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Abstract Cellular nanovesicles which are referred to as cell-derived, nanosized lipid bilayer structures,

have emerged as a promising platform for regulating immune responses. Owing to their outstanding ad-

vantages such as high biocompatibility, prominent structural stability, and high loading capacity, cellular

nanovesicles are suitable for delivering various immunomodulatory molecules, such as small molecules,

nucleic acids, peptides, and proteins. Immunomodulation induced by cellular nanovesicles has been

exploited to modulate immune cell behaviors, which is considered as a novel cell-free immunotherapeutic

strategy for the prevention and treatment of diverse diseases. Here we review emerging concepts and new

advances in leveraging cellular nanovesicles to activate or suppress immune responses, with the aim to

explicate their applications for immunomodulation. We overview the general considerations and princi-

ples for the design of engineered cellular nanovesicles with tailored immunomodulatory activities. We

also discuss new advances in engineering cellular nanovesicles as immunotherapies for treating major

diseases.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
6 2097.

gmin Zhao).

hinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

al Association and Institute of Materia Medica, Chinese Academy of Medical Sciences. Production and hosting

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhaozm@uic.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2022.08.020&domain=pdf
https://doi.org/10.1016/j.apsb.2022.08.020
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2022.08.020
https://doi.org/10.1016/j.apsb.2022.08.020


1790 Endong Zhang et al.
1. Introduction
Cellular nanovesicles are cell-derived nano-sized heterogeneous
structures of lipid bilayers from natural or engineered cells1. As
derivatives of cells, cellular nanovesicles contain components
from the parent cells such as signaling molecules consisting of
proteins, nucleic acids and lipids. These molecules, together with
the nanosized structures, can be conveyed for intercellular
communication2e4. In this review, “cellular nanovesicles” refer to
cell-derived nanovesicles with a size of 30e1000 nm including
extracellular vesicles (EVs) and synthetic/semi-synthetic cell
membrane-derived nanostructures. Despite cellular nanovesicles
being intensely exploited for targeted drug delivery, their critical
roles as a novel immunotherapeutic approach for treating diseases
have not been comprehensively discussed5e7. Originally, re-
searchers identified the larger EVs by electron microscopy, which
allowed the discovery of their ability to transfer cytoplasmic
RNAs between cells8. Until the late twentieth century, dapper
exosomes (a type of EVs) were investigated from the secreta of B
lymphocytes which have immunomodulatory functions to carry
major histocompatibility complexes (MHC)9. However, exosomes
were initially regarded as an externalized nanovesicle with
metabolic waste from sheep reticulocytes by invagination of cell
membrane. Along with comprehension of the structure and ca-
pabilities of cellular nanovesicles, their generation and secretion
process therewith functions are close to the lucidity10e13. Owing
to the stability and tolerance of the host cells, cellular nanovesicles
with feasible cavities and engineered envelopes can be isolated as
an effective drug carrier for immunomodulatory therapy.

The immune system provides an excellent screen for protecting
individuals from external pathogens14. With non-specific recog-
nition, foreign pathogens can be endocytosed by congenital leu-
kocytes. Antigen-presenting cells (APCs) such as macrophages
and dendritic cells (DCs) present foreign antigens to T cells15,
whereas individual differences lead to the diversity in immune
system efficiency15,16. On occasion pathogens can escape from the
capture by the immune cells17. Cancer cells can express trans-
membrane proteins such as PD-L1, which can effectively bind to
PD-1 resulting in the suppression of T cells18. Moreover,
compared with the adiaphoria of the immune system, hypersen-
sitivity causes an over-attack on intrinsic or transplanted organs by
innocuous antigens leading to tissue damage19. Immunomodula-
tory drugs can partially regulate the immune system20,21, however,
their short-term and insufficient therapeutic effects limit their
utility in clinical settings22. Owing to their low toxicity, high
structural stability, high loading capacity and tunability, cellular
nanovesicles have emerged as a promising platform for delivering
intrinsic or exogenous immunomodulatory molecules to regulate
immune responses23e26. Cellular nanovesicles from different cell
sources have diverse immunoregulatory functions, such as inhib-
iting the invasion and metastasis of cancer cells, promoting
vascularization, and stimulating antigen presentation27e31. By
specifically interacting with recipient cells, delivery of immuno-
modulatory molecules can be realized using cellular nano-
vesicles32. For the exploration of cellular nanovesicles besides
their unique characteristics, it has been confirmed that synthetic/
semi-synthetic nanovesicles generated by fusing natural nano-
vesicles with functional lipids can compensate for their draw-
backs33. Additionally, this works by engineering cellular
nanovesicles to specialize with novel functions and load with
disease-relevant substrates for cell-specific targeting and effect on
local immune responses34.
In this review, we outline the emerging concepts and key ad-
vances in harnessing cellular nanovesicles as a delivery approach
for therapeutic immunomodulation (Fig. 1). We focus on detailing
the immunomodulatory functions of cellular nanovesicles from
different cell types for either immunoactivation or immunosup-
pression. Further, we critically discuss the key principles and
strategies for engineering cellular nanovesicles as immunomodu-
latory therapies. The applications of such cellular nanovesicles in
managing major diseases are also discussed.

2. Biological basis for cellular nanovesicle-mediated
immunomodulation

Natural cellular nanovesicles (e.g., EVs) are actively released by
mammalian cells with the endomembrane system for secretion of
factors, intercellular communication, transmission of signaling
molecules, and cell metabolism regulation35. Artificial synthetic/
semi-synthetic cellular nanovesicles, which are cell membrane-
derived nanoparticles, can be obtained in a rapid and effective
process with modification of various desired functions. For natural
EVs, their secretions are deemed by constitutive secretory path-
ways with the stimulation by other cellular biomarker proteins,
secreted factors, or chemicals such as calcium ionophores36e38.
Generally, exosomes are high-profile EVs that are produced by
invagination of the membrane to form intraluminal vesicles.
Multi-vesicle bodies (MVBs) with subcellular structure are
generated from the late endosome. The mechanisms for MVB
formation fall into two categories; one is the endosomal sorting
complex required for transport (ESCRT)-dependent pathway and
the other is the ESCRT-independent pathway39,40 (Fig. 2). The
ESCRT-dependent pathway is activated by a set of cytoplasmic
proteins (four ESCRT complexes) that initiates with the ubiq-
uitination of the cargo protein. The clathrin molecules cluster with
the ubiquitinated cargos which is recognized by the ESCRT-
0 complex. Then the ubiquitinated cargoes sequentially bind to
recruited ESCRT-I and ESCRT-II to form a microdomain, trig-
gering membrane involution. Ultimately, membrane invagination
facilitates the release of MVBs via recognition of the disulfide
bond by the tumor susceptibility gene 101 (TSG101) in ESCRT-I
and the circular filamentous ESCRT-III39,41. However, MVBs can
also be formed in the absence of the ESCRT complexes. The
apoptosis-linked-gene 2 interacting protein X (ALIX) can directly
bind to the intracellular adaptor protein Syntenin which bypasses
the ESCRT-0, -I and -II, bridging with the vacuolar protein
sorting-associated protein 32 (VPS32) in the ESCRT-III complex
to be involved in exosome formation32,42,43. Notably, cytoplasmic
sorting of MVBs produced via the ESCRT-independent pathway is
regulated by tetraspanin6,42,44. Alternatively, MVBs generated
from late endosomes can be fused with lysosomes for degradation
and recycling. The other part of MVBs is fused with the plasma
membrane, resulting in exosome secretion. Also, microvesicles
can directly originate from the plasma membrane blebbing. After
concentrating ubiquitinated cargo proteins on the membrane, the
reflux of calcium ions promotes proteolytic activities and lipid
translocation. Adenosine di-phosphate ribosylation factor 6
(ARF6) is activated to facilitate the abscission of actin for the
release and formation of microvesicles from outward membrane
blebbing45.

Released EVs transport biological information to peripheral
target cells. EVs can be generated by immune and nonimmune
cells, and then encapsulate and stabilize signaling molecules, such
as cytokines, which are crucial in immunomodulation46e48. An



Figure 1 Overview of cellular nanovesicles derived from various cell types with different modification strategies for disease treatment via

immunomodulation. Schematic was created using templates from BioRender.

Cellular nanovesicles for therapeutic immunomodulation 1791
interwoven network is established among immune cells for path-
ogens or cancer cells via EVs49,50. Generally, there are three
different ways for EVs to interact with recipient cells for immu-
nomodulation. First, biomarker proteins or RNAs on the surface of
Figure 2 Schematic showing the biogenesis of extracellular vesicles

pathways. After being secreted from parental cells, EVs interfere with th

cells, endocytosis by recipient cells, and releasing signaling molecules

BioRender.
EVs directly interact with signaling molecules on the membrane
of the recipient cells through ligandereceptor interactions. For
example, EVs loaded with antigens can be recognized by APCs,
and this is followed by antigen presentation to CD8þ T cells for
(EVs) that follow the ESCRT-dependent and ESCRT-independent

e immunological behavior of recipient cells via fusing with recipient

into recipient cells. Schematic was created using templates from



1792 Endong Zhang et al.
immunoactivation41. In addition, APC-derived EVs enriched with
MHC class I, MHC class II and other regulatory factors can
modulate the activities of other immune cells51. Second, EVs can
fuse with target cells to mediate immunomodulation. Many studies
have shown that cellular nanovesicles from virus-infected cells
can carry viral microRNA (miRNA) and fuse with recipient cells
to regulate the expression of immunostimulatory genes52. They
have also been found to contain viral proteins that induce an
immune response41. The fusion event begins with the recognition
and interaction between the surface proteins on EVs and target
cells, such as syncytin and major facilitator superfamily domain
2a (MFSD2a)53. However, it still remains a challenge to directly
observe the fusion process by current imaging technologies37.
Third, cellular nanovesicles can be endocytosed by target cells,
which also results in immunomodulation.

When EVs are released from their parent cells, they carry a
range of molecules inducing lipids, mRNAs, miRNAs, and pro-
teins54. Of these molecules, over 40 types of proteins are essential
components that are relevant to the immunomodulatory function
of EVs55. For example, the cluster of differentiation protein (CD)
has shown interaction with other proteins on the targeting cells for
activation of the downstream immune pathway; MHC I and II
assist in the presentation of antigens to T cells; heat shock proteins
(Hsp), such as Hsp 70 and Hsp 90, promote the binding of anti-
genic peptides to MHC, which is considered as an indispensable
component for antigen presentation56,57. Besides of proteins,
miRNA is one type of vital genetic information which is carried
by cellular nanovesicles. Vast literature evidence has shown that
miRNA can regulate gene expression and function of recipient
cells58. miRNA is considered as an immunoactive or immuno-
suppressive effector on immune cells which affects the production
of cytokines59.

EVs induce different immunomodulatory activities depending
on their various disparate components. On one hand, EVs con-
taining immunomodulatory molecules stimulate immune cells to
produce proinflammatory factors showing immunoactive effects.
For example, EVs secreted from bacteria-infected macrophages
can stimulate neutrophils to produce tumor necrosis factor-a
(TNF-a) and RANTES60. Mature DC-derived EVs regulate pe-
ripheral epithelial cells to generate monocyte chemoattractant
protein (MCP), interleukin 8 (IL-8), TNF-a and RANTES as pro-
inflammatory factors. As another example, the phagocytic ca-
pacity of macrophages can be regulated by the signal regulatory
protein a (SIRPa) on EVs61; EVs with SIRPa interfere with the
interaction between the SIRPa on bone marrow-derived macro-
phages (BMMs) and the CD47 on cancer cells, blocking the “do
not eat signal” to elicit an immunotherapeutic efficacy62. On the
other hand, immunosuppression can be critically initiated by EVs.
For example, EVs with the MICA*008 ligand downregulate the
expression of natural killer group 2D (NKG2D) receptor, leading
to a reduction in natural killer (NK) cell cytotoxicity63. EVs
containing the MICA*008 ligand have also been shown to regulate
NKG2D in T cells with similar immunosuppressive effect

64

.
Release of transforming growth factor beta (TGF-b) from EVs
promotes differentiation of myeloid-derived suppressor cells
(MDSCs) from bone marrow precursors and inhibits T-cell pro-
liferation and function65.

3. Strategies to isolate cellular nanovesicles

Natural cellular nanovesicles (e.g., EVs) are usually secreted at a
low quantity66; this is a major challenge hindering preclinical and
clinical studies which require a scalable production of nano-
vesicles. Hence, there is a need to develop robust methods to
produce and isolate nanovesicles. For the production of cellular
nanovesicles, methods such as chemical-based (e.g., thrombin and
calcium ionophore) and mechanical-based (e.g., shear stress)
methods can stimulate parent cells to secret nanovesicles37.
Additionally, several separation technologies including density-
based67e69, size-based70,71, charged-based72e74, affinity-based
methods75,76 and their combinations77e79 have been developed
for efficient isolation of cellular nanovesicles.

Ultracentrifugation is one of the most widely used methods to
isolate cellular nanovesicles; it is a density-based method by using
a speed of >100,000�g80. The density of small cellular nano-
vesicles such as exosomes are approximately 1.2 g/mL which
enables their separation from other larger vesicles81. Cellular
nanovesicles isolated using this method can contain impurities,
such as lipoprotein particles and protein complexes, which have a
similar density to cellular nanovesicles81. Notably, the purity can
be further improved by an additional density gradient step using
sucrose gradients or commercial OptiPrep density gradients82,83.
Size-exclusion chromatography is another method for nanovesicle
isolation that is based on the difference in the hydrodynamic size
between nanovesicles and other impurities84. In this method,
samples, such as blood85, urine86, tears87, and other physiological
fluids88, can be loaded into the size-exclusion column for sepa-
ration. However, the separated nanovesicles are usually eluted into
dilution. It is worth mentioning that some impurities may remain
in the cellular nanovesicle sample using the size-exclusion chro-
matographic method; interestingly, extension of the column length
can be beneficial to reduce impurities by 90% as reported89.
Filtration is another size-based nanovesicle separation method that
utilizes cellulose, polyethersulfone, or polyvinylidene difluoride
membranes with specific pore sizes90,91. Unlike conventional
filtration methods, ultrafiltration is often performed with centri-
fugation in combination with membrane filtration. Ultrafiltration
has been widely used for the purification and concentration of
cellular nanovesicles which is less time-consuming than ultra-
centrifugation92. Notably, novel filtration methods such as
tangential flow filtration93 and hydrostatic filtration dialysis94 have
been explored, however, it is still challenging to efficiently sepa-
rate cellular nanovesicles from high-abundance impurities in the
complex physiological fluid79. In addition, the integrity of cellular
nanovesicles may be damaged because of the membrane filtra-
tion24. In contrast, affinity-based isolation strategies such as the
nanospring system95, beads system (magnetic beads and agarose
beads)96, and polymeric column system97 can better maintain the
nanovesicle integrity. Affinity-based methods use the specific in-
teractions between the proteins on cellular nanovesicles and li-
gands in the separation column, such as antibodies98, peptides85,
aptamer99, and other affinity molecules95. For example, many
devices have been developed for the detection, isolation, and
separation of cellular nanovesicles by conjugation of anti-
bodies100, aptamers101 or heparin102 to the separation column.
These novel isolation strategies can reduce the separation time and
increase the purity; however, the complex matrices containing
impurities may block the affinity binding sites resulting in a low
yield.

Of note, despite extensive investigations, the lack of a stan-
dardized isolation method to achieve optimal integrity, purity,
cost-efficiency, and yield of cellular nanovesicles remains a
challenge. Nevertheless, new methods such as asymmetric flow
field-flow fractionation103, nano-flow cytometry104, microfluidic
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devices105 are emerging with the potential to address this chal-
lenge. Moreover, commercial reagents/kits such as ExoQuick106,
miRCURY107, Total Exosome Isolation Reagent108, PureExo109

and MagCapture110 are also available as options for efficient
separation of cellular nanovesicles.

4. Immunomodulatory cellular nanovesicles

Natural cellular nanovesicles are involved in dynamically main-
taining the balance of immune activation and suppression24,35.
Once disturbed, the immune system loses the equilibrium state
which results in the inability to properly balance the immuno-
logical homeostasis. Introduction of immunomodulatory cellular
nanovesicles can perform either immunoactive or immunosup-
pressive activities depending on their source and has emerged as
an effective strategy to restore the immune equilibrium. Cellular
nanovesicles can be engineered to trigger the downstream
signaling pathways, elicit immune activation or tolerance, and
change the phenotype of immune cells. Here, we discuss major
cellular nanovesicles from different cell types that have been
leveraged for therapeutic immunomodulation (Fig. 3). Our dis-
cussion is based on two broad categories of immunomodulatory
cellular nanovesicles including immunoactive and immunosup-
pressive nanovesicles.

4.1. Immunoactive nanovesicles

4.1.1. T cell-derived nanovesicles
T cells play indispensable roles in interweaving the adaptive
cellular and humoral immune responses among different immune
cell types111. They are generally divided into two subtypes: CD4þ

T cells (termed helper T cells, including regulatory T cells), which
secrete factors such as cytokines to modulate immune activities,
and CD8þ T cells (termed cytotoxic T cells), which express the T-
cell receptor (TCR) on cell surface for neutralization of intracel-
lular pathogens112,113. Also, genetically engineered T cells, espe-
cially chimeric antigen receptor T (CAR-T) cells, are currently
considered a breakthrough in cancer therapy114.

T cell-derived EVs (TEVs) inherit components and functions
from the parent T-cell subtypes and exhibit hallmark effects on
regulating immune responses. EVs secreted from CD3þ T cells
activated with IL-2 were found to be involved in the proliferation
of CD8þ T cells via an autocrine signaling mechanism115. Hence,
they may prove to be a potent tool for antiviral and antitumor
immunoregulation. TEVs derived from CD8þ T cells usually have
an immunoactive effect. EVs generated from activated CD8þ T
cells were found to shuttle granzyme B to mesenchymal tumoral
stromal cells and attenuate the invasion and metastasis of lung
tumors116. TEVs were observed to be engulfed by bone marrow-
derived mesenchymal stem cells (BMSCs) within 2 h. Because
of the lack of basic fibroblast growth factor (bFGF) and vascular
endothelial growth factor (VEGF), transmigration of malignant
tumors with mesenchymal-like features was blocked. The study
demonstrated a remarkable inhibition of tumor progression by
activated TEVs.

TEVs carry cargo proteins on their surface and play crucial
roles in immunomodulation. Pathogenic and cancer cells could
imperceptibly recognize and bind to these proteins on T cells,
leading to immunotolerance or immune escape117. Kim et al.118

reported that TEVs extruded from activated CD8þ T cells but
not resting T cells effectively blocked the programmed death-
ligand 1 (PD-L1) and TGF-b, which indirectly enhanced the
anti-tumor immune responses by attenuating the exhaustion of T
cells. Nanovesicles containing PD-1 and TGF-b receptors infil-
trated into solid tumors and bound to the immune checkpoint PD-
L1, which led to T-cell activation and protection from immuno-
suppression, allowing production of interleukins and interferons in
the tumor microenvironment (TME)118.

However, it seems that the functions of TEVs are not
completely consistent with those of their secreting cells. Despite
the expression of CD40L and inducible co-stimulatory molecule
(ICOS) in activated CD4þ T cells, EVs secreted from activated
CD4þ T cells inhibited the proliferation of ovalbumin (OVA)-
pulsed DCs and suppressed CD8þ T cell activation119. In addition,
EVs generated by both CD4þ T cells and CD8þ T cells can bind
to surface receptors on DCs, such as MHC I, Fas, and intercellular
adhesion molecule 1 (ICAM-1), causing DC apoptosis120. Hence,
the immunomodulatory effect of TEVs may be dependent on the
target cell type. Further, these differences between the functions of
the parent T cells and those of the TEVs facilitate immune system
balance, rather than over-activation or over-suppression. It has
also been reported that CD47-containing EVs from Jurkat T cells,
which express low levels of CD4 but not CD8, regulated the ac-
tivity of T cells and endothelial cells (ECs)121. The phosphory-
lation of VEGF-VEGFR2 was affected by the uptake of TEVs that
controlled CD47-dependent vascular formation and target gene
expression in ECs. This work further confirmed the effect of
intercellular communication between T cells and other cells, such
as ECs121.

EVs from engineered T cells have also been studied114,122,123.
EVs from CAR-T cells were found to contain cytotoxic molecules
that inhibited tumor growth124. However, since the EVs from
CAR-T cells did not contain PD-1 on their surface, the tumor
suppressive effect could not be attenuated in a PD-L1-dependent
manner. It remains unclear whether the PD-1 signaling pathway
was activated, as this was not investigated. This study did, how-
ever, provided a novel perspective of the immunomodulatory
potential of EVs from CAR-T cells.

4.1.2. Dendritic cell (DC)-derived nanovesicles
DC-derived EVs (DC-EVs) bearing antigen-loaded MHC class I
and class II and co-stimulatory molecules (CD86, CD80, and
CD40) can directly activate CD4þ and CD8þ T cells for an
antigen-specific immune response125e127. In addition, DC-EVs
can transport internal adhesion molecules (e.g., integrins and
DC-specific ICAM-3-grabbing non-integrin) and modulation
molecules (e.g., TNF-a, interleukin-15 receptor, and NKG2D
ligand) to peripheral immune cells to trigger the activation of NK
cells126. DC-EVs secreted from both immature and mature bone
marrow-derived DCs were found to include surface ligands for
immunomodulation, although only DC-EVs from mature DCs
displayed an immunoactive effect compared to those from
immature DCs128. This was caused by the different co-stimulatory
molecules present in the DC-EVs. In contrast, there was no dif-
ference in the MHC class I and class II molecules on the surfaces
of DC-EVs of different sizes and intracellular origins, and they all
had the ability to prime naive CD8þ T cells129. DC-EVs from
several different DC subtypes reportedly stimulated IFN-g
secretion from T helper lymphocytes, whereas different trans-
membrane receptors were found on small DC-EVs (e.g., CD40
and DC-SIGN) and large DC-EVs (e.g., CD80) that were neces-
sary to activate T cells130. In addition, small DC-EVs augmented
the production of Th1 cytokine IFN-g, and large DC-EVs induced



Figure 3 Extracellular vesicles secreted from different immune cells are involved in dynamically maintaining the balance of immune activation

and suppression. EVs from T cells, M1-like macrophages, dendritic cells, and natural killer cells can perform immunoactive effect on other

immune cells. EVs from mesenchymal stem cells, regulatory T cells, and M2-like macrophages among others can exhibit an immunosuppressive

effect. Schematic was created using templates from BioRender with information from Ref. 32.
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the secretion of the Th2 cytokines IL-4, IL-5, and IL-13. Notably,
differences in the immunomodulatory activity can be found in
EVs derived from syngeneic and allogeneic DCs131. Although
both syngeneic- and allogeneic-derived DC-EVs had immuno-
modulatory effects on CD8þ T cells and germinal center B (GC-
B) cells, the allogeneic-derived EVs showed a superior long-term
memory effect on T follicular helper (Tfh) cells and antigen-
specific antibodies, which led to an antitumor response. Indeed,
the equally efficient antitumor activities of the syngeneic- and
allogeneic-derived EVs were against the progression of
B16mOVA melanoma tumors in vivo. Due to the diverse and
complex constituents of cellular nanovesicles, even minor changes
to their intrinsic components give rise to tremendous differences
in their immunomodulatory effects. In a study, small noncoding
RNAs were included as a cargo in DC-EVs, namely miRNA,
small nucleolar RNA (snoRNA), and small non-coding RNA (Y-
RNA). When compared with the similar loading amount of tRNA
and snRNA, the small noncoding RNAs were found to confer the
genetic information required for the immunostimulatory
activity132.

A previous study reported that DC-EVs could reduce the
growth of a tolerogenic tumor by stimulating CD3þ T cells pre-
viously primed with SK-BR-3133. The level of IFN-g secreted by
tumor-sensitive T cells was enhanced by the DC-EVs. In another
study, mature human DC-EVs (mh-DC-EVs) were mobilized and
found to induce the differentiation of peripheral monocytes into
various phenotypes128. The expression of biomarkers on the
mature human DCs, such as 6-sulfo LacNAc (slan), Zbtb46,
CD64, and CD14, was also reported. After injection into the hy-
podermis, the mh-DC-EVs led to the efficient regression of
chronic inflammation via T-cell activation128. In yet another study,
DC-EVs generated from pre-active DCs loaded with antigen
peptides promoted the cross-priming of T cells, which were
regarded as the patient’s blood-sourced vaccine that could serve as
a cancer immunotherapy134. The peptide-loaded DC-EVs pro-
moted the expression of co-stimulatory markers, such as CD25 on
T cells and CD86 on DCs. These findings allow us to envision the
possibility of developing a platform for anti-cancer immunother-
apeutic vaccines using DC-EVs.

4.1.3. Natural killer (NK) cell-derived nanovesicles
NK cells express the neural cell adhesion molecule CD56 and are
divided into two different subgroups based on this expression:
CD56dim NK cells, which show a cytotoxic effect in the circulation,
and CD56bright NK cells, which exist in secondary lymphoid tissues
and produce cytokines for immunomodulation135. Theoretically, all
NK cells have the ability to secrete EVs for intercellular communi-
cation in specific conditions. Lugini et al.136 first found that NK cell-
derived EVs (NK-EVs) were generated by NK cells with multi-
functional receptors on their surface for immunoregulation. It has
been shown that NK-EVs containing immunomodulatory molecules,
such as Fas ligands and perforin molecules, can be internalized by
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diverse cancer cell lines, but not by peripheral blood mononuclear
cells (PBMCs). Also, uptake of NK-EVs was found to increase the
population of astrocytes, which diminished the level of cytokines137.
NK-EVs have also exhibited tumor-homing and immune cell acti-
vation activity. In addition, NK-EVs have been shown to stimulate
the immune response by promoting the human leukocyte antigen DR
(HLA-DR) isotype and CD80-86 on monocytes via interaction with
PBMCs138. Likewise, the expression of CD25 on T cells was induced
by NK-EVs. Therefore, CD56þ NK cells, their subgroups (CD56dim

and CD56bright), and NK-EVs are potential tools for cancer immu-
notherapy. These promising findings have been followed by the
development of an immune monitoring system (NKExoELISA) that
captures the biomarkers, receptors, and other molecules present on
the membrane of NK-EVs138. This helps to identify the NK-EV
molecules responsible for the anticancer activity. Notably, this
monitoring system has been tested using NK-EVs harvested from the
plasma of patients with melanoma and of healthy donors138.

Interestingly, literature evidence suggests that natural (NK cell-
derived EVs) and artificial (nanovesicles produced by extruding
NK cells) nanovesicles show similarity yet differences in their
biological functions139. For example, artificial nanovesicles car-
rying CD63 and Alix exosomal proteins, which downregulate the
cell proliferation proteins p-ERK and p-AKT, have shown stronger
anticancer activity than natural NK cell-derived EVs in vitro and
in vivo139. However, these artificial nanovesicles are less effective
in crossing the bloodebrain barrier (BBB), which may limit their
use in brain delivery applications. In contrast, surprisingly, it has
been found that natural NK-EVs can cross the BBB, target glio-
blastoma, and induce antitumor effects140. While both natural and
artificial nanovesicles contain proteins or receptors that decrease
p-AKT and p-ERK expression (resulting in cancer cell apoptosis),
only the natural NK-EVs contain TNF-a and granzyme B and can
cross the BBB to kill brain glioma cells.

Apart from being efficient in transporting immunomodulatory
proteins, NK-EVs also contain genetic information in the form of
miRNA, which also plays a role in managing the activities of
malignant cells. Based on the high expression of miR-3607e3p
found in patients with pancreatic cancer, Zhou et al141. Reported
that miR-3607e3p was carried by NK-EVs that effectively tar-
geted and curbed the proliferation, migration, and invasion of
pancreatic cancer cells in vitro. The authors collected and
analyzed the mRNAs from the patients’ pancreatic cancer tissues
and found that IL-26 was overexpressed within the tumor. They
then created a cell model by transfecting MIA PaCa-2 and PANC-
1 cells with the IL-26 gene and a luciferase reporter gene. It was
demonstrated that the transfected cells were bound by NK-EVs,
leading to reduced luciferase activity compared to that of wild
type cells. It was speculated that miR-3607e3p on the surface of
NK-EVs specifically targets IL-26 expressed in pancreatic cancer
cells. This indicates that this miRNA may be a useful tool for
immunotherapy against pancreatic cancer. In addition, NK-EVs
containing miRNA-186 induced the expression of MYCN,
AURKA, TGFBR1, and TGFBR2 in neuroblastoma cells, leading
to growth inhibition142. By regulating the amplification of MYCN,
TGFb1-dependent activation of NK cells was restored, as
demonstrated by their cytotoxic activity toward malignant cells.

4.1.4. M1 macrophage-derived nanovesicles
Macrophages are widely found in vertebrate tissues. They
phagocytose and eliminate foreign matters as well as dead cells.
Macrophages exist in different phenotypes; depending on the
surrounding environment, M0 macrophages undergo polarization
and develop into either the pro-inflammatory M1 phenotype or the
anti-inflammatory M2 phenotype143. A range of stimulatory fac-
tors such as LPS, IFN-g, IL-4, and IL-13 can polarize different
phenotypes of macrophages, from which the secreted
macrophage-derived EVs (M-EVs) have considerable immune
activities144e147. Choo et al.148 reported that injectable M1
macrophage-derived nanovesicles had the ability to repolarize
tumor-associated macrophages (TAMs) to the M1 phenotype,
which produces cytokines and other pro-inflammatory factors
inhibiting tumor growth. In a synergistic treatment, intravenous
injection of M1 macrophage-derived nanovesicles and the immune
checkpoint inhibitor anti-PD-L1 antibody blocked the suppression
of T cells by CT26 colon carcinoma cancer cells in vivo149.
Additionally, the nanovesicles have been shown to repolarize M2
macrophages to the M1 phenotype, restraining vascular formation
and resulting in receding migration and invasion of endometrial
stroma cells (ESCs) in a breast cancer lung metastasis model.
While the M1 macrophage-derived nanovesicles affected the
ESCs from patients with endometriosis, no other damage was
found in peripheral tissues and organs.

In comparison to the M0 and M2 macrophages, M1 macro-
phages have the tendency to produce pro-inflammatory cytokines.
Similarly, M1 macrophage-derived EVs (M1-EVs) have been re-
ported to contain pro-inflammatory miRNA with immunomodu-
latory effects on surrounding cells150e152. Li et al.153 reported that
M1 macrophage-derived EVs containing miRNA-16e5p acted as
a regulator to the immune checkpoint gene that reduced the PD-L1
expression on the surface of gastric carcinoma cells. They blocked
the PD-1ePD-L1 interaction, which caused immune escape and
reactivated T cells for cancer therapy in tumor-bearing mice.
Similarly, M1-EVs containing miRNA-326 were found to down-
regulate the CD206 expression and mediate the NF-kB signaling
pathway in hepatocellular carcinoma cells (HCCs)154. They
further suppressed the cell proliferation, colony formation,
migration, and invasion of HCCs, providing clear evidence of the
potential of these nanovesicles as an immunotherapeutic
approach. With a clearer understanding of the composition of M-
EVs, more pro-inflammatory miRNAs have been developed that
can target a variety of genes. Liu et al.155 reported that miR-155
assisted M1-EVs in targeting ECs and that vasculogenesis
declined as a result of deacetylation or phosphorylation being
hindered in the ECs, which led to reduced nitric oxide synthase
activity. M1-EVs with miR-155 also reduced the expression of the
Rac family GTPase 1 (RAC1), P21 (RAC1)-activated kinase 2
(PAK2), Sirtuin 1 (Sirt1), and protein kinase AMP activated cat-
alytic subunit alpha 2 (AMPKa2) in ECs. This activity could be
further examined as a treatment for cardiac dysfunction.

To compare the immunomodulatory activities of different M-
EVs, Chen et al.156 isolated M-EVs from M0, M1, and M2
macrophages and investigated their effects on the proliferation and
differentiation of BMSCs. They found that M1-EVs upregulated
the osteogenesis-related genes (e.g., ALP, BMP-2, COL-1, OCN,
and Runx 2 genes) and adipogenesis-related genes (i.e., adipo-
nectin and PPAR-g). This resulted in osteogenic differentiation of
BMSCs. However, the same activity was not observed with M0
macrophage-derived EVs or M2 macrophage-derived EVs.

4.2. Immunosuppressive nanovesicles

4.2.1. Regulatory T (Treg) cell-derived nanovesicles
Treg cells are a subpopulation of T cells that have a suppressive
effect on other immune cells, such as T cells and DCs. Treg cells
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express the ectoenzymes CD73 and CD39 that dephosphorylate
ATP, ADP, and AMP into adenosine, which then interacts with
adenosine receptors (A2aR) on T cells157. This interaction sup-
presses the immunoactivity of T cells, resulting in reduced pro-
duction of cytokines, such as IL-2 and IFN-g. Treg cell-derived
EVs (Treg-EVs) from CD4þCD25þFoxp3þ Treg cells were found
to have high levels of surface CD73 that is catalytically active,
producing adenosine that bound to T cells and negatively regu-
lated their cytotoxicity23. In addition, Zeng et al.158 reported that
different concentrations of Treg-EVs have different capabilities
for the inhibition of CD8þ T cells. GW4869, an EVs inhibitor,
was utilized to prevent the secretion of EVs from Treg cells to
verify the specific impact of Treg-EVs on the immunosuppression
of T cells. As mentioned in this study, T-cell activity was deter-
mined by measuring the IFN-g and perforin levels, resulting in a
downregulated level. Treg-EVs provided an important tool for
immunomodulation by manipulating the activities of T cells159.

Interestingly, Treg-EVs from different types of Treg cells have
different immunomodulatory effects. For example, a study
examined the activities of Treg-EVs from resting Treg cells and
active Treg cells160. dnlKK2-Treg-EVs secreted from
CD4þCD25� Tregs (dnlKK2- Tregs) were found to have high
levels of miRNAs, including miR-503, miR-330, miR-293, miR-
297c, miR-207, miR-9, and miR-484; however, these were not
detected or at very low levels in Treg-EVs from resting and active
Treg cells160. dnlKK2-Treg-EVs were also found to contain iNOS
mRNA and proteins, which had a suppressive effect on cell cycle
progression in cytotoxic T cells and induced apoptosis160,161.
Furthermore, Treg-EVs in both healthy people and disease pa-
tients were reported to contain proteins and RNAs that suppress T
cells162. The proliferation of T cells was reduced by Treg-EVs that
were used to treat multiple sclerosis, which is caused by chronic
inflammation in the central nervous system.

Treg-EVs not only have immunomodulatory effects on T cells,
but also regulate DCs. Tung et al.163 demonstrated that Treg-EVs
deliver miR-150e5p and miR-142e3p which were enriched into
DCs. The Treg-EVs regulated the activity of DCs by decreasing
IL-6 production and increasing IL-10 production. CD4þFoxP3� T
cell-derived EVs were used as controls and had no delivery ca-
pacity for miRNA. These findings suggest that there may be a
novel Treg cell-DC interaction in terms of immunomodulation that
could be exploited for immunosuppressive therapy.

4.2.2. Mesenchymal stem cell (MSC)-derived nanovesicles
Mesenchymal stem cells (MSCs) are present in different tissues
such as in the adipose tissue and bone marrow. They exhibit po-
tentiality in several pathways involved in immunomodulation164.
Generally, MSCs can lead to an immunosuppressive effect via
different mechanisms. For example, they can inhibit T cells,
induce their apoptosis, and hold them in the G1/G0 phase of the
cell cycle165. MSCs can stimulate the differentiation and prolif-
eration of macrophages, Treg cells, and regulatory B (Breg)
cells166,167. They can also attenuate NK cell cytotoxicity by
reducing cytokine production168.

MSC-derived EVs (MSC-EVs) have been demonstrated to
have similar immunomodulatory effects as the parent
MSCs169,170. For example, human umbilical cord MSC-EVs have
been found to suppress CD8þIFN-gþ cytotoxic T cells and
CD4þIFN-gþ Th1 cells by downregulating the pro-inflammatory
mediators IFN-g and TNF-a171. In addition, MSC-EVs have
been shown to induce IL-10 production in CD4þCD25þFoxp3þ

Treg cells. MSC-EVs containing RAB27B siRNA showed a self-
regulating capability172. PI3K-AKT signaling pathway of B cells
was negatively modulated by MSC-EVs through targeted binding
of miR-155e5 P to B cells173. MSC-EVs exhibited downregulated
effect on specific actin cytoskeleton proteins, especially in early-
stage B cells, which impeded leukocyte activation174. Moreover,
it has been reported that MSC-EVs can impede DC maturation
and function175. They can attenuate antigen uptake by immature
DCs. The pro-inflammatory cytokines and activation markers,
including CD83, CD38, and CD80, were decrease in mature DCs
after exposure to MSC-EVs. Regarding their effects on macro-
phages, MSC-EVs have been shown to regulate the M1/M2-like
phenotype balance, shifting it toward the M2-like phenotype176.
MSC-EVs containing miRNAs related to healing and anti-
inflammation downregulated the inflammatory cytokine IL-6 and
upregulated IL-10, leading to the polarization of M2-like macro-
phages. Notably, after internalization by BMMs, MSC-EVs
generated under hypoxic conditions had a higher anti-
inflammatory activity than those generated under normal
conditions.

In addition, MSC-EVs carrying miRNA can functionally target
TLR4, inhibit the NF-kB signaling pathway, and reduce the pro-
duction of inflammatory cytokines177. It was found that MSC-EVs
could render diabetic mice more sensitive to thermal and me-
chanical stimuli, which was followed by increased nerve con-
duction velocity, improvement in intraepidermal nerve fibers, and
expansion of sciatic nerve myelin sheath thickness and axon
diameter. MSC-EVs contributed to the polarization of macro-
phages from the M1 phenotype to the M2 phenotype and inhibi-
tion of pro-inflammatory cytokine production. However, due to
off-targeting and deficient productivity, MSC-EVs with low tar-
geting ability are limited in their use as immunotherapeutic tools
in clinical applications.

Fortunately, MSC-EVs may have applications when fused with
other entities. Blood-derived MSC-EVs were fused with macro-
phage membrane and the resultant product was tested as an
immunosuppressive therapy for spinal cord injury178. The fused
nanovesicles accumulated in the spinal cord and promoted anti-
inflammatory activity and cell apoptosis. Compared with normal
MSC-EVs, the fused nanovesicles enhanced the immigration of
human umbilical vein endothelial cells (HUVECs) and the for-
mation of blood vessel.

MSC-EVs contain regulatory molecules, including RNAs,
surface protein signals, and cytokines, that mediate the transfer of
biological information. A growing number of studies demon-
strated that MSC-EVs could modulate immune activity, including
the proliferation and differentiation of immune cells via reprog-
ramming of polarization, and regulation of anti- or pro-
inflammatory cytokine production, for various disease
treatments179e181. MSC-EVs are thus considered a promising cell-
free immunotherapeutic tool for disease treatments, including for
graft-versus-host disease 182-184, organ transplantation-induced
immune disease 185-187, and inflammatory diseases 188-190.

Preclinical studies have suggested that MSC-EVs may block
TLR4 and the NF-kB signaling pathway, showing similar promise
as MSCs for treating lung injury caused by intestinal ischemia
reperfusion177. MSC-EVs could downregulate the production of
IL-17 by iNKT cells and the production of TNF-a and high
mobility group box 1 protein (HMGB1) by macrophages. They
have also been shown to regulate the polarization of M1-like
macrophages to M2-like macrophages, which proved to be
beneficial against lung inflammation186. In addition, pro-
inflammatory cytokine levels were significantly decreased and
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accompanied by upregulation of IL-10 and prostaglandin E2 in a
lung ischemiaereperfusion mouse model185. In another study
focusing on chronic graft-versus-host disease, injection of EVs
from bone marrow-derived MSCs resulted in an anti-inflammatory
condition. Activation and infiltration of CD4þ and CD8þ T cells
were attenuated by the MSC-EVs, supporting the need for further
investigation of MSC-EVs as a treatment option for inflammation-
associated diseases191,192.

4.2.3. M2 macrophage-derived nanovesicles
M2 macrophage-derived EVs (M2-EVs) play a suppressive role in
pathological tissues by mediating intercellular communication143.
They inherit some compositional and functional elements from
their parental cell types, M2 macrophages. M2-EVs carry various
noncoding RNAs and have been shown to be effective in pro-
moting wound healing and against chronic inflammation142,193.
M2-EVs were shown to regulate the release of nitric oxide (NO)
and pro-inflammatory cytokines from macrophages, such as IL-6
and TNF-a, and pro-inflammatory enzymes were dramatically
decreased, which greatly benefited wound healing194. It was found
that miR-122e5p and miR-148ae3p were enriched in M2-EVs in
concanavalin A-induced hepatitis sites, reducing the level of
mRNA related to the mitogen-activated protein kinase, PI3K-
AKT, and Rho/Rho-associated coiled-coil containing protein ki-
nase pathways and suppressing inflammatory cytokine produc-
tion195. Hence, M2-EV-mediated immunotherapy showed
therapeutic efficacy to treat acute hepatitis. In another study, Wu
et al.196 reported that long noncoding RNA was carried by M2-
EVs to treat autoimmune encephalomyelitis. The treatment by
M2-EVs led to a decrease in the number of Th17 cells and an
increase in Treg cells. This verified that M2-EVs could carry long
noncoding RNA to downregulate miR-21e5p in the encephalo-
myelitis mouse model, leading to phosphorylation of JAK1 and
STAT3 in Th17 cells. Treatment by M2-EVs inhibited the
expression of TNF-a, IL-17, IL-6, and IL-1b, which was similar to
the findings observed in spinal cord cells treated with miR-21e5p.

In addition to transferring proteins, nucleic acids, and other
signaling molecules for regulating immune responses, M2-EVs
are also associated with tumor cell migration and proliferation,
especially TAMs197. Intimate communication has been observed
between cancer cells and TAMs via miRNA carried by secreted
TAM-derived EVs. In the epithelial ovarian cancer microenvi-
ronment, M2-EVs express miR-221e3p, which suppresses the
gene encoding the cell cycle regulator (cyclin dependent kinase
inhibitor 1 B), and thus promotes the G1/S transition of epithelial
ovarian cancer cells. Also, M2-EVs have been shown to accelerate
the immune escape of tumor cells in different tumor models such
as in hepatocellular carcinoma, glioma, and colon cancers198e200.
The M2-EVs transferred different functional miRNAs to cancer
cells, which effectively inhibited the activities of related enzymes.
CD8þ T cells were depleted by the M2-EVs, and their cytotoxicity
was reduced198,200. Additionally, high expression of IL-6 was
detected, which augmented the proliferation of CD3þ T cells199.
The capacity of the M2-EVs to exhaust the T cells makes them
attractive targets for therapies designed to reduce immune escape
and tumor formation.

4.3. Nanovesicle derived from other cell types

Apart from the aforementioned cell types that we have discussed
in detail, cellular nanovesicles derived from other cell types such
as neutrophils201e205, platelets206e214, erythrocytes215e220, cancer
cells221e224, among others225e227, also have immunomodulatory
activities. The majority of immune cell-derived EVs have immu-
noactive or immunosuppressive effects like those of their parent
cells12,228. EVs secreted from non-immune cells also show
immunomodulatory effects229,230. For example, erythrocytes, the
most abundant cell type in peripheral blood, secrete EVs that play
key roles in immunomodulation during transfusion215. EVs from
the supernatant of stored blood were found to elicit a strong pro-
inflammatory response by binding to monocytes and increasing
the production of TNF-a, IL-6, IL-1, and IL-10216,217. It has also
been shown that proliferation of T cells can be enhanced via APCs
activated by erythrocyte-derived EVs218. In contrast, erythrocyte-
derived EVs bound to different immune cells showed completely
opposite immunosuppressive effects; for example, B cell activity
could be negatively affected by erythrocyte-derived EVs219. In
macrophages, after uptake of erythrocyte-derived EVs, the release
of pro-inflammatory TNF-a and IL-8 were reduced by 80% and
76%, respectively220.

Platelet-derived EVs are involved in different immunomodu-
latory processes231. Platelets and platelet-derived EVs are the
biological components that have the best access to ECs232. It was
reported that platelet-derived EVs enhanced the adhesion of
monocytes to ECs233, and contributed to the activation of pro-
inflammation-related genes in monocytes. Moreover, platelet-
derived EVs stimulated DCs to mature and enhanced activation
of T cells234. Hence, depletion of platelets and platelet-derived
EVs is a potential therapeutic option for the treatment of
inflammation.

Cancer cells can secret EVs and their impact on regulating
immune responses have not been clearly illustrated yet32,235.
However, literature evidence suggests that cancer cell-derived EVs
exhibit either immunoactive or immunosuppressive effects
depending on their source and the target they interact with236e238.
For example, EVs released by metastatic melanoma could express
PD-L1 on their surface resulting in depletion of T cells239. With
the stimulation of IFN-g, the level of PD-L1 on these EVs was
upregulated which regressed the function of CD8þ T cells and
promoted tumor cells growth. In the early treatment state, the
expression of PD-L1 on circulating EVs increased by an order of
magnitude, which could be considered as an indicator to clinically
distinguish responders from non-responders in patients undergo-
ing immunotherapies240,241. This also revealed the potential of
EVs with expression of PD-L1 as a predictor to determine which
patients can benefit from anti-PD-1 immune checkpoint blockade
therapies242e244. Due to the rapid evolution of cellular nano-
vesicles in immunomodulation, there are many other examples
that are not discussed in detail in this review. We have summarized
the immunomodulatory effect of cellular nanovesicles from
different cells in Table 1.
5. Biological and chemical approaches to engineering
immunomodulatory cellular nanovesicles

Cellular nanovesicles contain a diverse spectrum of molecular
cargoes and are emerging as a prominent platform to regulate
immune responses for therapeutic immunomodulation246. How-
ever, the use of native cellular nanovesicles face several distin-
guished challenges34,247e249. First, isolation of EVs involves
serial, complex procedures including removal of intact cells, cell



Table 1 Representative examples of cellular nanovesicle-mediated immunoactive and immunosuppressive responses.

Immunomodulatory

effect

Nanovesicle source Cellular response and function Ref.

Immunoactivation CD3þ T cells Promote proliferation of CD8þ T cell 115

CD8þ T cells Depletion of tumor stromal cells for anti-tumor effect 116

CD4þ T cells Inhibit proliferation of OVA-pulsed dendritic cell

mediated CD4þ T cell activation; suppress the

activation of CD8þ cytotoxic T lymphocytes

119

CD4þ T cells

CD8þ T cells

Apoptosis of DCs 120

Jurkat T cells T cell activation 121

CAR-T cells Inhibition of tumor growth 124

DCs Activation of NK cells 126

Facilitate secretion of IFN-g by Th lymphocytes

CD4þ and CD8þ T cell activation

128,130,134

Augmentation of Th1 cytokine IFN-g production (by

smaller DC-derived EVs)

131

NK cells Activation of T cells; proliferation of NK cells; promote

human leukocyte antigen DR isotype and expression

of CD80-86 on monocytes

139

M1-like macrophages Polarization of M2-like macrophages toward M1

phenotype

144,155

Produce pro-inflammatory factors and cytokines in the

local microenvironment

147,148,154

Infected macrophages Carry pathogen-associated molecular patterns to

increase cytokine production via Toll-like receptor

(TLR) activation and promote immunity

145,146

Erythrocytes Induce strong pro-inflammatory host response; increase

the production of TNF-a, IL-6 and IL-1 from

monocytes

217

Enhance the proliferation of T cells 218

Platelet Facilitate the aggregation and enhanced adhesion of

monocytes to the endothelial cells; activate

expression of pro-inflammation related genes in

monocytes

233

Stimulate DCs into maturation status; enhance

activation of T lymphocytes

234

Immunosuppression CD4þCD25þFoxp3þ Tregs Reduce cytotoxicity of T cells 23

dnlKK2-Tregs Blockage of cell cycle progression of cytotoxic T cells;

apoptosis of T cells

160

Tregs Inhibit CD8þ cytotoxic T lymphocytes; attenuate

production of IFN- g and perforin; increase the

amount of microRNA; decrease IL-6 and increase IL-

10 production

146

Inhibit proliferation of CD4þ T cells 159

Promote CD4þCD25þFoxp3þ Tregs; enhance the levels

of IL-10; suppress the cytotoxic T cells

157

Suppress the activity of B cells 158,160

Attenuate antigen uptake by immature DCs 162

Polarization of macrophages towards the M2-like

phenotype

163

MSCs Reduce the level of inflammatory cytokines; M2-like

macrophage polarization

164,245

Downregulate the production of IL-17 by iNKT cells

and production of TNF-a and HMGB1 by

macrophages.

171

Upregulation of IL-10 174

Attenuate activation and infiltration of CD4þ and CD8þ

T cells

174,176

Reduce the levels of NO and pro-inflammatory

cytokines from macrophages, such as IL-6 and TNF;

reduce level of pro-inflammatory enzymes

169,178

Decrease Th17 cells accompanied by increasing number

of Tregs; inhibit expression of TNF-a, IL-17, IL-6,

and IL-1b

179

Suppress the gene of cell cycle regulator cyclin

dependent kinase inhibitor 1 B to promote tumor

growth

180
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Table 1 (continued )

Immunomodulatory

effect

Nanovesicle source Cellular response and function Ref.

Accelerate immune escape of tumor cells; depletion of

CD8þ T cells

170,181,186

Induce high expression of IL-6 for decreasing the

proliferation of CD3þ T cells and proportion of IFN-

gþ T cells

170

M2-like macrophages Attenuate the activity of B cells 197

Reduce the inflammatory TNF-a and IL-8 from

macrophages

198

Cancer cells Interaction between PD-L1 and PD-1; regress the

function of CD8þ T cells and promote tumor cells

growth

240,241

Macrophage migration inhibitory factor; induce release

of TGF-b by Kupffer cells to remodel the

extracellular matrix (ECM) in the liver

236

Promote expansion of CD4þCD25þFOXP3þ Tregs and

the demise of antitumor CD8þ effector T cells

237
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debris, organelle debris, proteins and other inclusions, which
usually lead to low production yield and limit their further pre-
clinical and clinical investigations. Second, native cellular nano-
vesicles derived from a single parent cell type may possess
undesirable biological functions that are not compatible with the
immunomodulatory requirements in actual disease settings. In
addition, native cellular nanovesicles may also carry unwanted or
morbigenous cargos such as microRNAs and proteins that are
detrimental to their immunomodulatory effects. To solve these
challenges, multiple biologically- and chemically-based strategies
have been explored to construct engineered cellular nanovesicles
with tailored, controllable immunomodulatory activities248. Here,
we discuss general considerations and principles for the design of
engineered cellular nanovesicles for therapeutic immunomodula-
tion (Fig. 4). In particular, emerging engineering strategies
including biological (e.g., genetic engineering) and chemical (e.g.,
surface modification, drug encapsulation, synthetic or biomimetic
nanovesicles) approaches are emphasized. We also discuss
emerging formulation and material approaches that enable preci-
sion delivery of immunomodulatory cellular nanovesicles.

5.1. Genetic engineering of parent cells

On account of the formation of cellular nanovesicles (especially
EVs) through invagination of parent cell membrane that occurred
to produce endocytic vesicles which are subsequently excreted out
of cells, proteins expressed on the parent cell membrane can be
retained on the surface of generated EVs39,40. Toward this end, to
express exogenous proteins, for example, receptors and ligands on
the surface of cellular nanovesicles via genetic engineering of
parent cells has been extensively investigated34. One distinguished
example is that EVs can be genetically engineered with specific
targeting ligands to improve their targeting to disease sites249,250.
For instance, engineered DC-derived EVs were constructed with
the expression of rabies viral glycoprotein (RVG) or muscle-
specific peptide (MSP)250, both of which were fused with
lysosome-associated membrane protein 2 (Lamp2b) that enables
the anchoring of RVG or MSP onto EV membrane. RVG-
engineered EVs (RVG-EVs) and MSP-engineered EVs (MSP-
EVs) were then loaded with GAPDH siRNA by electroporation
and exhibited targeting capability to murine neuronal cells
(Neuro2A) and muscle cells (C2C12), respectively. Because these
EVs were derived from immature engineered DCs which lacked
the expression of MHC II and CD86 on their surface251, RVG-EVs
and MSP-EVs demonstrated a good immunotolerant property and
were devoid for the activation of T cells without overt side effects.
The RVG-EVs carrying GAPDH siRNA showed efficient accu-
mulation to the brain and exhibited strong therapeutic efficacy in
an Alzheimer’s disease model via knockdown of the Bace1 gene.
Beyond specific ligands, certain receptors such as chemokine re-
ceptors can also be expressed on cellular nanovesicles via the
genetic engineering approach for improved targeting252e254. For
example, EV-mimic nanovesicles from M1 macrophages, which
were engineered to overexpress CeC chemokine-receptor 2
(CCR2), were exploited for targeting lung metastases to modulate
the tumor microenvironment (TME)255. Compared with the native
M1-macrophage-derived EV-mimic nanovesicles, the CCR2-
engineered counterpart exhibited an enhanced affinity to cancer
cells expressing CCL2 (a CCR2 ligand). In vivo study revealed
that the engineered nanovesicles showed efficient targeting to the
lung metastasis. The accumulation of the engineered nanovesicles
reprogrammed the TAMs toward the anti-tumor M1-like pheno-
type that in turn significantly modulated the tumor immune
microenvironment. Moreover, Fe3O4 was loaded into engineered
nanovesicles for suppression of cancer cells by the Fenton
reaction-induced ferroptosis. The Fe3O4 nanovesicles demon-
strated a strong immunotherapeutic efficacy in a 4T1 lung
metastasis model255. Besides of the simple targeting abilities,
surfaces proteins could be expressed on cellular nanovesicles that
serve as an engager to recognize both immune cells and cancer
cells to promote immunotherapy. Cheng et al.256 constructed an
immune controller synthesized with multivalent antibodies by
genetically engineering parent cells to express CD3 antibody and
epidermal growth factor receptor (EGFR) antibody (Fig. 5a). EVs
secreted from transfected parent cells was demonstrated to contain
both anti-CD3 antibody, which binds to the CD3 on T cell surface,
and anti-EGFR antibody, which could recognize the membrane
protein EGFR overexpressed on MDA-MB-468 breast cancer
cells. The smart immune controller induced the cross-linking of T
cells and EGFR-expressing MDA-MB-468 breast cancer cells that
in turn elicited a potent T-cell-mediated anti-tumor immunity both
in vitro and in vivo256.



Figure 4 Emerging biological and chemical strategies to engineer cellular nanovesicles for therapeutic immunomodulation. Cellular nano-

vesicles can be engineered via diverse strategies to improve their immunomodulatory activity, such as surface modification, drug encapsulation,

genetic engineering, and artificial nanovesicle production. Delivery strategies such as hydrogel encapsulation can also be used to enhance their

accumulation and retention at target sites. Schematics were created using templates from BioRender.
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Immunomodulatory ligands can be expressed on the surface
of cellular nanovesicles to modulate the behavior of recipient
cells in a contact-dependent manner41,249,257. For example, PD-
1/PD-L1 as an immune checkpoint ligand was genetically
engineered on the surface of EVs which was utilized in many
studies for immunomodulation applications258. For instance,
engineered HEK293T cell-derived EVs with the expression of
PD-L1 were produced and then loaded with a low-dose of an
immunosuppressive drug (rapamycin) which could inhibit the
proliferation and activation of T cells by blocking the mTOR
pathway259. PD-L1 expressed EVs with rapamycin showed a
better efficacy in inhibiting the allo-immune response as
compared to the PD-L1 nanovesicle or rapamycin alone. The
engineered PD-L1 EVs also induced the differentiation of Tregs
in the recipient spleens259. Interestingly, accumulating literature
evidences suggest that engineered cellular nanovesicles with
tailored immunomodulatory ligands could achieve effective
immunomodulation without the need of additional exogenous
drugs260. For instance, Chen et al.261 developed PD-L1/CTLA-4
dual targeting cellular nanovesicles which specifically bind to
PD-1 and CD80 on T cells and DCs respectively, for immuno-
suppressive therapy in organ transplantation. In this study, HEK
293 T cells were engineered to express PD-L1/CTLA-4 by
lentivirus transduction; the secreted cellular nanovesicles were
found to inhibit the activity of T cells followed by maintaining
immune tolerance on these two immune checkpoints. It was
demonstrated that the PD-L1/CTLA-4 cellular nanovesicles
inhibited CD8þ T cell proliferation and cytokine production,
enriched differentiation of Tregs, and eventually prolonged the
survival of mice with skin or heart transplantation261. Based on
the activation of T cells by non-self-antigens, cellular nano-
vesicles addressed with tumor associated antigens were utilized
as an immunogenic vaccine for cancer treatment262. The Factor
VIIIelike C1C2 domain of milk fat globule epidermal growth
factorefactor VIII (MFG-E8)/lactadherin was genetically
expressed on EVs. These EVs demonstrated a significantly
higher immunogenicity than soluble antigens. EVs engineered
with MFG-E8 acted as an activator with a potent immuno-
modulatory ability for cancer treatment. The authors proved that
these MFG-E8 EVs promoted the proliferation of CD8þ T cells
and stimulated the production of IFN-g. In a recent study, Liu
et al.263 engineered a DC-EV-based antigen self-presentation
and immunosuppression reversal platform for cancer immuno-
therapy. DC-EVs were obtained from mature DCs which were
genetically engineered with GFP-labeled antigens on the mem-
brane. Due to the presence of adhesion molecules, engineered
DC-EVs could rapidly accumulate in lymph nodes and induce an
antigen-specific immune response by activation of CD8þ T
cells. Interestingly, unlike conventional vaccine delivery
methods, this engineered DC-EV-based vaccine could bypass



Figure 5 Engineering and delivery of cellular nanovesicles for controlled immunomodulation. (a) Genetically engineered EVs to express

surface ligands for immunomodulation. Schematic illustration of genetically engineered EVs expressing anti-CD3 antibody (aCD3) and anti-

EGFR antibody (aEGFR) as an immune engager to trigger effective anti-tumor immune responses by T cells. Reproduced with permission

from Ref. 256. Copyright ª 2018, American Chemical Society. (b) Surface modification of EVs for improved targeting and responsive drug

release. Schematic illustration of preparation and application of M2 macrophage-derived EVs engineered with enzyme-responsively released NGF

for spinal cord injury therapy. Reproduced with permission from Ref. 275. Copyright ª 2021, Springer Nature. (c) Loading drug into EVs to

extend their function. Schematic illustration of the process of loading of cholesterol-modified siRNA into EVs. Confocal images of the inter-

nalization of siRNA-loaded EVs by primary cortical neurons was showed (Red, Cy3 labeled siRNA; Green, PKH67 labeled EVs; Blue, nuclei

stained with Hoechst). Reproduced with permission from Ref. 300. Copyright ª 2016, Elsevier. (d) Delivery of EVs using hydrogels. Schematic

illustration of a bilayer hydrogel loaded with BMSC-derived EVs for promotion of scarless wound healing. Reproduced with permission from

Ref. 328. Copyright ª 2021, American Chemical Society.
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the process of antigen presentation by APCs and directly deliver
antigens to T cells263.

Genetic engineering of parent cells to express signal proteins
has also been demonstrated as an efficient approach to produce
cellular nanovesicles for avoidance of immune recognition and
prolongation of their circulation time264. For example, CD47 that
is a “don’t eat me” signal and can enable immune escape by
binding to the signal regulatory protein a (SIRPa) of mononuclear
phagocytes could be engineered on the EVs. Owing to the
blockage of the phagocytic signaling pathway, CD47 expressed
EVs exhibited a long blood circulation time and high accumula-
tion in tumor tissues265. In addition, these engineered EVs showed
minimal internalization by the mononuclear phagocyte system but
allowed effective activity on cancer cells when being loaded with
a drug.

Cellular nanovesicles could be genetically engineered with not
only surface proteins, but also intravesicular cytokines for
immunomodulation applications266. For example, EVs were
loaded with IL-10 (IL-10þ EVs) by engineering the parent
macrophages266. IL-10þ EVs could stabilize IL-10 and protect
against acute kidney injury caused by ischemia, cisplatin, or
ureteral obstruction. The mechanism was based on the capability
of IL-10þ EV to attenuate the production of inflammatory cyto-
kine and to reduce the infiltration of immune cells to the acute
kidney injury site. Meanwhile, the adhesion molecules on IL-10þ

EVs surface including integrin a4b1, a5b1, aLb2 and aMb2
could effectively improve their targeting and accumulation to the
injured kidney tissues. The IL-10 carried by IL-10þ EVs inhibited
the activity of mTOR, thereby mitophagy was promoted to
maintain mitochondrial fitness in tubular epithelial cells. Macro-
phages were also polarized toward the M2-like phenotype by the
IL-10þ EVs that resulted in the inhibition of inflammation in the
tubulointerstitium266.

Apart from the abovementioned approaches to engineer parent
cells by plasmid transfection or virus transduction, a recent study
suggested that parent cells can be irradiated to secret mutant
cellular nanovesicles, offering a new strategy to engineer cellular
nanovesicles for immunomodulation267. Specifically, Yang
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et al.267 investigated the immunoregulatory effect of irradiated
cancer cell nanovesicles (ICNs) that functioned via a bystander
mechanism to induce ferroptosis of peripheral tumor cells. Strik-
ingly, ICNs also activated the Jak-STAT and MAPK signaling
pathways that are involved in the control of inflammation re-
sponses. Moreover, TAMs were also repolarized to the M1
phenotype by these ICNs. In a different study, it was found that
radiation induced cancer cell-derived EVs expressed a tumor
associated antigen, CUB domain-containing protein 1 (CDCP),
which had a low expression level in para-carcinoma tissues268.
These EVs induced effective antigen presentation and T cell
activation and inhibited metastasis in various tumor models
including lung cancer and colorectal carcinoma.

5.2. Surface modification

Compared with genetic engineering of parent cells, surface
modification via chemical engineering approaches represents a
more direct means to produce engineered cellular nanovesicles
with tailored activities. Fundamentally, membrane components
including proteins and lipids on the surface of cellular nano-
vesicles bear reactive chemical groups, such as hydrosulphonyl-,
carboxyl- and amino-groups34,248,249,269. These reactive groups
can react with functional groups on exogenous molecules (e.g.,
nucleic acids, peptides, proteins) to form stable covalent bonds,
leading to the anchoring of such exogenous molecules34. This
mechanism has enabled surface modification of cellular nano-
vesicles using different exogenous molecules including small
molecules249, nucleic acids270, peptides271, proteins272, and even
nanoparticles273. For example, Fan et al.274 functionalized M1-
like macrophage-derived EVs with a DNA hinge sequence
through a Michael-Addition reaction on the hydrosulphonyl
group. Subsequently, quantum dots (QDs) with streptavidin were
anchored onto the surface of EVs via reorganization to the biotin
of DNA hinge to form quantum dots labeled EVs (EV-DNA-QDs).
Upon co-incubation with EV-DNA-QDs, cancer cells were
selectively imaged within 3 h by swift engulfing of the EV-DNA-
QDs. Tian et al.275 reported that M2-like macrophage-derived
EVs, namely Cur@EXs-cl-NGF, were conjugated with nerve
growth factor (NGF) through an oligomeric peptide responsive
linker which could be cleaved by matrix metalloproteinase 9
(MMP9) in the inflammatory microenvironment (Fig. 5b). The
terminal maleimide group on the peptide linker reacted with the
cysteine residue of NGF, resulting in the conjugation between
transforming growth factor (TGF) and the peptide linker. The
NGF-peptide linker was further conjugated to the EVs via the
click reaction between the terminal NHS group of the peptide
linker and the carboxyl group on EVs membrane. Cur@EXs-cl-NGF

loaded with an anti-inflammatory molecule (curcumin) accumu-
lated in the spinal cord inflammation sites and released NGF by
MMP9 cleavage. Treatment by Cur@EXs-cl-NGF led to an elevated
ratio of M2 to M1 macrophages in the injured spinal cord that
resulted in a neuroprotection effect for alleviating spinal cord
injury symptoms.

Except for chemical modifications of existing reactive groups
on the surface of cellular nanovesicles, exogenous active groups
can be introduced for orthogonally grafting with functional ele-
ments in a specific condition276e279. Generally, these active
groups can be grafted in a mild condition without significantly
interfering the natural biological functions of parent cells or
cellular nanovesicles. For example, cancer cellular nanovesicles
with azido groups were constructed by the conjugation of Boc-4-
azido-L-phenylalanine280. The resultant modified nanovesicles
were subsequently anchored onto the surface of PLGA micro-
spheres by the azido-alkyne click reaction, forming nanovesicle-
coated PLGA microspheres. The nanovesicles decorated with
microspheres exhibited an enhanced internalization ability by
APCs and triggered macrophages and DCs to produce IL-6 and
TNF-a, respectively. In a different case, Xiong et al.281 developed
a strategy for surface modifying cellular nanovesicles with azido
groups via a glucometabolic mechanism. Specifically, azido-
modified cellular nanovesicles were obtained from parent HEK-
293 T cells by treating the cells with azide mannose; the cellular
uptake of azide mannose led to the distribution of azido groups on
cellular membrane.

In addition to covalent interaction, noncovalent interactions
including electrostatic interactions, hydrophobic interactions, and
hydrogen-bonding have been explored as another efficient method
to surface engineer cellular nanovesicles282e284. Cheng and co-
workers285 synthesized a chimeric nuclear-localizing signaling
peptide modified with a long alkane chain and a photosensitizer
(porphyrin) which was anchored on the membrane of cancer cell-
derived EVs by electrostatic interaction. The guanidine and amino
groups of the peptide had a positive charge and could interact with
the negatively charged EVs. In addition, the long alkane chain
enabled a tight interaction with the cellular nanovesicles by
embedding into the membrane. These modified nanovesicles could
cross the target cell membranes and penetrate the karyotheca to
accumulate in nuclei with the assistance of the nuclear-localizing
signal peptide285. Moreover, PEGylated molecules could also be
introduced to the EV surface by insertion of lipids. Kooijmans
et al.283 designed a nanobody-PEG-lipids conjugate to decorate
EVs. The lipid fragment of the nanobody-PEG-lipids was inserted
into the lipid bilayer of EVs to form EGFR targeting EVs by
taking advantage of the temperature-dependent lipid fluidity. On
account of the shielding effect of PEG, PEGylated EVs showed
reduced clearance and enhanced specific targeting to EGF-
overexpressed tumor cells.

Ligand-receptor mediated binding has emerged as another
promising strategy to surface engineer cellular nano-
vesicles286e288. For example, synthetic targeting peptides specif-
ically targeting characteristic EV surface proteins have been
demonstrated effective in linking functional cargos onto EVs.
Based on this strategy, functional molecules could be anchored on
the surface of EVs via the linkage of targeting peptide. Gao
et al.286 designed a targeting peptide, namely CP05, which was
modified with phosphorodiamidate morpholino oligomer (PMO)
or a muscle-targeting peptide M12. CP05 could enable the effi-
cient binding of PMO/M12 on the surface of EVs from different
sources of cell lines. Mechanistically, the targeting peptide CP05
could recognize and bind to CD63 which was expressed on most
EVs that leads to the anchoring of PMO and M12 on EV surfaces.
As compared to the naked PMO or free CP05-PMO, modified EVs
containing PMO increased the level of dystrophin by 18 times in
quadriceps of dystrophin-deficient mdx mice. In addition, EVs
modified with CP05-M12 boosted the targeting of M12 to the
muscle and improved the functional dystrophin level. In a
different study, high mobility group nucleosome-binding protein 1
(HMGN1) was covalently conjugated to the CP05 peptide and was
subsequently linked onto tumor cell-derived EVs to activate
cytotoxic T cells289. This approach increased the number of DCs
and memory T lymphocytes in lymphoid tissues and exhibited a
conspicuous immunotherapeutic effect for treating large solid
tumors289.



Cellular nanovesicles for therapeutic immunomodulation 1803
5.3. Drug encapsulation

The cavities of cellular nanovesicles can provide enough capacity
to contain various molecular cargos. Cargos such as proteins,
nucleic acid and small molecules can be encapsulated into cellular
nanovesicles290e292. The membrane of nanovesicles can provide a
stable and functional membranous shell ultimately leading to an
extended blood circulation and improving targeting ability.
However, loading of exogenous cargos into cellular nanovesicles
is challenging owing to the presence of the membrane barrier293.
To overcome this challenge, several approaches have been
developed to load payloads inside the nanovesicles294,295. For
example, due to molecular fluidity of phospholipids on the vesicle
membrane, cargos could be directly loaded into the cavity of
cellular nanovesicles. Using this strategy, miRNA-150 was used as
an immune suppressor encapsulated in CD8þ T cell-derived EV-
like nanovesicles to suppress the activity of effector T cells296.
The encapsulated miRNA-150 disrupted the function of effector T
cells to specifically target antigens and caused T-cell tolerance in
an allergic cutaneous contact sensitivity model. Noticeably, hy-
drophobic molecules could be more easily loaded using a direct
incubation method as compared to hydrophilic molecules. This
phenomenon has been used to improve the loading of natural or
modified hydrophobic molecules into nanovesicles. Naturally
hydrophobic molecules such as paclitaxel, doxorubicin, and cur-
cumin indeed exhibit a high encapsulation efficiency into cellular
nanovesicles297e299. Interestingly, hydrophilic molecules can also
be modified to become more hydrophobic which allows their
direct loading into nanovesicles. Khvorova et al.300 modified the 30

end of siRNAs with cholesterol (a hydrophobic lipid) to enhance
its hydrophobicity (Fig. 5c). It was found that the modified syn-
thetic siRNAs could be directly loaded into U87 glioblastoma cell-
derived EVs by simple incubation.

Electroporation is an effective method to load hydrophilic
molecules in cellular nanovesicles. Electroporation causes the
transient formation of small pores on the nanovesicle mem-
brane301. Cargos could permeate into nanovesicles through the
opening pores. Based on this method, Kalluri et al.302 reported the
loading of siRNA into clinical grade Evs derived from bone
marrow MSCs. In this case, the siRNA enclosed in EVs showed
efficient targeting and inhibition of the oncogenic Kras and
significantly prolonged the animal survival when being used in
combination with chemotherapy in a pancreatic cancer model.
Similar to electroporation, sonication is another method to induce
transient membrane opening for molecule encapsulation into
cellular nanovesicles303e305. However, aggregation of EVs caused
by the electroporation method was 12-fold higher as compared to
that caused by the sonication method. Hence, sonication seems to
provide a higher efficiency and cause less precipitation or aggre-
gation of cargo molecules303. For example, under ultrasound,
TGF-b and IL-10 could cross the membrane through transient
gaps and enter the lumen of DC-derived EVs from various DC
subtypes including immunoregulatory DCs, immunostimulatory
DCs, and immature DCs306. Immunoregulatory DC-derived EVs
shuttled these immunoregulatory cytokines to the inflamed tissue
which interfered with the activation of DCs in vivo in a chronic
bone degenerative disease model. Specifically, recruitment of
Tregs to the inflammation site was enhanced while the maturation
of recipient DCs and induction of Th17 effector cells were
inhibited, following the dosing of immunoregulatory EVs. These
eventually led to the inhibition of bone resorptive cytokine pro-
duction and reduction in osteoclastic bone loss306.
Repeated freeze-thaw cycling represents another approach to
load cargos to cellular nanovesicles. As compared to other
methods, co-incubating cargos with nanovesicles under cycles of
freeze-thawing usually can better preserve the bioactivities of the
therapeutic cargos, although the loading efficiency using this
method is relatively low307e309. Diverse types of cargos including
hydrophobic drugs and natural enzymes have been successfully
encapsulated using this method308,310. For example, catalase was
encapsulated into macrophage-derived EVs by freeze-thaw cycles
which resulted in a significantly higher loading efficiency
(14.7 � 1.1%) as compared to that achieved by the direct incu-
bation method (4.9 � 0.5%)310. After catalase loading,
macrophage-derived EVs maintained their stable nanoscale EV-
like structure which led to the internalization by PC12 cells.
The encapsulation by EVs provided a protection from protease
degradation. However, interestingly, not many reports have
described loading nucleic acids into nanovesicle using this
approach, possibly owing to the instability of nucleic acids under
repeated freeze-thawing conditions301. Of note, this method may
cause aggregation of nanovesicles and/or cargo molecules if not
designed appropriately299.

Apart from the aforementioned methods, chemical-induced
transient membrane permeabilization has emerged as a novel
approach for loading therapeutics into cellular nanovesicles. For
example, saponin has been demonstrated to enhance the perme-
ability of EV membranes while not significantly influencing the
morphology of EVs. Using this method, catalase was efficiently
encapsulated in M-EVs with an efficiency of 18.5 � 1.3%310,
which could be readily internalized by neuronal cells and against
oxidative stress/inflammation leading to a neuroprotection effect
for Parkinson’s disease therapy. Noticeably, in the same study, a
direct comparison of different payload loading methods revealed
that the saponin-assisted method resulted in a higher efficiency as
compare to the direct incubation or freeze-thaw cycling
method310. However, saponin may bind to the cholesterol on EV
membrane and form a complex which is typically considered as an
unintended byproduct. Therefore, the use of saponin may cause
the instability issue if not controlled appropriately. In contrast,
hypotonic dialysis was utilized to load cargos with a significantly
improved loading efficiency while, in the meantime, might avoid
EV aggregations and payload inactivation294. Hypotonic dialysis
involves treating EVs in a hypotonic solution that would lead
vesicles to form pores while not undergoes apparent lysis. For
instance, Stevens and Fuhrmann et al.311 reported that EVs
derived from various cells could be mixed with a model drug
(porphyrin) in a hypotonic solution (10 mmol/L phosphate buffer,
pH 7.4) under continuous stirring at room temperature for 4 h to
construct drug-loaded EVs. Compared with other methods
including the electroporation and saponin-assisted methods, hy-
potonic dialysis is considered as a straightforward method which
has demonstrated higher loading efficiency (>11-fold enhance-
ment over the passive incubation method) with preservation of
active cargo activity.

5.4. Strategies to improve the delivery of cellular nanovesicles

Significant progress has been made in the past decade to leverage
cellular nanovesicles as a delivery system for immunomodulatory
mediators including microRNAs, proteins, and small mole-
cules293. Cellular nanovesicles, especially EVs, possess unique
homing ability that are suitable for systemic administration and
accumulation in target tissues312. Further, therapeutic cellular
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nanovesicles have similar functional elements to the parent cells,
which can readily fuse with or be engulfed by recipient cells to
modulate their immune behavior313. Notably, owing to their nano-
size and biological origin, cellular nanovesicles possess
outstanding capabilities to navigate biological barriers to reach
target tissues314. Usually, cellular nanovesicles can inherit the
intrinsic targeting capability of their parent cells, enabling their
preferable accumulation in corresponding tissues315. For example,
cellular nanovesicles derived from MSCs can naturally target in-
flammatory sites and macrophage-derived nanovesicles can natu-
rally traffic to tumor tissues316,317. Further, because of their
intrinsic function for intercellular communication, cellular nano-
vesicles may more efficiently overcome the cell membrane barrier
for intracellular internalization upon reaching target tissues, as
compared to synthetic nanocarriers12. As internalization of
cellular nanovesicles by target cells is critical for their biological
activities, an adequate therapeutic dose and circulation time are
required after their intravenous, intraperitoneal or subcutaneous
injections318. However, the majority of cellular nanovesicles are
still subject to the rapid clearance by the mononuclear phagocyte
system (MES)319. Even though cellular nanovesicles can be
applied through non-intravascular routes such as to the skin or
ocular surface, they are ultimately swept by body fluids resulting
in a short half-life312. Hence, various delivery strategies have been
developed to stabilize and functionalize cellular nanovesicles for
sustained delivery320. Modification with nanogel on the surface of
cellular nanovesicles is one such strategy for efficient EV de-
livery321. For example, macrophage-derived EVs were self-
assembled with an amphiphilic nanogel which offered an effec-
tive EV delivery platform312. In this case, the nanogel was
considered as a molecule chaperone that were bound on the sur-
face of EVs by electrostatic interactions forming a hybrid delivery
system, which was subsequently internalized by target cells via
the caveolae-mediated endocytic pathway and exhibited a
concentration-dependent delivery efficiency. Based on this
method, PC12 cell-derived EVs were introduced into the nanogel-
mediated delivery system312. Human adipocyte-derived MSCs
were differentiated toward neuron-like cells (hADSCs) through
the uptake of PC12 cell-derived EVs via the nanogel-mediated
delivery. As compared to the naked EVs, the nanogel-delivered
EVs led to an enhanced expression of nerve-specific enolase (a
neuronal differentiation marker) in hADSCs312. In another study,
PC12 cell-derived EVs were hybridized with a magnetic nanogel
and exhibited more precise targeting to the specific cells to pro-
mote differentiation from hADSCs into neuron-like cells322. Non-
invasive magnetic force facilitated the internalization of magnetic
nanogel bound EVs by hADSCs in different orientations.

Although immobilization of nanogels to EVs could improve
accurate targeting and efficient uptake, it still remains a challenge
to avoid rapid clearance by the MES and to achieve controlled
delivery to target tissues323e325. To solve these challenges,
hydrogels have been prepared through the cross-linking of natural
or synthetic polymers which provide a three-dimensional (3D)
scaffold for controlled delivery and release of cellular nano-
vesicles320. Hydrogel loaded with functional cellular nanovesicles
could be constructed and implanted into lesion sites, such as
injured spinal cord and skin wounds, for efficient retention and
sustained drug release326,327. For example, Shen et al.328 demon-
strated that BMSC-derived EVs were persistently released from a
bilayer hydrogel for wound healing (Fig. 5d). Both natural and
miR-29 b-3p-enriched BMSC-derived EVs were mixed with the
monomer and photo-initiator to fabricate the bilayer hydrogel
under transitory UV-irradiation. When the EV-loaded hydrogel
was implanted into the full-thickness skin wound, natural BMSC-
derived EVs were released from the lower layer to promote
angiogenesis and collagen deposition by accelerating fibroblast
and endothelial cell proliferation and migration during the early
inflammation and proliferation phases; meantime, engineered
BMSC-derived EVs were released from the upper layer of the
hydrogel to induce polarization of macrophages toward the M2-
like phenotype which facilitated wound healing. As another
example, a recent study by Wang et al.329 demonstrated that a self-
healing hydrogel with dynamic covalent bonds exhibited an
outstanding adhesive property and promoted wound healing when
being loaded with MSC-EVs. In this study, the hydrogel loaded
with MSC-EVs was applied in the skin wound and showed a
strong adhesive interaction with the wound site, which provided a
depot for sustained release of EVs to facilitate granulation
growth329.

Hydrogels can be prepared by mixing with EVs and subse-
quently implanted to cover the external tissue, such as the skin.
However, it is hard to implant bulky hydrogel for delivery of EVs
toward intracorporal organs or tissues. Deformability and inject-
ability are indispensable for hydrogels to achieve the stable de-
livery and sustainable release of EVs in deep tissues. Toward this
end, injectable hydrogels with cellular nanovesicles have been
developed to adapt to different therapeutic application re-
quirements, such as repair of bone defects330, protection of
endometrial microenvironment331, cardiac repair332, and restora-
tion of cornea333. For example, VEGF and transcription factor EB
(TFEB) engineered, endothelial cell-derived EVs were immobi-
lized into an injectable methylcellulose hydrogel to promote
angiogenesis for rescuing muscle injury and recovering blood flow
in limb after critical limb ischemia334. The methylcellulose
hydrogel enabled to stabilize endothelial cell-derived EVs at
different temperatures. Because of the ability of VEGF and TFEB
to inhibit the production of proinflammatory cytokines, engi-
neered EVs released from the hydrogel led to the downregulation
of pro-inflammatory cytokines (such as TNF-a, IL-1b, and IL-6)
and upregulation of anti-inflammatory cytokine (such as IL-10,
TGF-b1, and IL-4) in the muscle tissue after limb ischemia. As
another example, dynamic covalent bonds benefited to hydrogel’s
shear-thinning ability which was utilized as an injectable to boost
the healing of full-thickness cutaneous wounds caused by dia-
betes335. Wang et al.335 reported that oxidized hyaluronic acid
with poly-ε-L-lysine was prepared to form a hydrogel for delivery
of adipose mesenchymal stem cell-derived EVs (AMSC-EVs) by
dynamic covalent crosslinking based on reversible Schiff base
reaction. With the combination of thermal-responsive molecules
(F127), the hydrogel not only exhibited the self-healing perfor-
mance and thermal-responsive gelation, but also enabled to pro-
vide a pH-responsive condition for long-term release of AMSC-
EVs. In addition, the injectable thermosensitive hydrogels
enabled to effectively stabilize miRNAs and proteins in MSC-
EVs333,336. Thermosensitive chitosan hydrogel was designed as an
injectable scaffold for the delivery of human MSC-EVs with
higher retention and stability. After injection of the hydrogel
containing MSC-EVs into the cornea, miR-432e5p in the MSC-
EVs persistently suppressed the expression of translocation-
associated membrane protein 2 and accelerated wound healing333.

The aforementioned hydrogel-mediated delivery strategies are
based on ex vivo formed hydrogel systems. In addition, cellular
nanovesicles can be mixed with individual hydrogel components
to form hydrogel in situ at target sites which is suitable for local
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delivery of cellular nanovesicles. For example, Silva et al.337

developed a Pluronic F127-based in situ gelation strategy to
deliver stem cell-derived EVs for colocutaneous fistula therapy.
After mixing stem cell-derived EVs with pluronic F127 and
subsequently injecting them into the colocutaneous fistula, gela-
tion was implemented in situ at the physiological temperature. In
this study, EVs were labelled with a radiotracer, and the bio-
distribution study demonstrated that EVs delivered by this thermo-
responsive hydrogel showed the highest retention at the injection
sites as compared to EVs formulated in saline after percutaneous
injection. Yang et al.338 reported an in situ hydrogel system
formed by gelatin cross-linking with o-nitrobenzyl alcohol moiety
modified hyaluronic acids which could be photoinduced to form a
hydrogel glue. This hydrogel served as a tissue-like patch and
provided a 3D scaffold for controlled release of MSC-derived
EVs; this hydrogel-EV system exhibited therapeutic effects in
repairing cartilage defects. Based on the plasticity of hydrogels, it
conveyed that submucosa mixed mesoporous bioglass in combi-
nation with cryogenic 3D bioprinting technology containing
nanovesicles contributed to the growth of HUVECs to heal dia-
betic wounds339.

In addition to the abovementioned delivery strategies, new
advances in the area of bio-fabrication have stimulated the
development of novel approaches to enable precise control of the
spatiotemporal delivery of cellular nanovesicles340e342. For
example, Cheng and co-workers designed a novel EV-eluting stent
to immobilize, deliver, and bio-responsively release MSC-EVs at
the implantation site for vascular healing after ischemic injury343,
based on the rationale that delivery of EVs for vascular healing
involves efficient enrichment, stable transformation and long-term
release. In this approach, MSC-EVs were functionalized with PEG
and immobilized onto EV-eluting stent via a reactive oxygen
species (ROS) responsive linker. Compared to the bare metal
stents, EV-eluting stent efficiently enriched and ROS-responsively
released MSC-EVs at the injured aortas. This system demon-
strated effective stimulation of endothelialization, restoration of
injury cells, and attenuation of vascular smooth muscle cell
migration. Meanwhile, MSC-EVs eluted from the EV-eluting stent
promoted polarization of M2-like macrophages and reduced
inflammation which benefited to the vascular healing in an
atherosclerosis model343.

Administration method is also an important consideration for
targeted delivery of cellular nanovesicles. A suitable administra-
tion method can be rationally selected depending on the intended
target tissues for nanovesicle delivery. Generally, following sys-
temic administration, cellular nanovesicles can be recognized by
the MES such as liver macrophages344. Hence, nanovesicles prefer
to accumulate in the liver after intravenous injection, followed by
the presence in the spleen, gastrointestinal tract, and lung345.
However, an over-dose of nanovesicles can result in lower liver
accumulation because of the saturation of the phagocytic uptake
by liver macrophages345. In addition to intravenous administra-
tion346, other methods such as intraperitoneal347e349, intra-
nasal350, intramuscular351e353, and subcutaneous injections354e356

can lead to preferable accumulation of cellular nanovesicles
around injection sites and/or in different organs depending on the
type of nanovesicles345,357. For example, as for another adminis-
tration route, MSC-EVs were administered into rats by intra-
tracheal injection and observed to mainly accumulate in the
airway of the lung tissue358. MSC-EVs were then internalized by
pulmonary cells within 2 h and persisted for at least 72 h. Using
this method, MSC-EVs exhibited remarkable anti-inflammatory
efficacy in bronchopulmonary dysplasia and allergic airways
inflammation359,360. Overall, establishment of a suitable admin-
istration route according to the delivery requirements can improve
the therapeutic efficacy of cellular nanovesicles.

5.5. Artificial cellular nanovesicles

As described in the previous context, cellular nanovesicles have
been brought to the fore by data demonstrating the rapid rise of
potential applications in functional immunotherapy32,35,361.
However, low yield production in the microgram level and multi-
steps required for the isolation and purification process tempered
it in the clinical translation33. To this end, artificial or EV-mimetic
cellular nanovesicles, which are fabricated from physically
breaking the parent cells down to a nano-size, are emerging as a
potential alternative to circumvent the drawbacks of natural
cellular nanovesicles (EVs). The fabrication strategies to produce
artificial cellular nanovesicles can be broadly categorized to
bottom-up and top-down approaches. Towards the bottom-up
strategy, individual amphiphilic molecules self-assemble into
cellular nanovesicles accompanied with addition/modification of
functional surface proteins362. The bottom-up strategy has been
comprehensively reviewed elsewhere33,363; here we majorly
discuss the top-down strategy.

The top-down methodologies are described as a method to
construct artificial nanovesicles using additional mechanical
forces364. Generally, cell membranes obtained from parent cells
are extruded through a serial filter with different pore sizes or are
mechanically broken down by nitrogen cavitation or sonication to
form nanovesicles with reframed contents. These methods can
achieve a >10-fold higher production efficiency as compared to
the conventional method of isolating natural EVs by gradient
centrifugation365e367. During the extrusion process, functional
elements can be built into extruded cellular nanovesicles368.
Meanwhile, endogenous or exogenous therapeutic molecules from
parent cells such as microRNAs, proteins, and small molecules
can also be carried into extruded cellular nanovesicles369. For
example, Jang et al.370 loaded a chemotherapeutic drug doxoru-
bicin (DOX) into monocytes/macrophages and produced DOX-
carrying nanovesicles via serial extrusion. They proved that this
extrusion method resulted in a 100-fold higher production efficacy
as compared to the ultracentrifugation-based natural EV isolation.
In addition, they demonstrated that these nanovesicles improved
the delivery of DOX to the tumor site and led to a better immune
stimulation and antitumor efficacy in a CT26 tumor model as
compared to liposomal DOX370. In a different example,
ferroptosis-inducing Fe3O4 was incorporated into extruded M1
macrophage-derived nanovesicles for cancer immunotherapy255.
In this case, with the addition of hydrogen peroxide, the Fenton
reaction was initiated by the hydrophilic Fe3O4 nanoparticles
which synergistically regulated the polarization of tumor-
associated macrophages toward a M1-like phenotype for cancer
therapy. For handy production of cellular nanovesicles with high
yield, a device operated under centrifugation was designed by
Park et al371. In this device, cellular nanovesicles were generated
by forcing cells to go through the micro-sized polycarbonate filter
under centrifugation. It was demonstrated that contents from the
parent cells could be retained in the cellular nanovesicles pro-
duced by this device and could be delivered to recipient cells as
efficient as natural cellular nanovesicles (EVs).

Besides extrusion of living cells or cell membrane through
filters, nitrogen cavitation was considered as a powerful method
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for large-scale production of artificial cellular nanovesicles. Wang
et al.372 developed a method to disrupt cells in a nitrogen cavi-
tation chamber for the generation of nanovesicles. By using this
method, neutrophil nanovesicles were produced and investigated
as a delivery system for an anti-inflammatory drug piceatannol373.
It was demonstrated that the piceatannol-loaded neutrophil
nanovesicles dramatically alleviated acute lung inflammation and
sepsis induced by lipopolysaccharide (LPS). Moreover, sonication
is another effective method to generate artificial cellular nano-
vesicles. For example, Go et al.374 employed a sonication method
to produce monocyte-derived nanovesicles which were subse-
quently loaded with dexamethasone using a remote loading
method. They demonstrated that these nanovesicles mitigated
gram-negative bacterial outer membrane vesicle-induced systemic
inflammatory response syndrome374. It should be noted that all the
aforementioned methods need to be done manually. Excitingly,
several novel technologies are emerging to achieve an automated
process for isolating and analyzing cellular nanovesicles. One
such approach is the incorporation of the microfluid technol-
ogy375. This approach could improve production efficiency and
avoid the use of high-cost equipment. Moreover, microfluidic
devices have also been designed for trapping cellular nanovesicles
by immune affinity or sieving376. For example, He and co-
workers377 developed an automated microfluidic system capable
of integrating real-time cell culture, highly efficient isolation of
cellular nanovesicles, and antigenic modification. This micro-
fluidic system offered the potential to engineer cellular nano-
vesicles as an effective cancer immunotherapy377.
6. Emerging therapeutic immunomodulatory applications

Cellular nanovesicles can be produced from almost all cell types,
and it is even possible to induce artificial production from cell
membranes378. Recent advances in the area of isolation technol-
ogy development and functionalization strategies have provided
the possibility to design tailored cellular nanovesicles for
controllable modulation of the immune responses379. Because of
this, cellular nanovesicles have emerged as an immunomodulatory
therapeutic approach for treating different diseases, such as can-
cer, autoimmune disease, infectious diseases, and trauma and
injury380.

6.1. Cancer immunotherapy

Cancer cells with abnormal metabolism form the complex tumor
microenvironment (TME) that is regarded as a relatively isolated,
immunosuppressive space381e383. Cellular nanovesicles can
permeate and accumulate in solid tumors, making them prom-
ising candidates as new cancer therapies32,384,385. Along this line,
natural or artificial cellular nanovesicles from multiple immune
cells (e.g., T cells114,386, NK cells141,387e390, macro-
phages147,148,391, DCs392e398, or cancer cells399e401) have been
proved effective in treating different tumors. Cancer cell-derived
EVs have been found to present specific tumor antigens to CD8þ

T cells via DCs for enhancement of antitumor immunity402, and
Hsp 70 on the surface of cancer cell-derived EVs was shown to
activate NK cells and macrophages. However, other surface li-
gands and intracavitary miRNAs in natural tumor cell-derived
EVs exert immunosuppressive effects on surrounding immune
cells, such as apoptosis of cytotoxic T cells, reduced cytotoxicity
of CD8þ T cells and NK cells, reprogramming of M2-like
macrophages, and enhanced proliferation of Treg cells403. In
addition, exosomal PD-L1 from melanoma and prostate cancer
cells has been reported to bind to PD-1 on the surface of CD8þ

T cells to weaken the antitumoral functions and support immune
escape404.

The TME is an immunosuppressive environment, whereas
cancer immunotherapy often relies on immunoactivation. There-
fore, one of the crucial aims of cancer immunotherapy is to
activate effector immune cells and to change the immunosup-
pressive setting of the TME. For example, DC-derived EVs
enabled to interact with immune cells, such as CD8þ T cells and
NK cells, to stimulate potent immune response for cancer
immunotherapy126. Compared with natural DC-derived EVs, Lu
et al.405 isolated EVs from DCs transduced with a-fetoprotein by
lentivirus. These engineered EVs exhibited a higher expression of
MHC I, MHC II and co-stimulatory molecules on their surface. a-
Fetoprotein engineered DC-derived EVs enabled to facilitate the
production of IL-2 to enhance the proliferation of T cells. TME
was modulated by these engineered DC-derived EVs owing to the
enhanced production of IFN-g from CD4þ T cells and CD8þ T
cells. The immune response triggered by these engineered EVs
inhibited tumor growth and prolonged the survival of mice bearing
hepatocellular carcinoma. As another example, Xie et al.406

employed nano-conjugated M1-EVs to modulate the function of
macrophages in the TME for cancer treatment. They linked M1-
EVs and CD47/SIRPa antibodies using a pH-sensitive covalent
linker that, when cleaved, released the CD47 antibodies and
SIRPa antibodies to block the CD47-SIRPa signaling pathway.
Phagocytosis of tumor cells by macrophages was promoted, and
the antibodies blocked the CD47 on tumor cells from interacting
with SIRPa on macrophages. TAMs were polarized to the M1
phenotype in the presence of the modified M1-EVs. SIRPa vari-
ants were also attached to the fused cellular nanovesicles, creating
hybrid M1-EVs with multiple functions that showed antitumor
efficacy407 (Fig. 6). These hybrid cellular nanovesicles not only
blocked the CD47-SIRPa signaling but improved the activation of
CD8þ and CD4þ T cells.

In addition to directly activate T cells, engineered cellular
nanovesicles expressing PD-1 receptors have also been used to
alter the immunosuppressive TME408. PD-1 receptors were over-
expressed on engineered HEK293T cell-derived EVs that had a
long circulation time to avoid the depletion of CD8þ T cells (via
PD-L1 interaction), and the engineered nanovesicles induced the
infiltration of lymphocytes into the tumor margin. In another
study, M1-EVs were loaded with a pH-responsive fusion protein
and siRNA through electroporation for cancer immunotherapy
(Fig. 7a)409. The modified M1-EVs could responsively activate the
fusion protein to fuse with tumor membranes in the TME so that
the anti-PD-L1 siRNA could be internalized by target tumor cells
to block the PD-L1-mediated immune escape. After systemic
administration, the M1-EVs showed the ability to stimulate the
repolarization of M2-like macrophages to the M1 phenotype.
CD8þ T cells also showed increased secretion of IFN-g, demon-
strating the antitumor efficacy of the M1-EVs.

Notably, cellular nanovesicles can be loaded with different
cargos and possibly serve as tumor antigen adjuvants. Morishita
et al.410 genetically engineered tumor cell-derived EVs to carry a
streptavidin-lactadherin fusion protein on their surface. Bio-
tinylated CpG DNA (an immunostimulant) was then attached to
EV surface via the biotin-streptavidin interaction. With the orig-
inal tumor antigens inside, these engineered EVs were taken up by
APCs, which subsequently activated a cytotoxic T cell response.



Figure 6 Hybrid cellular nanovesicles for cancer immunotherapy. (a) Hybrid cellular nanovesicles were prepared by fusion of SIRPa-

expressed cancer cell-derived nanovesicles, polarized M1-like macrophage-derived nanovesicles and platelet-derived nanovesicles. (b) Hybrid

cellular nanovesicles show accumulation at tumor sites and exert immunomodulation for tumor therapy. Reproduced with permission from

Ref. 407. Copyright ª 2020, Springer Nature.
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These genetically engineered EVs elicited a potent immune
response that was active against tumor cells in vivo. Therefore,
this approach could be developed to produce novel vaccines to
treat cancer.

6.2. Autoimmune diseases

Autoimmune diseases occur when the immune system mounts a
response to a self-antigen due to aberrant immunoregulation,
which can lead to tissue damage. Cellular nanovesicles play key
roles in the regulation of cellular signaling and inhibition of
enzymatic activity by mediating the interactions between various
cells. Therefore, cellular nanovesicles can potentially deliver
immunosuppressive drugs, cytokines, or other molecules to treat
autoimmune diseases411e415. Indeed, cellular nanovesicles from
diverse cell types such as macrophages416e418, MSCs419e423, and
T cells424 have shown potential in treating a wide spectrum of
autoimmune disorders including rheumatoid arthritis425e429, sys-
temic lupus erythematosus430e434, multiple sclerosis162,435,436,
diabetes437e439, among others440e443.

Rheumatoid arthritis is an autoimmune disease caused by
chronic inflammation in the joints444. Researchers have developed
engineered HEK293T cell-derived EVs that carry cytokines, such
as IL-4, to repolarize M1 macrophages to the M2 phenotype,
resulting in an immunosuppressive effect in the inflamed joint445.
Because of their stable structure and long circulation time, these
HEK293T cell-derived EVs showed higher anti-inflammatory ef-
ficacy than the soluble IL-4. With biorthogonal modifications,
dibenzocyclooctyne-conjugated dextran sulfate (DBCO-DS)
reacted with the azide-conjugated mannose on the surface of stem
cells, resulting in dextran sulfate-functionalized stem cells. These
engineered stem cell-derived EVs showed a greater ability to
accumulate in the inflamed joint and acted through a series of anti-
inflammatory effects at lower doses than the unmodified EVs
(Fig. 8)446. Engineered EVs have carried polarization-related
miRNA to affect the repolarization of macrophages in vitro and
in vivo. In particular, miR-7b-5p and miR-24e3p were verified as
potent miRNAs in EVs for the M1 to M2 phenotype change of
macrophages. In addition, modulating macrophages to reduce
inflammation in rheumatoid arthritis, efforts have also been made
to reduce the number of autoreactive T cells by including OX40 in
engineered cellular nanovesicles447. Blocking the OX40eOX40L
interaction successfully inhibited tissue infiltration and migration
of T cells. Hence, the activation of autoantigen-specific T cells
was attenuated by these engineered cellular nanovesicles, which
could be utilized as a cell-free immunotherapeutic for rheumatoid
arthritis447.

Systemic lupus erythematosus (SLE) is an autoimmune disease
in which the immune system attacks multiple organs in the
body448. Studies have identified EVs as potential biomarkers for
SLE and as therapeutic agents to inhibit autoimmune-mediated
inflammation449. In a study of SLE therapies, keratinocyte-
derived EVs were tested for their ability to carry miRNA and
anti-inflammatory drugs with the aim of enhancing IFN-a secre-
tion450. It was found that the EVs activated plasmacytoid DCs in a
TLR-7-dependent manner in patients with SLE.

Multiple sclerosis is caused by inflammatory demyelination of
the white matter in the central nervous system, with the periven-
tricular white matter, optic nerve, spinal cord, brainstem, and
cerebellum being potential sites for lesion development411.
Immunosuppressive treatment is a therapeutic option for inter-
vening in the activities of T cells and B cells involved in attacking
the brain tissues451. Oligodendrocyte-derived EVs (OI-EVs) con-
taining specific myelin self-antigens were found to lead to the
suppression of CD4þ T cells452. Intravenous injection of the OI-
EVs induced apoptosis of CD4þ T cells in an IL-10-dependent
manner and enhanced immune tolerance to reduce the patho-
physiology of multiple sclerosis. The self-antigens in the EVs



Figure 7 Cellular nanovesicle-based immunomodulatory therapy for treating various disease, including cancer, autoimmune diseases, infec-

tious diseases, and injury and trauma diseases. (a) Schematic illustration of M1-EVs engineered with CD47 and SIRPa antibodies for cancer

immunotherapy. Reproduced with permission from Ref. 409. Copyright ª 2020, Wiley. (b) Schematic illustration of the immunomodulatory

effect of MSC-EVs on the proliferation of Tregs for treating multiple sclerosis. Reproduced with permission from Ref. 454. Copyright ª 2019,

American Chemical Society. (c) Schematic illustration of EVs expressing ACE2 and CD147 as nano-decoys to prevent SARS-CoV-2 from

entering into host cells. Reproduced with permission from Ref. 472. Copyright ª 2020, American Chemical Society. (d) Schematic illustration of

MSC-EVs encapsulated into hydrogels and injected into the cardiac tissue for prolonged retention to treat heart attack. Reproduced with

permission from Ref. 332. Copyright ª 2021, Springer Nature.
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played a crucial role in this outcome. Additionally, circulating
EVs isolated from the plasma of patients with multiple sclerosis
were found to contain more miRNAs than those from healthy
donors, which inhibited the activity of IFN-g�IL-
17 A�Foxp3þCD4þ T cells453. In addition, let-7i miRNA in the
EVs was involved in regulating the insulin-like growth factor 1
receptor (IGF1R) and the transforming growth factor beta receptor
1 (TGFBR1) pathways to activate Treg cells for treating inflam-
matory lesions. Moreover, MSC-derived EVs showed immuno-
suppressive effect for mitigating multiple sclerosis when being
injected into mice bearing encephalomyelitis (Fig. 7b)454. Both of
native and IFN-g-activated MSC-EVs could reduce the demyeli-
nated area in the spinal cord in an experimental autoimmune
encephalomyelitis model. The MSC-derived EVs also increased
the number of Tregs in vivo. With the treatment by MSC-EVs, the
production of pro-inflammatory Th1 and Th17 cytokines,
including IL-6, IL-12, P70, IL-17AF, and IL-22, were decreased
while anti-inflammatory factors such as indoleamine 2,3-
dioxygenase was increased in peripheral blood mononuclear cells.

6.3. Infectious disease

Infectious diseases represent one of the most common disorders
that are caused by pathogens such as bacteria, viruses, and fungi.
Since 2019, the high pathogenicity and infectivity of the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
caused the coronavirus disease (COVID-19) pandemic455. Strik-
ingly, cellular nanovesicles are similar in composition to viral
pathogens in that they contain nucleic acids and proteins packaged
within a phospholipid membrane. Cellular nanovesicles differ
from viruses in that the immunogenic nucleic acids and proteins
that are embedded in the phospholipid membrane form cavities in
the nanovesicles. Interestingly, it was found that cellular nano-
vesicles from virus-infected cells contained viral double-stranded



Figure 8 Surface engineered MSC-EVs for immunotherapy against rheumatoid arthritis (RA). (a) Schematic showing the process of preparing

surface engineered MSC-EVs by metabolic glycoengineering-based click chemistry. A targeting ligand, dextran sulfate (DS) which can target the

macrophage scavenger receptor class A (SR-A), was conjugated to the engineered EVs for targeting macrophages in the inflamed joint of RA. (b)

Mechanism of the engineered MSC-EVs to reprogram macrophages in RA. Systemically administered EVs could accumulate at the inflamed

joints because of the presence of the targeting ligand dextran sulfate. Upon reaching the joints, the MSC-EVs reprogram macrophages to the M2

phenotype, resolving inflammation. Reproduced with permission from Ref. 446. Copyright ª 2021, American Association for the Advancement

of Science.
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RNA (dsRNA) which mediated immunological memory in ar-
thropods456. The virus-derived complementary DNA was gener-
ated, thereby eliciting an antiviral effect in naive animals. Hence,
cellular nanovesicles have the potential for the treatment of in-
fectious diseases via immunomodulation457. Indeed, cellular
nanovesicles from cells including NK cells458, macro-
phages195,459,460, among others461,462 have been explored for
treating different infections including viral463e465 and bacterial
infections466,467.

EVs could carry various molecules to target sites for infectious
disease treatment. Immunomodulatory molecules such as cyto-
kines and miRNAs could be delivered by cellular nanovesicles to
mediate the anti-inflammatory response468. EVs loaded with anti-
pathogen drugs can treat infectious diseases and be guided by
biomarkers on the membrane361. For example, Li et al.469 reported
that IFN-a induced the secretion of EVs with antiviral molecules
from nonpermissive liver nonparenchymal cells, which migrated
to hepatocytes to initiate an immune response against hepatitis
virus A59 and adenovirus. Transfer of antiviral molecules, such as
miRNA and mRNA, was observed between normal and infected
cells for antiviral activity. EVs generated by macrophages treated
with IFN-a inhibited the activity of both hepatitis B virus (HBV)
and hepatitis C virus (HCV)470.

Regarding SARS-CoV-2 infections, it was found that the virus
binds to and infects host cells via the angiotensin-converting
enzyme 2 (ACE2) and CD147471. Cellular nanovesicles from
different cell types have been engineered to block this mechanism
to prevent viral entry472e476. For example, Zhang and Griffiths472

designed two types of cellular nanovesicles to competitively bind
host cells, and this slowed down the infection rate (Fig. 7c). The
cellular nanovesicles successfully competed with SARS-CoV-2
for binding to ACE2 and CD147 and specifically blocked the
virus from entering host cells. These cellular nanovesicles effec-
tively acted as nano-decoys, trapping and detaining the pathogen
by preventing it from entering into cells. Moreover, cellular
nanovesicles from MSCs have shown promise in treating SARS-
CoV-2 infections owing to their potent anti-inflammatory
activities340,477e480. These nanovesicles are currently being
investigated in active clinical trials as a cell-free immunotherapy
for managing COVID-19.

6.4. Injury and trauma

Considering the immunomodulatory effects of cellular nanovesicles,
they can be explored as cell-free therapeutics for the treatment of
injury and trauma351. Cellular nanovesicle-based therapeutics can
suppress inflammation at injury and trauma sites, creating an envi-
ronment for cell recovery and growth481,482. Nanovesicles from
different cell types, such as MSCs483e485, macrophages486,487, and
neutrophils488, have been explored for treating diverse injuries
including lung injury489e491, spinal cord injury492e494, traumatic
brain injury495e497, among others98,498,499. Notably, nanovesicles
from MSCs are the most studied because of their demonstrated
immunomodulatory capability500e506. Owing to the differentiation



Figure 9 Schematic illustration of the delivery of CRISPR-Cas9 by MSC-derived EVs with immunosuppressive effects for neuroprotection.

CRISPR/Cas9 loaded MSC EVs were modified with a targeting peptide, CAQK, to target activated macrophages in the spinal cord. Delivery of the

CRISPR/Cas9 to these macrophages programed them to the M2 phenotype leading to neuroprotection effect. Reproduced with permission from

Ref. 525. Copyright ª 2022, Elsevier.
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potential and immunosuppressive property of MSCs, they are often
loaded with various bioactive cargoes and utilized as immune
modulators to treat injury and trauma. They facilitate the healing and
repair processes, such as neurogenesis, angiogenesis, osteogenesis,
cardiac repair, and lung repair, averting long-term wound recovery
and unexpected complications induced by engraftment507.MSC-EVs
loaded with cardiac-protective peptides were shown to suppress
inflammation in the cardiac tissue508. In another study, MSC-EVs,
which were encapsulated into a hydrogel and injected into the car-
diac tissue, demonstrated prolonged retention andmolecule release at
the injury sites (Fig. 7d)332. In addition, intrapericardial injection of
MSC-EVs packaged in hydrogels showed a stronger immunomod-
ulatory effect. Compared to the EVs alone, EVs loaded within the
hydrogel exhibited a higher efficiency in cardiac repair.

It has also been shown that MSC-EVs can be loaded onto
vascular grafts to modulate inflammation509. The vascular grafts
were modified with heparin, rendering them susceptible to elimi-
nation via thrombosis and calcification. MSC-EVs could be against
thrombosis and calcification. With the immunomodulatory effect of
the MSC-EVs, macrophages were repolarized to the anti-
inflammatory and anti-osteogenic phenotype, which was benefi-
cial to the survival of the vascular grafts. Anti-inflammatory cy-
tokines were increased and pro-inflammatory cytokines were
decreased in the presence of the MSC-EVs in vivo510. The
macrophage phenotypic switching observed at the injury site
caused by the administration of MSC-EVs could also promote
myogenesis and angiogenesis during muscle repair511.
In addition to MSC-EVs, other cell-derived nanovesicles have
also been investigated as treatments for injury and trauma. It was
reported that HEK293T cell-derived EVs were more stable than
liposomes and polyethylenimine for the purpose of carrying miR-
21 to regulate the expression of PDCD4, an apoptosis protein that
mediates heart dysfunction512. EVs loaded with miR-21 alleviated
the early apoptosis of cardiomyocytes and ECs, and cardiac
function was recovered. Also, it was found that EVs from non-
traumatic femoral head necrosis tissues possessed enriched
CD41, which not only directed osteogenic differentiation, but also
facilitated the migration of MSCs to reduce osteonecrosis and
femoral head damage513.

6.5. Other applications and new developments

Cellular nanovesicles have been utilized for treating several other
diseases, including bronchopulmonary dysplasia514, spasmolytic
polypeptide-expressing metaplasia515, kidney stone516, among oth-
ers517e519. A plenty of studies reported that cellular nanovesicle-
mediated RNA transfer is necessary for the regulation of diverse
physiological and pathological processes520. For example, previous
studies suggested thatEVs from immune cells have the ability to cross
BBB and induce autophagy to repair debilitating neurodegeneration
caused by Parkinson’s disease143. As another example, pulmonary
hypertension (PAH) is induced by the long-term exposure under the
hypoxic condition which leads to high blood pressure in the pulmo-
nary artery521. Currently, vascular remodeling is considered an



Table 2 Representative examples of major diseases that immunomodulatory cellular nanovesicles can treat.

Diseases Nanovesicle source Immunomodulatory effect Ref.

Cancer Lung metastasis T cells Induce apoptosis of MSCs to inhibit tumor

growth

116

CT26 tumor Engineered M1 macrophages Knock down PD-L1 related genes; activate

CD8þ T cells; repolarize macrophages to

the M1 phenotype

409

Neuroblastoma NK cells Active NK cells to produce cytokines 390

Hepatocellular carcinoma DCs Increase IFN-g-producing CD8þ T cells;

increase the level of IL-2; reduced number

of Tregs

405

4T1 breast cancer M1 macrophage Promote phagocytosis of macrophages;

block CD47-SIRPa signaling pathway on

macrophages; repolarize TAM to the M1

phenotype

406

B16F10 and 4T1 metastasis M1 macrophages (Platelet

and engineered cancer cell)

Block CD47-SIRPa signaling pathway on

macrophages; repolarize TAM towards the

M1 phenotype; activate CD8þ T cells and

CD4þ T cells

407

B16F10 melanoma HEK293 T cells Competitively inhibit PD-L1; avoid

exhaustion of CD8þ T cells

408

Autoimmune

diseases

Rheumatoid arthritis Mature DCs Inhibit pro-inflammatory cytokines and

promote anti-inflammatory cytokines

412

Mature bone marrow-derived

DCs

Suppress inflammatory and autoimmune

responses

413

BMSCs Delay inflammatory responses 429

Stem cells Release of cytokines; repolarization of

macrophages

446

Neutrophil Carry anti-inflammatory proteins and

annexin A; increase production of TGF-b1

by chondrocytes

428

Engineered HEK293 T cells Carry IL-4 for repolarization of

macrophages

445

Reduce inflammatory levels and the

population of auto-reactive T cells; Block

the OX40eOX40L interaction

447

Systemic lupus erythematosus Serum Regulate MSCs via inhibition of TRAF6/

NF-kB signal pathway

449

Keratinocytes Carry microRNA and anti-inflammatory

drugs to enhance the secretion of IFN-a

450

Placenta Downregulation of CD3 and inhibition of

CD8þ T cells

434

Platelet Promote activation of T cells and B cells 433

Multiple sclerosis MSCs Upregulate the number of

CD4þCD25þFOXP3þ Tregs; reduce the

number of total macrophages/microglia

and pro-inflammatory T cells in the spinal

cords; inhibit proliferation of PBMCs;

downregulate levels of pro-inflammatory

Th1 and Th17 cytokines; increase levels of

immunosuppressive cytokines

454

BMSCs Attenuate inflammation and regulate the

polarization of microglia

423

Oligodendrocyte Induce apoptosis of CD4þ T cells in an IL-

10-dependent manner

452

Plasma Inhibit IFN-g-IL-17 A�Foxp3þCD4þ T

cells; suppress Tregs via regulation of

IGF1R and TGFBR1 pathway

453

BV-2 microglia cells IL-4 is expressed by genetical engineering

for repolarization of macrophages.

436

Experimental autoimmune

encephalomyelitis

Immature bone marrow-

derived DCs

Reduce proliferation of AChR-reactive

lymphocyte, level of AChR antibody and

pro-inflammatory cytokines

414

Atorvastatin-modified bone

marrow-derived DCs

Up-regulate indoleamine 2,3-dioxygenase

and Tregs

415

(continued on next page)
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Table 2 (continued )

Diseases Nanovesicle source Immunomodulatory effect Ref.

Autoimmune hepatitis MSCs Delivery of dexamethasone for synergistic

treatment to the liver.

442

BMSCs Attenuation of NLRP3 and caspase-1.

Inhibition of pro-inflammatory cytokines

443

Infectious

diseases

Hepatitis Nonpermissive liver

nonparenchymal cells

Transfer IFN-a 469

Macrophages Regulate macrophages for disturbing

production of HBV pgRNA and

expressions of antigen

470

SARS-CoV-2 Human lung epithelial type II

cell and human

macrophage

Bind to protein receptors, angiotensin-

converting enzyme 2 and CD147, for

blocking cellular entry of virus

472

Injury and

trauma

Cardiac protection MSCs Suppress cardiac tissue surrounding

inflammation.

508

Slightly change pericardial inflamed

condition

332

Modulate inflammation level; repolarize

ambient macrophages to the anti-

inflammatory and anti-osteogenic

phenotype

509

Incisional hernia MSCs Decrease production of pro-inflammatory

cytokines

510

Volumetric muscle loss MSCs Polarization of macrophages 511

Lung fibrosis MSCs Inhibit activation of macrophages 514

Myocardial infarction HEK293T Downregulate the expression of PDCD4 512

Bone defect Non-traumatic femoral head

necrosis tissues

Facilitate the migration of MSCs 513

Table 3 Representative ongoing clinical trial of cellular nanovesicles for therapeutic immunomodulation.

Nanovesicle

source

Indication Aim of study/function of EVs Phase Identifier Status

MSCs Hyper-inflammation

caused by COVID-19

Function as an adjuvant to reduce

hyper-inflammation in moderate

COVID-19 patients.

II NCT05216562 Recruiting

MSCs COVID-19 Attenuate inflammation and support

anti-fibrotic pathways to treat

COVID-19.

I NCT05191381 Recruiting

Mesenchymal

progenitor cell

Pulmonary infection Treat pulmonary infection caused by

gram-negative bacilli resistant to

carbapenems.

I/II NCT04544215 Recruiting

CD24 overexpressed

exosomes from T-

REXTM-293 cells

Moderate or severe

COVID-19 infection

Negatively regulate inflammation by

controlling the homeostatic

proliferation of T cells.

I NCT04747574 Recruiting

CD24 overexpressed

exosomes from T-

REXTM-293 cells

Moderate or severe

COVID-19 infection

Improvement of COVID19 status. II NCT04902183 Recruiting

Diffuse large B-cell

lymphomas

B-cell Non-Hodgkin

Lymphoma

Immunotherapy by carrying CD20

and PD-L1 as decoy receptors.

e NCT03985696 Recruiting

‒, Not applicable.
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efficient therapeutic strategy for PAH34,521. Immunomodulatory
cellular nanovesicles have emerged as a new strategy for vascular
remodeling in PAH522. Cellular nanovesicles isolated from MSCs
could reduce the expression of proinflammatory factors including
MCP-1, IL-6, galectin-3, and HIMF. In addition, MSC-derived
nanovesicles could suppress the activation of macrophages523.
Because of these effects, MSC-derived EVs exhibited therapeutic
effect for treating hypoxia-induced PAH.
In addition, cellular nanovesicles have emerged as an approach
for the delivery of gene editing tools for immunomodulation. Due
to their outstanding structural stability and loading capacity, de
Jong et al.524 designed cellular nanovesicles containing small
noncoding RNA molecules for gene editing via CRISPR-Cas9.
RNA-loaded cellular nanovesicles secreted from donor cells
regulated the recipient cells to express reporter proteins with high
sensitivity. Recently, MSC-EVs were modified with a targeting
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polypeptide for the delivery of CRISPR/Cas9 to program macro-
phages which showed a prominent anti-inflammatory efficacy in
the injured spinal cord (Fig. 9)525. In this approach, CRISPR/Cas9
were encapsulated into MSC-EVs by electroporation and the tar-
geting polypeptide (CAQK) was modified on EV surface, which
led to the targeting of EVs to the injured spinal cord. These
CRISPR/Cas9-loaded EVs achieved efficient editing of macro-
phages to regulate the expression of TNF receptor-1, repolarized
macrophages to the M2-like phenotype, and downregulated the
production of inflammatory cytokines. Overall, the inflammation
condition was alleviated by these MSC-EVs loaded with CRISPR/
Cas9 which promoted the neuroprotection after spinal cord injury.
For comprehensive understanding, we summarized new advances
in these major disease areas with a focus on their respective
therapeutic mechanism (Table 2).

7. Clinical advances of immunomodulatory cellular
nanovesicles for disease management

Extensive preclinical investigations have led to some immuno-
modulatory cellular nanovesicles reaching clinical studies for
disease treatment. Comprehensive overview of the clinical ad-
vances of cellular nanovesicles can be found in other re-
views32,361,526. Some representative ongoing clinical trials of
therapeutic immunomodulatory cellular nanovesicles are shown in
Table 3. Evidently, most of the investigated ongoing trials are in
early stages (phase I and II) and cover different disease indications
including cancer, infectious diseases, among others. For example,
EVs from diffuse large B-cell lymphomas are being studied as
CD20 and PD-L1 decoys for immunotherapy against B-cell Non-
Hodgkin lymphoma. Interestingly, several cellular nanovesicles
from different cell sources are studied for treating different in-
fectious diseases including bacterial infections and COVID-19.
For instance, owing to their intrinsic anti-inflammatory activity,
EVs from MSCs are in several ongoing clinical trials for treating
hyperinflammation and acute respiratory distress syndrome caused
by bacterial and/or SARS-CoV-2 infections. Further, CD24-
overexpressing EVs isolated from engineered T-REX™-
293 cells are also being studied for treating COVID-19 in two
ongoing trials. However, these EVs employ a different mechanism
of action as compared to MSC-derived EVs, which involves the
inhibition of T cell proliferation by CD24. Notably, successful
clinical translation of immunomodulatory cellular nanovesicles
needs to overcome pressing challenges including scale-up and
consistency of production, standardized characterization and
quality control, suitable storage and stability, and enhanced bio-
logical activities527e529. Although no immunomodulatory cellular
nanovesicle products have been approved by regulatory agencies,
it is expected that with the continuous, extensive preclinical and
clinical studies, more cellular nanovesicles will reach clinical
studies and even clinical approvals.

8. Conclusions and future perspectives

Cellular nanovesicles inherit the internal and surface molecules
from their parent cells. They have multiple functions one being
immunomodulation. Due to the differences in parent cell types,
tissues, and physiological conditions, the composition of cellular
nanovesicles is multifarious, which leads to different regulatory
effects on physiological and pathological processes. Immunoacti-
vation and immunosuppression are balanced and modulated by
cellular nanovesicles via the cargo they carry and the cells they
interact with. Due to their unique plasticity, cellular nanovesicles
can be modified and enriched with functional ingredients that could
extend their immunoregulatory applications. Given their low
toxicity, high structural stability, remarkable loading capacity, and
multi-engineered functions, cellular nanovesicles have shown
promise as cell-free immunotherapies for the treatment of diverse
diseases, such as cancer, autoimmune diseases, infectious diseases,
and tissue injuries. Notably, compared with immunomodulator-
loaded synthetic nanoparticles such as liposomes and polymer
particles, cellular nanovesicles express innate proteins or receptors
from parent cells which may result in intrinsic, efficient targeting to
specific tissues and cells530,531. In addition, the intrinsic immuno-
modulatory activity of cellular nanovesicles can bypass the need of
exogenous drugs. However, the challenge for large-scale production
is one of the key downsides of cellular nanovesicles as compared to
synthetic nanoparticles.

Although many studies have validated the potential usefulness
of cellular nanovesicles for immunomodulation, challenges still
remain in the better understanding of their biological foundations
and clinical translation. It has been demonstrated that modified
cellular nanovesicles can carry proteins, lipids, DNA, noncoding
RNA, and other cargoes to recipient cells for the regulation of
cellular behaviors. It is also clear that they are involved in inter-
cellular signaling, regulation of inflammation, fibrosis, cell sur-
vival and apoptosis, angiogenesis, thrombosis, autophagy,
immunosuppression, and immunoactivation, which means that
they have therapeutic potential in regulating immune responses in
diverse pathologies. However, to date, research has majorly
focused on preclinical studies, and clinical research data are still
relatively scarce. Large-scale production of cellular nanovesicles
is required for clinical studies which is still hard to achieve. Be-
sides, variations between different batches of nanovesicles need to
be valued which is essential for reproducible studies. Further,
assessment of risk-efficiency is one of the key factors for clinical
applications of cellular nanovesicles in the future. Moreover, some
functional components of cellular nanovesicles and their molec-
ular mechanisms are still unclear. There is also a need to study
their noncoding RNA content, such as lncRNA and circRNA, in
addition to their miRNA content. The highly efficient isolation
and purification techniques used to study cellular nanovesicles at
the molecular level should now be matched by equally potent
approaches for the rapid clinical transformation and application of
cellular nanovesicles.
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