-4).
Although their contents likely differ, both small and large vesicles
are enriched for a subset of diverse proteins, mRNAs (5), and non-
coding RNAs, such as microRNAs (miRNAs), which are derived
from the parental cells (6). There also have been reports of extra-
chromosomal DNA present in certain types of EVs (4, 7).

EVs have a variety of reported functions, and many of their bet-
ter documented activities are associated with some form of immune
regulation (7). EVs from both immune and nonimmune cells, such
as mesenchymal stem cells (MSCs) (8) and endothelial cells (ECs),
contribute to antigen-specific and nonspecific immune regulation.
Depending upon the context and vesicle type, EVs can stimulate
or suppress the immune responses to infections with viruses and
microbial pathogens as well as cancer. They also likely play a role in
modulating inflammatory and autoimmune diseases, such as arthri-
tis, diabetes, and lupus (9). Given their ability to modulate immune
responses, EVs have tremendous potential as therapeutic agents
for treating a variety of human diseases and disorders, including
reducing inflammation, treating autoimmune diseases and cancer,
and stimulating antipathogen immune responses. The focus of this
Review will be on the role of both endogenous and exogenous EVs,
primarily exosomes, in regulating immune responses and how these
EVs can be used therapeutically for regulating the immune system.

Immune regulation by antigen-presenting

cell EVs

Antigen-presenting cells (APCs), including DCs, macrophages,
and B cells, regulate immune responses through direct interac-
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Almost all cell types release extracellular vesicles (EVs), which are derived either from multivesicular bodies or from the
plasma membrane. EVs contain a subset of proteins, lipids, and nucleic acids from the cell from which they are derived. EV
factors, particularly small RNAs such as miRNAs, likely play important roles in cell-to-cell communication both locally and
systemically. Most of the functions associated with EVs are in the regulation of immune responses to pathogens and cancer,
as well as in regulating autoimmunity. This Review will focus on the different modes of immune regulation, both direct and
indirect, by EVs. The therapeutic utility of EVs for the regulation of immune responses will also be discussed.

tions with CD4* and CD8" T cells and other immune cell types,
such as NK and NKT cells. Cell surface proteins, including MHC
class I and I molecules; costimulatory molecules, such as B7 fam-
ily members, including CD80, CD86, and programmed death-1
(PD-1); and adhesion molecules, such as ICAM, mediate the reg-
ulation of immune function by APCs (10-12). Because exosomes
are formed by reverse budding of the multivesicular body, the
extracellular domains of these and other proteins on the surface
of the APCs are exposed functionally on the surface of the vesi-
cles. The larger microvesicles released from the plasma mem-
brane also carry a similar pattern of membrane proteins involved
in T cell regulation. APC release of EVs with a similar pattern of
surface immune regulatory proteins supports the hypothesis that
APCs can modulate T cell and other immune cell activity at a dis-
tance via EVs. In addition, the fact that DCs and B cells increase
the release of exosomes following cognate T cell interactions also
suggests that EVs are important for conferring part of the immu-
noregulatory effects of these cell types (13-15).

Multiple groups have reported that EVs from APCs can pres-
ent peptide/MHC complexes to T cells. This can be mediated
through several distinct mechanisms (Figure 1). Without inter-
nalization, EVs can bind to the surface of APCs, where they are
well positioned to interact directly with T cells, a process termed
cross-dressing (Figure 1A and ref. 16). In this context, costimula-
tory molecules present on the APC can interact with the T cell,
while the EVs present the antigen epitope in the context of MHC
classI1(17). The fact that mature APCs release EVs with higher lev-
els of adhesion molecules and MHC class II than immature APCs
allows these vesicles bind efficiently with target APCs to activate
T cells (17-19). However, MHC class II-deficient APCs were less
efficient than WT APCs for activation of T cells, suggesting that
presentation of peptide by MHC class II on the APC also contrib-
utes to cross-dressing (17).

Follicular DCs (FDCs) are an example of a cell type that clearly
regulates T cells through cross-dressing. FDCs are nonphagocytic
and do not synthesize MHC class Il molecules but instead capture
MHC class II* EVs derived from follicular B cells (20). Because
FDCs are nonphagocytic, the captured EVs likely remain on the
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Figure 1. Regulation of immune responses by professional APCs. Professional APCs, such as DCs, present MHC class | and |l complexes with peptides
(p-MHC) that are derived from captured exosomes. (A) EVs retained on the APC surface present their p-MHC complexes directly to T cells, where costimu-
latory molecules and other regulatory molecules can be provided by the APC (cross-dressing). The EVs also can be internalized, allowing them to transfer
their peptides to MHC molecules of the host APCs. Endogenous antigens can be processed in a similar manner, and the resulting epitopes are loaded onto
MHC class Il molecules. Host MHC class Il complexed with EV-derived peptides (p-MHC 1) are transported to the cell surface for presentation to T cells.

(B) Alternatively, EV interaction with and uptake by APCs can lead to increased production of cytokines, such as TGF-f1, and release of APC-derived EVs
carrying p-MHC Il that are able to regulate antigen-specific immune responses. For simplicity, only MHC class Il complexes are shown, but similar events
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can occur for presentation of EV-derived peptides on MHC class | for presentation to CD8* T cells.

cell surface for an extended period of time. The binding of EVs to
FDCs is likely mediated in part through cell surface adhesion mol-
ecules, such as milk fat globule-EGF factor 8 (MFG-E8), ICAM],
and complement receptors 1 and 2 (CR1/2), which bind to EV-
expressed phosphatidylserine (PS), CD11a, and C3-derived frag-
ments, respectively (20).

A portion of EVs can be internalized by APCs after binding to
the cell surface. Here, the EV-derived peptide/MHC complexes
can be degraded and used as a source of peptide for presentation
to T cells (17, 21). For example, HLA-DR4" human EVs loaded with
aserum albumin peptide were only able to stimulate T cells follow-
ing internalization by APCs that were also positive for HLA-DR4
(22). 1t is important to note that immature DCs internalize EVs
more efficiently than mature DCs, suggesting that mature DCs
are more likely to be involved in cross-dressing (17). In addition,
because mature DCs are more stimulatory, cross-dressing is more
likely to lead to immune stimulation than to immune suppression.

Peptides also can be directly loaded onto the vesicle-MHC
complex (Figure 1B). For example, tumor antigen peptides,
including peptides derived from the model tumor antigen oval-
bumin (OVA), loaded onto EVs by pulsing can stimulate primed
T cells as well as T cell clones, lines, and hybrids (14, 15, 23, 24).
Similarly, viral peptides presented after peptide pulsing of the
EVs can activate primed human peripheral CD8* T cells, albeit at
alow percentage. In contrast, EVs are not as effective in stimulat-
ing naive T cells. It appears as if the T cell stimulatory activity of
primed T cells by EVs is significantly less efficient than that of the
parent APCs. These results are consistent with a model in which
the small size of EVs limits T cell receptor activation and costim-
ulation. Indeed, mobilization of a high concentration of EVs on
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latex beads results in a markedly higher level of T cell stimula-
tion, likely due to high concentrations of MHC complexes and
costimulatory molecules (22, 25).

In addition, EVs are able to deliver native antigens to APCs by
internalization and processing. The first example of this was in the
context of delivery of tumor antigens by tumor-derived EVs (26,
27). Here, the tumor antigens in EVs are taken up by APCs and pro-
cessed and cross-presented to cytotoxic CD8" T cells. Moreover,
vaccination of mice with tumor-derived exosomes was shown to
induce a potent CD8" T cell-mediated antitumor effect against not
only the parental tumor, but also other tumors expressing similar
tumor antigens (26). An important aspect of this cross-priming is
that it is independent of the class of MHC molecules present on the
EV. Additionally, EVs likely carry multiple tumor antigens, includ-
ing unknown tumor antigens. In some cases, the tumor EVs appear
to be enriched for a particular tumor antigen compared with the
parental tumor cells. For example, certain tumor-derived EVs carry
high levels of tumor antigens, such as melan-A, carcinoembryonic
antigen (CEA), and/or mesothelin, compared with the parental
tumor cells. Therefore, tumor-derived EVs can be used as a source
of multiple tumor antigens to stimulate antitumor responses,
both therapeutically or prophylactically. Treatment of DCs with
tumor-derived EVs resulted in DCs that are able to induce CD8*
T cell-dependent antitumor effects in mice and in patients with
malignant gliomas. However, as discussed below, tumor-derived
EVs also can carry additional immunoregulatory molecules on
their surface, such as FasL, TRAIL, CD154 (also known as CD40L),
and programmed death-ligand 1 (PD-L1), which can reduce the
immune response to tumor antigens, resulting in suppression of
antitumor antigen-specific responses (28-32).
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Figure 2. Role of endogenous EVs in regulating immune responses. (A) Resident APCs, such as macrophages in the tumor environment, can acquire
tumor antigens either by uptake of tumor EVs or by phagocytosis of necrotic tumor cells. APCs then release MHC class II* EVs into the circulation that are
able to interact with immune cells at distant sites to suppress tumor antigen-specific immune responses; these are termed tolerogenic EVs. (B) Infection
with a pathogen or immunization to an antigen results in acquisition of antigen by local APCs, followed by release of APC-derived EVs into the circulation.
APC-derived EVs can carry the antigen and/or present antigen-derived epitopes in MHC class | and MHC class Il complexes. Circulating EVs are taken up by
APCs in the spleen or lymph nodes where they can modulate immune response to the antigen. It is hypothesized that these vesicles act to suppress the
systemic immune response to the antigen or infection to limit the extent of inflammation or autoimmunity.

In addition to tumor antigens, antigens from both bacterial
and viral pathogens can be delivered to APCs via EVs. For example,
EVs derived from Mycobacterium bovis Bacillus Calmette Guérin-
infected macrophages promote T cell immunity in mice in the pres-
ence of DCs, whereas EVs from Toxoplasma gondii-pulsed DCs can
confer protection against parasite infection in mice (33-35). EVs
from CMV-infected epithelial cells stimulate memory CD4* T cells
in a DC-dependent manner. Viral antigens, such as EBV LMP-1
and influenza HA proteins, also are found in EVs and can contrib-
ute to regulating immune responses to these viruses (35, 36).

Suppression of immune responses by EVs
Although there is extensive evidence of the stimulation of
immune responses by antigen-containing EVs, the release of EVs
by tumor cells is one mechanism through which tumors suppress
the antitumor immune response. Injection of tumor-derived EVs
carrying the model tumor antigen OVA results in suppression of
a delayed-type hypersensitivity (DTH) response to OVA (37). It
is likely that the tumor EVs are taken up by endogenous APCs,
which suppress the immune response following footpad injection
of OVA. Similarly, injection of tumor-derived EVs inhibited the
differentiation of CD11b* myeloid precursors in the bone mar-
row (BM), partially by inducing IL-6 expression in these precur-
sor cells (38, 39). These myeloid cells also were shown to switch
their differentiation pathway toward a myeloid-derived suppres-
sor cell (MDSC) phenotype (40). Here, prostaglandin E2 (PGE2),
HSP70, and certain miRNAs contained in the tumor-derived EVs
play an important role in driving monocyte differentiation toward
MDSCs. In addition to the effect on differentiation, there is also a
concomitant increase in TGF-B1 expression by myeloid cells, con-
tributing to non-antigen-specific immunosuppression (41).
Tumor-derived EVs also can directly suppress the activity of
effector T cells. In particular, certain tumor cell lines produce EVs

expressing death ligands, such as FasL and TRAIL, which are both
known to trigger the apoptotic death of activated T cells. They also
can carry PD-L1 and CD40L, which suppress T cell responses.
Moreover, ovarian tumor-derived EVs modulate CD3-( chain
expression, impairing T cell receptor signaling (42). In addition, NK
celland CD8* T cell cytotoxicity was impaired by EVs containing lig-
and for the C-type lectin-like receptor NKG2D derived from certain
human tumor types, such as breast cancer. Similarly, murine mam-
mary carcinoma-derived EVs can promote tumor growth in vivo by
suppressing NK cell function. Taken together, these observations
suggest that tumor-derived EVs negatively regulate the effector arm
of the immune system, in particular T cells and NK cells. However,
itis likely in most, if not all, of these examples that immunosuppres-
sion mediated by tumor-derived EVs requires a very high dose of
EVs or the involvement of APCs for cross-dressing.

Interestingly, EVs isolated from the sera of tumor-bearing
mice can suppress the immune response to a specific tumor anti-
gen through a MHC class II-dependent mechanism (43). Here, the
suppression of antigen-specific immune response is mediated not
by tumor-derived EVs, but by CD11b*, MHC class II* host-derived
EVs. Thus, it has been hypothesized that, within the tumor micro-
environment, tumor EVs are taken up by macrophages and possi-
bly other APCs, which in turn release EVs able to suppress immune
responses to the tumor antigens present in the tumor EVs (Figure
2A and ref. 43). Taken together, these results suggest that, not
only can tumor-derived EVs directly suppress T and NK immune
responses, but they also can suppress responses indirectly through
macrophage cross-presentation and subsequent release of EVs.

In addition to suppression of tumor-specific immune
responses mediated by tumor-derived and APC-derived EVs from
the tumor microenvironment, tumor-derived vesicles also play a
role in facilitating tumor invasion and metastasis (37) by establish-
ing the premetastatic niche through the generation of a suitable
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microenvironment at potential metastatic sites. For example, mel-
anoma-derived EVs preferentially home to sentinel lymph nodes
where they facilitate the formation of tumor niches for metastatic
tumor growth (44). Thus, tumor-derived EVs can function at mul-
tiple levels to facilitate tumor growth and metastasis.

As mentioned above, EVs have been found to contain func-
tional mRNAs and small noncoding RNAs, including miRNAs,
but generally not DNA or ribosomal RNAs (6, 45). Interestingly,
the RNAs sorted into EVs, in particular exosomes, represent a
subset of the parental RNA (46). In some cases, specific factors,
such as sumoylated heterogeneous nuclear ribonucleoprotein A2/
B1 (hnRNPA2B1), mediate the targeting of particular miRNAs into
vesicles (47, 48), suggesting that EV-associated RNA has specific
functions in mediating cell-to-cell communication, especially in
immune regulation. Indeed, EVs from DCs can transfer functional
miRNAs to target cells, whereas EVs (49) from T cells transfer
miRNA unidirectionally to DCs (45).

Immune regulation by circulating, endogenous
EVs
In many situations, the main function of circulating, endoge-
nous EVs is to suppress the immune response, either in an anti-
gen-specific or a nonspecific manner. In one of the first examples
of immunosuppression by endogenous exosomes, it was demon-
strated that MHC class II* EVs isolated from the serum could sup-
press OVA-specific immune responses following oral administra-
tion of OVA (43). These serum EVs, initially termed tolerosomes,
had markers indicating that they were derived from intestinal
epithelial cells, which had acquired the digested OVA (43). Sim-
ilar results were also obtained following intradermal or intrana-
sal inoculation of antigen. For example, bronchoalveolar lavage
fluid from mice repetitively immunized to the allergen Ole E1 by
intranasal inoculation prevented allergic reactions to the same
antigen (10, 50). Furthermore, following intradermal immuniza-
tion with OVA, MHC class II* EVs could be isolated from serum
that suppress an OVA-induced, but not an unrelated keyhole
limpet hemocyanin-induced, DTH response in the footpad (51).
These OVA-specific EVs also require FasL for their suppressive
effects, although no increase in T cell apoptosis was detected
(51). Surprisingly, the number and/or activity of OVA-specific,
immunosuppressive EVs continues to increase in blood follow-
ing antigen immunization, peaking at 14 days after immuniza-
tion, with OVA-specific immunosuppressive activity detected in
the serum at even 1 month (51) after inoculation. However, it is
unclear whether APCs at the site of immunization or in the lymph
node continue to release suppressive EVs for a long period of time
and/or whether the circulating vesicles are highly stable. Given
the observed antigen-specific suppressive activity of circulating
EVs following intradermal immunization or oral delivery and in
tumor-bearing mice, it has been proposed that the main function
of blood-borne, APC-derived EVs is to suppress an active immune
response to antigens (Figure 2B). This suppression by EVs would
have the benefit of preventing self and foreign antigens from
causing systemic, chronic inflammation and/or autoimmunity.
Other sources of endogenous EVs also negatively regulate
immune responses. EVs with the ability to increase the number
of Tregs can be isolated from breast milk (52, 53) and colostrum.
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It is also well known that pregnancy reduces the severity of auto-
immune diseases, such as rheumatoid arthritis (RA) and multiple
sclerosis (54) (MS), in humans. Furthermore, EVs isolated from
the serum of pregnant mice reduced the severity of experimental
autoimmune encephalitis (EAE), a mouse model of MS (54). This
immunosuppression is theorized to be mediated by placental-
derived EVs, likely from trophoblasts, which are able to inhibit T
cell signaling (55).

The immune response also is regulated by EVs from vascular
ECs, while, in turn, immune cell EVs regulate the vascular endo-
thelium. In particular, the inflammatory status of the vascular
can affect the composition of the secreted EVs, thus allowing EC-
derived EVs (EC-EVs) to differentially modulate target cell
responses in a paracrine fashion. For example, EC-EVs from qui-
escent cells reduced the proinflammatory response of cultured
macrophages challenged with LPS, an antiinflammatory effect that
was also observed in vivo. The antiinflammatory effect of EC-EVs
was modulated, at least in part, through the transfer of miRNA10a,
which inhibits NF-kB signaling. EC-EVs from quiescent cells also
may function in an autocrine fashion to maintain EC quiescence,
which is protective against pathologies such as cardiovascular
disease (56). In contrast, vascular ECs in an inflammatory envi-
ronment release EVs that act in a paracrine manner to “educate”
pericytes to promote angiogenesis via miRNA-mediated inhibi-
tion of YY1 and subsequent increase in VEGF production. Here,
the inflammation-induced angiogenic phenotype mediated by the
EC-EVs could enhance local inflammation, resulting in patholog-
ical vascular changes (57). Interestingly, treatment with endothe-
lial progenitor cell-derived EVs (EPC-EVs) causes HUVECs and
HMECs to organize into vessel-like structures both in vitro and in
SCID mice via activation of the PI3/AKT and eNOS pathways (58).
The EPC-EVs activate an angiogenic program in quiescent ECs,
though it still remains to be determined how the inflammatory
environment affects EPC-EV secretion, composition, and function.

In addition to inflammation of parent tissue, certain states of
damage and exogenous factors that exacerbate pathologies in par-
ent tissue can affect EV signaling. For example, hepatocytes increase
their shedding of EVs in response to treatment with ethanol, an effect
observed in vivo in a mouse model of chronic ethanol consumption.
Furthermore, treatment ofhepatocytes with ethanol resultsinrelease
of EVs enriched with miRNA122. Following EV-mediated transfer of
miRNA122 to monocytes, the monocytes become highly sensitive to
LPS, upregulating their secretion of IL-1p and TNF-a compared with
that after LPS treatment alone. This EV-mediated sensitization of
monocytes could promote a state of chronic, systemic inflammation
that further exacerbates the diagnosis phenotype and comorbidities
in patients with liver disease (59, 60).

As mentioned above, gut epithelial cells release MHC class IT*
EVs that are able to suppress an immune response to OVA follow-
ing oral delivery of OVA. Additionally, EVs from different sources
of MSCs appear to have not only immunoregulatory, but also
regenerative, effects. Many types of MSCs, including BM- and fat
tissue-derived MSCs, confer therapeutic effects in animal models
of disease and tissue injury. In addition, human clinical trials have
demonstrated that MSCs confer immunosuppressive effects for
immune diseases such as Crohn’s disease and graft-versus-host
disease. Indeed, there are currently over 500 clinical trials using
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MSCs therapeutically for immunosuppression or tissue regenera-
tion. It appears as if, in all or at least most of the preclinical studies
with MSCs, the MSC therapeutic effects are conferred through a
paracrine/endocrine mechanism mediated by immunosuppres-
sive factors or growth factors (61, 62). Interestingly, MSC-derived
EVs appear able to facilitate tissue regeneration as well as reduce
inflammation (55, 63-66). Thus, many of the observed therapeu-
tic effects of MSCs may be mediated, at least in part, by EVs.

The role of EVs in autoimmunity
In contrast to the ability of circulating EVs to suppress immune
responses, endogenous EVs also appear to have a role in mediat-
ing inflammatory and autoimmune diseases. For example, EVs are
a source of self antigens, including MHC-displayed self-peptides,
that could activate autoreactive T cells (9, 67). In addition, the par-
ticipation of EVs inimmune complexes could stimulate autoimmu-
nity. For example, EVs present in synovial fluid of patients with RA
not only contain citrullinated autoantigens, but also can be found
in complexes with anti-citrullinated peptide antibodies (68). Sim-
ilarly, plasma EVs from systemic lupus erythematous (SLE) were
shown to not only contain self antigens (69, 70), but also to inter-
act with IgG, IgM, and complement proteins. However, it was not
clear whether these interactions represent true immune com-
plexes (71-73). Additionally, EVs enhance autoimmune pheno-
types through secretion or surface expression of proinflammatory
cytokines that promote an inflammatory environment and auto-
reactive T cell survival (74, 75). For example, EVs in the sera and
derived from synovial fibroblasts of patients with RA have higher
levels of a membrane-bound form of TNF, a key therapeutic target
in the treatment of RA, than EVs from healthy controls. Here, the
TNF* EVs appear to confer resistance to apoptosis to activated T
cells, in contrast to the ability of TNF to induce apoptosis, contrib-
uting to the T cell-mediated pathogenesis of RA (76).

In addition, circulating EVs may play a role in MS pathology,
since there is an upregulation of endothelial, leukocyte, and plate-
let EVs with MS progression and a concomitant increase in metal-
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Figure 3. Modifying EVs for therapeutic appli-
cations. APCs can be engineered in culture to
generate immunoregulatory EVs for therapeutic
applications. Antigen-specific effects can be
achieved by pulsing the APCs with tumor- or
pathogen-derived antigens or by transfer of
antigen-encoding genes. Similarly, APCs can

be modified to express immunosuppressive or
immunostimulatory cytokines or ligands, which
can render the APC-derived EVs able to suppress
or stimulate antigen-specific immune responses.
The expression of costimulatory ligands in the
APC can result in EVs with increased levels of the
ligands, thereby directly affecting the immu-
noregulatory activity of the EVs. Finally, the EVs
themselves can be modified to carry immuno-
modulatory small RNAs, such as miRNAs or
antagomlIRs. CTL, cytotoxic T lymphocyte.

Antimicrobial/
tumor CTL

Electroporation of
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loproteinase activity in the EVs (77-79). These MS EVs could be at
least partially responsible for the initial breakdown of the blood-
brain barrier that is necessary for MS. The type and amount of EVs
present in patient sera also could promote survival of immune cells
following CNS infiltration (80). In a similar manner, an increase
in the amount of proinflammatory, procoagulant platelet-derived
EVsin patients with Crohn’s disease compared with that in healthy
subjects was observed, implicating these EVs in disease progres-
sion (80). Both neutrophil-derived and platelet-derived EVs were
shown to increase in patients with an anti-neutrophil cytoplas-
mic antibody-associated vasculitis (AAV) compared with that in
remittent AAV subjects (81-83). Furthermore, platelet-derived
EVs associated with oxidized high-mobility group box 1 protein
(HMGBI1) were shown to increase neutrophil activation, which
could be responsible for phenotypes associated with systemic
sclerosis. Here, EVs from healthy donors that did not contain
HMGBI failed to activate neutrophils, whereas treatment with
HMGBI inhibitors reversed the phenotypes that were potentially
conferred by the systemic sclerosis EVs (84, 85).

Therapeutic applications of EVs

The ability of different types of EVs to modulate immune responses
suggests they could be used therapeutically for a broad spectrum of
diseases. In addition, any therapeutic application of EVs requires
isolation of EVs from a specific cell source, allowing for modifica-
tion of the parental cell to increase the immunoregulatory effects
of the EVs. The best examples thus far are DC-derived exosomes
in which the DC can be modified to alter the resulting EV. The DCs
can be grown under certain conditions that maintain them in an
immature or mature state, resulting in EVs that are more immuno-
suppressive or, through increased expression of costimulatory and
MHC complexes, more stimulatory (86). For example, growing
BM-derived APCs in high concentrations of IL-10, IL-4, or TGF-f1,
all of which promote an immature state, resulted in both DCs and
EVs that suppressed inflammation in a DTH footpad model (87, 88)
through MCH class II-, FasL-, and B7-dependent, but MHC class I-
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independent, mechanisms (88-90). Interestingly, treatment with
DC-derived EVs in one footpad suppressed the DTH response in
the contralateral footpad in an antigen-dependent manner. In this
case, exogenous DC-derived EVs are able to modify the function of
endogenous APCs in the footpad, which then traffic to the lymph
node to modulate T cell responses. Immune regulatory factors,
including but not limited to cytokines, can be directly delivered
to the DC, where they alter the function of the DC and, thus, DC-
derived EVs. For example, gene transfer of a membrane-bound
form of IL-4, FasL, or indoleamine-pyrrole 2,3-dioxygenase (IDO)
to DCs results in both DCs and DC-derived EVs that are able
to suppress early-stage disease in a murine model of collagen-
induced arthritis (88, 89, 91). EVs expressing elevated levels of FasL
on their surface confer their immune suppressive effects through a
poorly understood Fas-dependent mechanism in the treated mice,
although no increase in T cell apoptosis was observed (90). Fur-
thermore, EVs derived from a stimulated B lymphocyte line that
were directly loaded with an antagomIR-targeting miRNA155 were
shown to reduce the inflammatory signaling of cultured macro-
phages being challenged with LPS. Thus, generating EVs contain-
ing miRNA or anti-miRsis a viable tool for enhancing the therapeu-
tic activity of EVs (Figure 3).

In addition to enhancing the immunosuppressive effects of EVs,
approaches to improve the immunostimulatory activity of EVs also
are being developed. Several clinical trials using tumor EVs to load
DCs with tumor antigen have been conducted with limited success
(27, 92, 93). However, the induction of a CD8* cytotoxic T lym-
phocyte response against tumor cells was noted in a clinical study
of malignant glioma, demonstrating the validity of the approach
if the EV-treated DCs can be made immunostimulatory (94). For
example, treatment of DCs with proinflammatory cytokines, such
as IFN-y or IL-12, can result in enhanced stimulatory capacity (39,
95). Alternatively, gene transfer of cytokines or heat shock proteins
to tumor cells can result in tumor-derived EVs that elicit a stronger
DC-mediated immune response than unaltered tumor cells (85).
Similarly, heat shock of tumor cells also enhances the stimulatory
capacity of EVs, likely due to increased levels of heat shock proteins
within the EVs (96, 97). Interestingly, the presence of antigens on
the surface of the EV allows for induction of a stronger immune
response than if the antigen is contained within the EV (98).

In addition to the use of EVs as therapeutics, proteins and
RNAs carried in EVs could be used as biomarkers of immune
function. The contents of EV subsets present in patient biofluids,
including serum, urine, semen, saliva, and bronchoalveolar lavage
fluid, easily could be used as noninvasive biomarkers or indicators
of the host’s immune status (99). For example, it was determined
via flow cytometry that sera from patients with chronic hepatitis C
have elevated levels of EVs from CD4* and CD8* T cells, whereas
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patients with nonalcoholic fatty liver or nonalcoholic steatohepa-
titis have elevated levels of EVs from iNKT cells and CD14* macro-
phages/monocytes. The levels of these EVs in the sera correlated
with disease severity and are thus a viable diagnostic tool for the
assessment of these liver inflammatory diseases (100, 101). Fur-
thermore, the RNA profile of urine EVs from patients with SLE
suggests that this approach could be used to determine the extent
of kidney damage from lupus nephritis, which causes SLE-related
morbidity and mortality (102, 103).

Summary

The EVs released by many cell types play important roles in cell-
to-cell communication, especially in regard to immune regulation.
EVs derived from both immune and nonimmune cells carry self
antigens following infection by pathogens and other foreign anti-
gens. In this context, endogenous EVs likely modulate immune
responses, serving to stimulate immune responses to foreign anti-
gens, while suppressing the response to self antigens. Although
EVs can modulate the function of many immune cell types, includ-
ing T and NK cells (albeit weakly), the most effective regulatory
activity of EVs is conferred through APCs, either by binding to the
cell surface or by internalization. A better understanding of how
EVs from different immune cell types function in vivo to regulate
immunity should provide new insights into how the immune sys-
tem communicates as well as aid in the development of better ther-
apeutics. In the context of cancer, the reduction in release of EVs
by the tumor or depletion of tumor exosomes from the circulation
should result in a stronger antitumor response while reducing the
risk of metastasis. For treatment of autoimmune diseases, modi-
fied APC-derived EVs or even endogenous EVs isolated from the
circulation of patients could be used therapeutically. A key advan-
tage to using EVs therapeutically is that, unlike the parental cells,
EVs cannot change their phenotype: a suppressive EV remains a
suppressive EV. Based on the strong immune regulation observed
with both exogenous and endogenous EVs, it is likely that the next
decade will see a large number of clinical studies based on EVs,
either as the therapy or as the therapeutic target.
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