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Abstract

Intercellular communication is a critical process that ensures cooperation between distinct cell types and maintains
homeostasis. EVs, which were initially described as cellular debris and devoid of biological function, are now recog-
nized as key components in cell-cell communication. EVs are known to carry multiple factors derived from their cell
of origin, including cytokines and chemokines, active enzymes, metabolites, nucleic acids, and surface molecules,
that can alter the behavior of recipient cells. Since the cargo of EVs reflects their parental cells, EVs from damaged and
dysfunctional tissue environments offer an abundance of information toward elucidating the molecular mechanisms
of various diseases and pathological conditions. In this review, we discuss the most recent findings regarding the role
of EVs in the progression of cancer, metabolic disorders, and inflammatory lung diseases given the high prevalence of
these conditions worldwide and the important role that intercellular communication between immune, parenchymal,
and stromal cells plays in the development of these pathological states. We also consider the clinical applications of

EVs, including the possibilities for their use as novel therapeutics.
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Background

Studying the biological function of extracellular vesi-
cles (EVs) is an emerging research area, and the body of
work supporting the transfer of communicating compo-
nents through secreted EVs has greatly expanded. EVs
represent a novel axis of intercellular communication,
contributing not only to tissue homeostasis but also to
the pathogenesis of immune-mediated diseases. EVs are
spherical, lipid-bilayer delimited structures that are uni-
versally secreted by nearly all cell types and organisms.
While EVs are subcategorized into several groups based
on their biogenesis pathway, the term extracellular vesicle
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generally refers to particles in the range of 50—5000 nm,
with exosomes and microvesicles (MVs; also known as
microparticles) being the most commonly studied types
of EVs. Exosomes are formed through the inward bud-
ding of the multivesicular body, an intracellular com-
ponent of the endocytic pathway, and are typically
30-150 nm in diameter. In contrast, MVs are formed
through outward budding of the plasma membrane and
are generally 100-1000 nm in diameter. Exosomes and
MVs overlap in size and density and share many of the
same biosynthesis components, making them experimen-
tally difficult to distinguish. Therefore, throughout this
review, we will refer to exosomes and MVs as EVs. While
EVs were initially believed to be cellular waste products,
their status as key players in intercellular communication
is now broadly recognized [1]. Cells can transfer mes-
sages to each other through EVs by sending bioactive
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cargo, including proteins (enzymes, surface receptors,
signaling proteins), nucleic acids (mnRNAs, microRNAs,
DNA fragments), lipids (sterols, phospholipids, sphin-
golipids), and metabolites (amino acids, steroid hor-
mones, TCA cycle intermediates) [2, 3]. Additionally, EVs
have been shown to possess intrinsic, cell-specific hom-
ing capabilities [4, 5]. The striking targeting specificity of
EVs is believed to be driven by distinct vesicular surface
proteins [6]. These dynamic features accentuate their
potential as the primary drivers of crosstalk between cells
in the local microenvironment and in distant sites to con-
tribute to tissue fates (Fig. 1).
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While much evidence is accumulating regarding the
importance of EVs as effective communicators, much less
has been studied regarding the role of EVs in the develop-
ment of pathological conditions. Recent insights gained
from the experimental study of EVs derived from human
subjects, tissue culture, and animal models are shaping
our understanding of the cellular communication pat-
terns that unfold during disease progression. As tissue
damage develops, the information that is transmitted
between stromal, immune, and dysfunctional cells dic-
tates pathogenesis and outcome. This review serves to
highlight recent work that uncovers factors and signaling
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Fig. 1 Overview of EV-mediated communication in disease progression. EV secretion is a universal process among stromal, parenchymal, immune,
and cancer cells. Cargo contained in EVs will reflect the state of the parent cell, and communication via EVs will occur in a selective manner with
particular recipient cells in nearby and distant tissues. Ultimately, the result of EV communication will dictate persistence of tissue homeostasis or
development and progression of a disease state
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pathways that are involved in EV-mediated commu-
nication within injured and diseased environments. It
should be noted that EVs have been implicated in many
diverse pathologies, including cardiovascular, renal, and
musculoskeletal diseases [7—9]. However, in this review
we highlight non-communicable disorders that involve
crosstalk between immune cells and soft tissue environ-
ments. We focus on cancer, metabolic disorders, and
inflammatory lung diseases given their high incidence
worldwide, and the importance of the immune system in
the fate of the disease [10-13]. We also provide insight
into EV-mediated communication patterns in these con-
ditions and highlight future therapeutic directions.

EV-driven communication in the tumor
microenvironment

Immune suppression and modulation

Tumor cells interact with the immune system throughout
all stages of disease development, and crosstalk between
tumor cells and immune cells is critical to cancer pro-
gression [14]. Several recent studies have attributed
immunomodulatory functions to cancer cell-derived
EVs. Namely, the vesicular transfer of microRNAs (miR-
NAs)—small non-coding RNAs that are involved in the
post-transcriptional inhibition and regulation of gene
expression—is a key process in cancer immunomodula-
tion. For example, colorectal cancer (CRC) cells have
been shown to release EVs containing miRNA 1246,
which when internalized by macrophages, caused them
to undergo reprogramming and release anti-inflamma-
tory and tumor supportive factors [15]. Macrophages
play a significant role in the tumor microenvironment
(TME) and can account for more than 50% of the tumor
mass [16]. However, the high degree of macrophage pres-
ence within the TME is generally not associated with
increased tumoricidal effects. Rather, clinical investiga-
tions reveal a correlation between high tumor-associated
macrophage (TAM) density and a poor prognosis [17]. In
general, macrophages are highly plastic and possess the
ability for polarization or “activation” by environmental
cues that results in functional phenotypic changes [18,
19]. Macrophages are typically characterized as “clas-
sically activated’, presenting an M1 pro-inflammatory
phenotype, or “alternatively activated’, having an M2
phenotype involved in the resolution of inflammation
and the initiation of tissue repair. Particularly, presence
and infiltration of M2 macrophages has been linked to
poor prognoses in several cancers [20-22]. Recently,
Zhao and co-workers demonstrated that tumor EVs from
CRC cells polarized macrophages into an M2 phenotype
via transfer of miRNA 934 (miR-934) [23]. In vitro exper-
iments verified that miR-934 targets and downregulates
phosphatase and tensin homolog (PTEN), resulting in
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the activation of PI3K/AKT signaling, a key pathway that
is normally antagonized by PTEN. Consequently, mac-
rophages expressed higher amounts of the chemokine
CXCL13, which can induce a positive feedback loop with
tumor cells and enhance secretion of miR-934 through
tumor-derived EVs. Establishment of this feedback loop
through EVs allows for persistent crosstalk between
macrophages and tumor cells that creates a favorable
inflammatory environment for tumor progression and
metastasis. Moreover, the microenvironment of most
solid tumors contains hypoxic regions due to abnormal
vasculature and the rapid proliferation of tumor cells [24,
25]. Tumor EVs from hypoxic conditions were shown
to be enriched in chemokines and immunosuppressive
factors, including colony stimulating factor 1 (CSEF-1),
chemokine ligand 2 (CCL2), and transforming growth
factor beta (TGF-f), leading to macrophage chemotaxis
and polarization into an M2-like phenotype [26]. Vesicu-
lar transfer of let-7a miRNA from hypoxic tumors to bone
marrow-derived macrophages also promoted M2 polari-
zation and enhanced oxidative phosphorylation activity
through downregulation of the AKT-mTOR signaling
pathway. Taken together, tumor-derived EVs play a key a
role in the recruitment and maintenance of macrophages
in the TME. Tumor cells use EVs to drive macrophages
toward an M2 fate, which leads to an immunosuppressive
environment that promotes cancer progression.

Within the TME, EV-mediated crosstalk is a multi-
directional process. Tumor cells may reprogram and
influence the behavior of immune cells, which send new
information back to the tumor (Fig. 2). In the context of
cancer, where a dysregulated immune response contrib-
utes to disease initiation and progression, EVs secreted
from TAMs were shown to promote migration in gas-
tric cancer cells via upregulation of PI3K-AKT signaling,
resulting in cytoskeletal remodeling and enhanced migra-
tion [27]. In another study, cancer patient-derived EVs
isolated from peripheral blood samples enhanced expres-
sion of vasculature endothelial growth factor A (VEGFA),
Wnt5A, and interleukin 1 beta (IL-1p) in human mac-
rophages while significantly enhancing the invasion of
breast cancer cells in vitro [28]. The relevance of these
factors in TME crosstalk has been explored previously,
where one study showed that CRC cells can induce the
secretion of IL-1B from surrounding macrophages [29].
While it was not explicitly confirmed to be encapsulated
within EVs, the secreted IL-1P from these macrophages
was sufficient to induce canonical Wnt signaling and pro-
mote enhanced growth in the tumor cells, despite IL-1p
lacking a signal peptide that would allow it to be secreted
through the canonical protein secretion pathway [30].
Thus, EV-based secretion of this cytokine, and possibly
others that lack a signal peptide, such as IL-18, offers a
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Fig. 2 EVsin the tumor microenvironment. Tumor cells secrete EVs that target the immune system. Monocytes that uptake tumor EVs are driven
toward an M2 and tumor-associated phenotype, resulting in the secretion of immunosuppressive and tumor-supportive factors. Tumor-associated
macrophages release EVs that also act on tumor cells, notably through activation of P13K-AKT and Wnt signaling, causing enhanced migration and
proliferation. Additionally, tumor cells evade immune surveillance by shedding EVs that contain PD-L1, which directly inhibits the T cell-mediated

potential mechanism of non-canonical secretion. Addi-
tionally, Wnt5a has been shown to increase the secretion
of CCL2, cyclooxygenase 2 (COX-2), and prostaglandin
E, (PGE,) in macrophages, leading to the recruitment of
additional macrophages and the progression of gastric
cancer [31]. Due to their hydrophobicity, the extracellular
diffusion of Wnt ligands is not well understood. Secre-
tion of active Wnt ligands in EV-associated forms has
been shown in vitro in drosophila and human cell cul-
tures [32]. Ultimately, cancer cells are capable of utilizing

EVs as a selective means of communication to reprogram
macrophages toward a pro-tumorigenic fate, where mac-
rophages will secrete EVs to collaborate with cancer cells
for disease progression.

Additionally, tumors often adapt to exploit the immune
system’s intrinsic regulatory mechanisms in order to
avoid immune surveillance. One of the key immune
checkpoints involves programmed cell death protein 1
(PD-1) and its ligand PD-L1 [33]. In normal biology, T
cells express PD-1 and interact with PD-L1 on antigen
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presenting cells (APCs) to inhibit T cell activity in the
late stages of an inflammatory response. It has been pre-
viously established that tumor cells may express PD-L1
intrinsically through constitutive oncogenic signaling
or adaptively in response to inflammatory factors [34].
Haderk and colleagues were among the first to report
PD-L1 modulation in immune cells through tumor-
derived vesicles [35]. They found that EVs derived from
the plasma of chronic lymphocytic leukemia patients
were highly enriched in the noncoding RNA hY4 when
compared to that in healthy individuals. Transfer of
vesicular hY4 to monocytes was shown to involve Toll-
like receptor 7 (TLR7) signaling, which induced the
expression of PD-L1. Mechanistically, the same effect can
be achieved through the release of PD-L1 expressing EVs
from tumor cells themselves. Indeed, Chen et al. reported
vesicular PD-L1 mediated immunosuppression from
melanoma cells in both cell culture- and patient-derived
EV samples [36]. PD-L1 4+ EVs were shown to be taken up
by CD8+T cells, which suppressed their proliferation,
cytokine secretion, and cytotoxic capacity. Notably, simi-
lar results were observed regarding tumor-derived EVs in
breast and prostate cancers [37, 38].

EVs clearly play a central role in intercellular commu-
nication between tumor and immune cells. Cancer cell-
derived EVs participate in driving immune cells to adopt
pro-tumor phenotypes, allowing the tumor to systemi-
cally evade immune surveillance and establish favorable
microenvironments. Additionally, EVs secreted by dys-
regulated immune cells in the tumor microenvironment
can induce changes in cancer cells, such as increased
migration and proliferation, that contribute to the pro-
gression of cancer. These studies highlight the impor-
tance of EVs in mediating tumor—immune cell crosstalk
in the TME.

Effects of post-therapy tissue damage on tumor-stromal
interactions

Chemotherapy

Chemotherapy is a widely implemented systemic therapy
to treat cancer patients. Chemotherapeutic drugs gener-
ally affect rapidly proliferating cells in many parts of the
body in addition to the tumor [39]. Most chemothera-
peutic drugs used to treat cancer induce oxidative stress
through the elevation of intercellular reactive oxygen spe-
cies (ROS) levels [40, 41]. Excessive ROS levels and the
accumulation of oxidized biomolecules may overwhelm a
cell’s antioxidant capabilities and induce cytotoxicity [42].
Several studies have demonstrated that exogenous ROS
induce the secretion of EVs in human alveolar and epi-
thelial cells [43, 44]. In neutrophils and monocytes, treat-
ment with CO, to induce intrinsic ROS generation was
also shown to result in enhanced EV secretion [45].
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Recently, Shen et al. revealed an EV-mediated mecha-
nism of chemotherapy resistance in breast cancer [46].
Cancer cells were treated with docetaxel or doxorubicin,
and EVs derived from treated cells were investigated.
Expression levels of several vesicular miRNAs were sig-
nificantly elevated in EVs derived from cells that were
treated with the chemotherapeutics, and those EVs
induced cancer stem cell characteristics in naive breast
cancer cells, including enhanced sphere forming effi-
ciency, expression of ATP-binding cassette (ABC) trans-
porters, and a stemness-associated gene profile. Breast
cancer stem cells are critically involved in tumor recur-
rence and metastasis and have robust therapy resistance
properties [47]. EV-mediated communication of chem-
otherapy-injured tumor cells with the surviving tumor
fraction may therefore promote broader chemoresistance
in patients.

Chemotherapy-induced alterations in the relationship
between EVs and cholesterol transfer was recently stud-
ied in acute myeloid leukemia (AML) [48]. AML cells
were shown to increase cholesterol levels and secrete a
significantly greater number of EVs containing HMG-
CoA reductase (HMGCR) after treatment with cytara-
bine. Furthermore, AML EVs were involved in autocrine
signaling, which resulted in increased cholesterol pro-
duction and cellular proliferation in recipient AML cells.
This elucidates a vicious cycle of cholesterol production
that is dependent upon EV-mediated autocrine signaling
(Fig. 3A). High levels of cholesterol could negatively reg-
ulate the immune system, for example thorough inhibi-
tion of sterol regulatory element-binding proteins in NK
cells, leading to dysfunction in anti-tumor immunity and
development of chemoresistance [48, 49].

Surgery

The majority of cancer patients will undergo surgery as
part of their therapy. Patients with locally controlled
solid tumors are more likely to receive surgery as their
sole or primary form of treatment [39]. Evidence from
clinical studies has shown that surgical manipulation
of various tumors induce dissemination of circulating
tumor cells (CTCs) [50]. Moreover, Fu et al. demon-
strated that EVs containing SMAD3 protein and mRNA
derived from hepatocellular carcinoma cells enhanced
the adhesion capabilities of tumor cells in vitro while
also showing the uptake of tumor EVs by CTCs and
increased metastatic burden in vivo [51]. These findings
highlight the EV-mediated communication between
primary tumors and CTCs, establishing a mechanism
through which primary tumor cells aid in the survival
of CTCs and in their ability to adhere to distant meta-
static sites. Additionally, the ability of tumor-derived
vesicles to form pre-metastatic niches in distant tissues
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Fig. 3 The role of EVs post-cancer therapy. A Chemotherapy increases intracellular levels of reactive oxygen species (ROS), which leads to higher
EV secretion. EVs derived from tumors that have been exposed to chemotherapeutic drugs have been shown to contain HMG-CoA reductase
(HMGCR), which acts in an autocrine/paracrine manner, resulting in a vicious cycle of cholesterol production in cancer cells. Enhanced cholesterol
levels can suppress natural immunity through inhibition of NK cells. B Surgical manipulation of tumors may induce circulating tumor cell (CTC)
generation while causing an inflammatory state characterized by increased neutrophils in circulation. Tumor-derived EVs in circulation interact with
neutrophils to induce NETosis, which allows CTCs to reach target organs. Tumor cells and tumor-derived EVs, along with immune cells, establish

a pre-metastatic niche at this site. C After tumor cells have been exposed to ionizing radiation (IR), EV secretion is enhanced with cargo contents
involved in AKT signaling, cell motility, DNA damage, and cytokine responses. Under hypoxic conditions, EV secretion is further increased, and these
EVs promote migration in tumor cells and angiogenesis

has been described. For instance, macrophage migra-
tion inhibitory factor (MIF) containing EVs from pan-
creatic cancer cells were shown to selectively target
and activate Kupfer cells (KCs) in the liver, resulting in
increased secretion of TGF-f [52]. This led to enhanced
fibronectin production by hepatic stellate cells and

subsequent macrophage infiltration. Macrophage infil-
tration has been shown to be positively correlated with
metastasis and pre-metastatic niche formation in can-
cer patients and mouse models [53, 54]. Furthermore,
Zeng et al. showed that vesicular miR-25-3p transferred
from CRC cells to endothelial cells increased vascular
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permeability by targeting Kriippel-like Factor 2 and 4
(KLF2/4) [55]. With enhanced permeability, CTCs can
cross the endothelial barrier and extravasate into sur-
rounding tissues, which may lead to metastatic disease.

Complications arising from CTC dissemination are
further compounded when considering the role of sur-
gery-induced immune activation. Surgical injury results
in the activation of immune cells, such as monocytes,
lymphocytes, and granulocytes, and enhances the post-
operative inflammatory environment [56]. While the
immune response after surgery is imperative in the
wound healing process, many patients undergoing major
oncological surgeries can develop systemic inflamma-
tory response syndrome (SIRS) that may last up to one
week or more [57, 58]. Additionally, acute inflammatory
conditions such as SIRS are typically associated with the
hyperactivation of neutrophils, which are the most abun-
dant type of circulating white blood cell and have long
been implicated in the immune response to surgery [59—
61]. Brinkmann et al. first demonstrated that neutrophils
could release granule proteins and nuclear chromatin to
generate neutrophil extracellular traps (NETs), which
are structures that can entangle and eliminate patho-
gens extracellularly [62]. Park and colleagues established
a connection between cancer cells, NETs, and metasta-
sis, where they showed that breast cancer cells induced
metastasis-supporting NET formation while treatment
with DNase I-coated nanoparticles attenuated lung
metastases [63]. Cooperation between tumor-derived
EVs and neutrophils in tumor progression was recently
proposed by Leal et al, whose work has suggested that
granulocyte colony-stimulating factor (G-CSF) from
tumor cells induces activation and release of neutro-
phils into the circulation, where interaction with tumor-
derived EVs promotes the release of NETs [64]. To our
knowledge, this has been the only study to examine the
interactions between tumor-derived EVs and neutrophils
with respect to NETosis—the release and development
of NETs. However, several factors that are involved in
NET formation have been shown to be involved in EV-
mediated communication. Tissue factor (TF) is critical
to the coagulation cascade, and TF-decorated NETs have
been shown to be released by neutrophils under inflam-
matory conditions, resulting in platelet activation that
further promotes NETosis [65]. In a mouse model, pan-
creatic cancer cell-derived EVs were shown to express TF
and bind avidly to NETs, contributing to thrombosis [66].
While cell interactions were not explicitly investigated, it
is possible that TF-containing EVs released from a pri-
mary tumor may interact with circulating neutrophils
and platelets and contribute to NETosis. An overview of
the cascade connecting surgery-induced inflammation
and cancer metastasis is shown in Fig. 3B.
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Radiotherapy

Radiation therapy is an integral component of palliative
and curative care for cancer patients, with estimates that
over 50% of patients will receive radiation as part of their
treatment [67]. Ionizing radiation (IR) has been estab-
lished as a factor that significantly impacts intercellular
communication. Nagasawa and Little were among the
first to propose that genetic changes in cells that are not
directly irradiated result from altered intercellular sign-
aling [68]. Termed radiation-induced bystander effects
(RIBE), these biological changes in cells outside of the
direct field of radiation may be capable of causing sys-
temic effects [69]. Recently, there has been a desire to
determine a connection between EV-mediated commu-
nication and RIBE. Radiotherapy exposes both healthy
tissue and tumor cells to IR, causing DNA damage in
both [67]. Yu and colleagues first reported enhanced EV
production in cells undergoing a DNA damage-induced
stress response [70]. From their work analyzing the treat-
ment of lung cancer cell lines with 5 Gy of y irradiation,
they postulated that IR-induced DNA damage leads to
activation of the transcription factor p53, allowing for
the upregulation of tumor suppressor-activated pathway
6 (TSAP6). TSAP6 has been identified as a key player in
EV secretion as radiation-induced secretions of EVs were
abrogated in TSAP6-null mice [71]. Additionally, more
recent studies have reproduced the observation of radi-
ation-induced enhanced EV secretion in head and neck
and breast cancer models [72, 73].

Furthermore, the factors transferred by EVs in this con-
text have recently been highlighted as multiple studies
have reported changes in the composition of EVs follow-
ing IR. Several groups have analyzed changes in vesicles
secreted from head and neck cancer cells following mod-
erate doses of in vitro radiation. Mutschelknaus et al.
found nearly 80 differentially regulated proteins in EVs
isolated from cells treated with 6 Gy of radiation [74].
Protein function analysis revealed that the deregulated
proteins were primarily involved in cell motility and AKT
signaling, and treatment of cancer cells with the isolated
EVs ultimately resulted in increased matrix metallo-
proteinase (MMP)-2 and MMP-9 expression. Similarly,
Abramowicz and colleagues analyzed the miRNA profile
of EVs derived from irradiated head and neck cancer cells
treated to doses of up to 8 Gy and found that the differ-
entially expressed miRNA species after radiation were
linked to genes involved in cytokine-mediated and DNA
damage responses [75].

Radiation-induced alterations in EV signaling are
believed to be influenced by oxygen levels in the envi-
ronment, but this relationship is poorly understood. As
portions of the TME are often hypoxic, it is important
to understand how IR further compounds changes in
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cellular crosstalk. Jung and colleagues investigated EV
dynamics under normoxic and hypoxic conditions and
with or without IR treatment in a breast cancer model
[76]. They reported higher levels of EVs derived from
cells under hypoxic conditions, with the largest amount
of vesicles secreted by irradiated hypoxic cells. Addition-
ally, EV uptake by hypoxic breast cancer cells was found
to be higher when the EVs were secreted from hypoxic
or irradiated cells, and the highest uptake was achieved
for hypoxic non-irradiated EVs. Similarly, Mo et al
recently published their findings regarding the analysis
of lung cancer-derived EVs [77]. EVs from hypoxic irra-
diated cells most prominently enhanced cell migration
and invasion in cancer cells while leading to increased
proliferation and vascularization in endothelial cells.
Furthermore, proteomic analysis showed that vesicular
angiopoietin-like 4 (ANGPTL4) was a key factor. The
interplay between IR-induced damage and the oxygen
levels within the TME appear to impact EV-mediated
communication (Fig. 3C).

While studies regarding radiation-induced modifi-
cations of EV crosstalk have focused primarily on the
response of cancer cells, the EV-mediated radiation
response in normal tissue cells has yet to be significantly
explored. As normal tissue irradiation has been impli-
cated in cancer recurrence under immunocompromised
conditions, EV-mediated tumor—stromal interactions
following IR will be imperative to study to more compre-
hensively understand the effects of IR-associated changes
in EV composition on intercellular communication and
disease progression [54].

The role of EVs in the progression of metabolic
disorders

Cell-cell communication in obesity and diabetes
Metabolic disorders, generally characterized by hyper-
glycemia, hyperlipidemia, hypertension, and high body-
fat, are estimated to affect about one-fourth of world’s
population [78]. Moreover, the World Health Organiza-
tion has described obesity as a “global epidemic’, with
the rate of obesity in adults in the United States reach-
ing levels over 40% [79, 80]. Circulating levels of EVs are
enhanced in patients with disorders such type 2 diabetes,
dyslipidemia, and obesity [81]. A recent in vivo study
revealed that mice with adipose-specific knockdown of
Sirtl experienced excessive fat accumulation, disordered
glucose metabolism, insulin resistance, and increased EV
secretion [82]. However, treatment with the EV inhibi-
tor GW4869 reversed the impaired metabolic profile in
the mice. These results highlight a relationship between
Sirtl and EV-mediated communication in adipose tis-
sue. While the underlying mechanism was not explored
in depth, the authors found that insulin sensitivity was
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modulated by EVs at least partially via the TLR4/NF-«xB
signaling pathway. Additionally, adipose tissue has been
shown to be a major source of miRNA-carrying EVs [83].
In another study, adipocytes in obese adipose tissue were
found to release EVs carrying miR-34a, which was trans-
ferred to resident macrophages and caused a shift from
an M2 to M1 phenotype [84]. This came as a result of
the downregulation of the transcription factor KLF4 and
led to a highly inflammatory and fibrotic environment,
thereby leading to systemic glucose intolerance and
insulin resistance. Another study found that EVs from
adipose tissue macrophages (ATMs) were key players in
mediating insulin resistance. Ying et al. found that miR-
155 was enriched in obese ATM EVs, and that systemic
treatment of lean mice with obese ATM EVs resulted in
glucose intolerance and insulin resistance [85]. While this
study analyzed communication through adoptive trans-
fer of EVs, it provides evidence for the cross talk between
ATMs and cells in other tissues such as the liver, visceral
adipose tissue, and muscle.

Freeman and colleagues recently revealed that patients
with diabetes had higher levels of circulating EVs com-
pared to euglycemic individuals [86]. Furthermore, the
level of insulin resistance in patients was positively cor-
related with plasma EV concentrations while prolonged
insulin treatment in vitro similarly resulted in elevated
EV secretion in primary neuronal cells. EVs from diabetic
patients were preferentially taken up by circulating leu-
kocytes, namely monocytes and B cells, when compared
to EVs from euglycemic controls, which altered the gene
expression of the recipient cells. These results suggest a
connection between insulin resistance and EV secre-
tion in human diabetic patients while also highlighting
the enhanced communicative ability with immune cells.
While the precise ligands that contributed to enhanced
uptake of diabetic EVs were not explored, a controlled
shift in EV-mediated communication patterns is evident.
Therefore, the interactions between the immune system
and several tissues and organs in the body, including
muscle and adipose tissues, the pancreas, and the liver,
are imperative to the onset and progression of diabetes.
An overview of the relation between fat accumulation,
EV communication, and disease progression is shown in
Fig. 4.

EV regulation of liver diseases

The liver plays an essential role in metabolism and the
immune system. Within the liver, hepatocytes can send
metabolically active enzymes via EVs. Angulo et al
recently reviewed the current status of active enzyme-
carrying EVs in liver conditions [87]. Notably, active
arginase 1 has been detected in EVs derived from rat
hepatocytes as evidenced by a substantial change in
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Fig. 4 Overview of EV-mediated communication in liver diseases. In drug-induced liver damage, EV communication between hepatocytes and
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to communication between hepatocytes and hepatic stellate cells that promotes progression of fatty liver to non-alcoholic steatohepatitis (NASH).
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L-arginine levels after adding EVs isolated from aceta-
minophen-treated cultures to serum [88]. Dysregulated
arginine breakdown has serious implications in processes
like vascularization, which is regulated by the metabo-
lism of arginine. Drug-induced damage to liver cells may
in turn propagate abnormal metabolic processes in dis-
tant tissues through EV-mediated communication. Pre-
vious work shows that early drug-induced liver injury
events are initiated by hepatocyte-derived EVs. Using an
in vivo rat model, Holman et al. found that plasma levels
of vesicular miR-122, which is a highly enriched miRNA

in the liver, decreased over time while albumin mRNA
increased when rats were treated with subtoxic aceta-
minophen doses [89, 90]. Since there were no significant
changes in the number of EVs, the packaging of these
RNA species appears to be a selective means of commu-
nication, even in the absence of overt liver injury. Moreo-
ver, hepatocyte transfer of miR-122 via EVs to human
monocytes has been shown to sensitize monocytes
to lipopolysaccharide (LPS) treatment and induce an
enhanced inflammatory response that is characterized by
increased tumor necrosis factor alpha (TNF-«) and IL-1B
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production [91]. An augmented inflammatory state such
as this is pivotal in the development of alcohol and drug-
induced steatohepatitis [92]. Ibrahim and colleagues
revealed a similar interaction between liver EVs and the
immune system. They found that lipotoxic treatment of
hepatocytes resulted in the enrichment of CXCL10 in
EVs, an effect that was attenuated when mixed lineage
kinase 3 (MLK3) was knocked out or pharmacologically
inhibited [93]. Later work by Ibrahim and colleagues
showed that the enhanced CXCL10 in EVs was specifi-
cally associated with pro-inflammatory macrophage infil-
tration in this context [94]. These results suggest that
liver cell lipotoxicity, which occurs with high accumula-
tion of fat in the liver, induces EV-mediated recruitment
of non-resident macrophages that sets the stage for dis-
ease progression in the liver.

The worldwide prevalence of nonalcoholic fatty liver
disease (NAFLD) is increasing, with recent estimates
claiming roughly 1 in 4 individuals worldwide are afflicted
with NAFLD [95]. These rates will likely continue to rise
as the global obesity epidemic continues to develop. Dys-
regulated lipid metabolism leads to the accumulation of
excess fat in the liver, causing hepatic steatosis. Lee et al.
demonstrated that palmitic acid (PA)-treated hepato-
cytes significantly increased the production of EVs. These
EVs contained a distinct miRNA profile compared to
untreated cell-derived vesicles, including substantially
higher levels of miR-122 and miR-192 [96]. Additionally,
hepatic stellate cells (HSCs) incubated with EVs from PA-
treated hepatocytes had increased expression of various
fibrotic markers, including alpha smooth muscle actin
(a-SMA), TGF-B, and alpha-1 type I collagen (Collal).
Notably, a fibrotic environment and the accumula-
tion of macrophages are characteristics of nonalcoholic
steatohepatitis (NASH), a more severe form of liver dis-
ease [97]. The progression from steatosis to NASH may
depend on EV-mediated communication between hepat-
ocytes and HSCs. There are no approved therapies for
NASH, and thus understanding the processes involved in
its progression will be imperative for the development of
novel treatments.

EVs in inflammatory lung diseases

Emerging evidence has shown that immune cell-derived
EVs play a critical role in the pathology of inflammatory
lung diseases, including asthma, chronic obstructive pul-
monary disease (COPD), and acute lung injury/acute
respiratory distress syndrome (ALI/ARDS). Airway lin-
ing fluid, which is sampled by bronchoalveolar lavage, is
highly populated by EVs [98]. EVs found in this fluid are
derived primarily from mucosal epithelial cells lining the
airways and are likely an integral component of the local
airway tissue [99]. Not only are EVs present in the airways
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during homeostasis, they are increased in the airway lin-
ing fluid of mice with lung inflammation caused by both
asthma and infection [99, 100]. Enhanced EV levels
have also been found in the airways of human asthmatic
patients [101]. In addition to an increase in number, the
composition of EVs differs between healthy and inflamed
airways. The frequency of major histocompatibility com-
plex class Il and CD54 carrying EVs is higher in the bron-
choalveolar lavage fluid (BALF) of asthmatic individuals
compared to that in healthy individuals [101]. EVs iso-
lated from the BALF of individuals exposed to second-
hand smoke were also shown to have lower abundance
of the lipid ceramide than those isolated from individu-
als unexposed to secondhand smoke [101]. Additionally,
immune cell-derived EVs are increased in the airways
of mice with induced allergic airway inflammation com-
pared to control conditions [99]. The fact that EVs are
increased and have different compositions in inflamma-
tory lung diseases indicates that they may be involved in
pathogenesis. Figure 5 shows an overview of the immune
cells that are recruited to the airways in inflammatory
lung disease.

Pro-inflammatory processes

In addition to being increased in biofluids in response
to inflammatory stimuli, EVs carry critical communicat-
ing cargoes that implicate them in immune-mediated
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and context. These EVs can also induce tissue damage and fibrosis
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pathology. In fact, EVs in the lung have been demon-
strated to carry cytokines that play critical roles in the
communication between immune cells. For example,
in mouse models of infection-exacerbated asthma and
COPD, EVs secreted into the airway carry the pro-inflam-
matory cytokines IL-18 and IL-1pB, resulting in airway
lining fluid and lung tissue neutrophilia [100]. In mouse
models of ALI, macrophages and neutrophils were found
to secrete EVs carrying the pro-inflammatory cytokine
TNEF-a following induction of lung injury by airway LPS
instillation [102, 103]. Moreover, EVs derived from alveo-
lar macrophages primed in vitro with an ALI-inducing
stimulus were shown to induce ALI hallmarks, includ-
ing airway neutrophilia, when instilled into the airways
of naive mice [102]. These studies suggest that immune-
derived EVs contribute to the pathology of inflamma-
tory lung diseases through their cytokine cargoes. This is
consistent with in vitro work demonstrating that immune
cells secrete cytokine-laden EVs in isolation [104—106].

Apart from cytokines, reports also show that immune
cell-derived EVs carry active enzyme cargoes. Mac-
rophages, dendritic cells, and neutrophils secrete EVs
carrying leukotriene biosynthesis enzymes while EVs
secreted by activated T cells have been shown to carry
the TCR-associated kinase Lck [107-110]. This sup-
ports the idea that EVs play integral functional roles in
the environment of the airway tissue, perhaps by target-
ing functional enzymes to locations where substrates
are present or by protecting enzymes from degradation
and inactivation. In the context of COPD, EVs secreted
by activated neutrophils carry, protect, and target the
enzyme neutrophil elastase, which degrades extracellu-
lar matrix (ECM) components and contributes to COPD
pathogenesis [111]. Exposure to tobacco smoke also
induces macrophages to secrete EVs containing proteo-
lytically active MMP-14 in mice [112]. In addition, EVs
derived from the airway lining fluid of asthmatic patients
have been shown to increase leukotriene biosynthesis in
recipient cells [109]. Under ALI/ARDS conditions, lung
epithelial cells communicate with immune cells by releas-
ing EVs containing enzymes, including prolyl endopepti-
dase involved in the generation of the collagen-derived
neutrophil chemoattractant Pro-Gly-Pro and caspase-3,
which activates alveolar macrophages [113, 114]. These
studies suggest that immune cell-derived EVs enhance
and extend immune cell functions by delivering active
enzyme cargoes.

Immune cell-derived EVs in the lung have also been
shown to carry nucleic acids, where the miRNA content
of EVs has been the subject of extensive study. Extracel-
lular miRNAs derived from immune cells are increased
in the airway lining fluid of mice with induced aller-
gic airway inflammation, and these miRNAs are likely
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packaged into EVs as they are protected from degrada-
tion by RNases [99]. This indicates that immune cells
secrete miRNA-laden EVs into the airways in response to
inflammatory stimuli and that packaged miRNAs could
serve to transmit inflammatory signals. In support of
this concept, EVs secreted by epithelial cells in models
of ALI contain miRNA species capable of inducing mac-
rophage activation and recruitment into the lungs [115,
116]. Additionally, in a mouse model of ARDS, miR-466
family miRNAs were released into the airways in EVs
where the RNA cargoes activated the NLRP3 inflamma-
some, a protein complex required for the release of pro-
inflammatory cytokines such as IL-1B in macrophages
[117]. Immune cell-derived EVs carry a variety of bioac-
tive cargoes capable of contributing to the pathogenesis
of inflammatory lung diseases by facilitating intercel-
lular communication. EVs may serve to transport and
target immunomodulatory molecules like cytokines,
active enzymes, and microRNAs that alter the behavior
of target cells and tissues, ultimately contributing to the
pathology of inflammatory lung diseases.

Owing to the difficulty of identifying the active EV
components that exert a biological function on tar-
get cells, many studies have identified possible roles for
EVs in inflammatory lung diseases without identifying
a molecular mechanism. For example, Canas and col-
leagues found that eosinophils isolated from the periph-
eral blood of asthmatic patients, but not healthy controls,
secrete EVs that induce apoptosis in epithelial cells and
inhibit wound healing in vitro [118]. This suggests that
EVs derived from eosinophils may be involved in the air-
way remodeling characteristic of asthma. Additionally, it
has been found that EVs isolated from the BALF of mice
with ARDS/ALI contribute to macrophage recruitment
to the airways and to the regulation of cytokine produc-
tion and TLR expression in alveolar macrophages [119].
These EVs were derived primarily from airway epithelial
cells when the inducing stimulus was sterile and from
alveolar macrophages when the stimulus was infectious
[119]. This indicates that cells in the airway produce EVs
in response to specific inflammatory signals and that
these EVs contribute to ARDS/ALI inflammation. Addi-
tional studies are required to uncover the factors and
molecular mechanisms that govern these effects.

Anti-inflammatory processes

In addition to their pro-inflammatory effects, immune
cell-derived EVs can also play anti-inflammatory and
regulatory roles in pathologic lung inflammation. Alve-
olar macrophages secrete EVs containing suppressor
of cytokine signaling 1 (SOCS1) and SOCS3, which are
proteins that inhibit inflammatory cytokines involved in
the JAK/STAT3 pathway [120]. These suppressive EVs
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are taken up by epithelial cells and act to inhibit the acti-
vation of the JAK/STAT3 pathway. When alveolar mac-
rophages are treated with cytokines produced in allergic
inflammation, they no longer release suppressive EVs
[121]. This evidence indicates a mechanism by which
inflammation negatively regulates a critical axis of com-
munication mediated by EVs that maintains homeosta-
sis in the airways. EVs isolated from the lungs of mice
have also been shown to contain the anti-inflammatory
cytokines TGFB-1 and IL-10. These EVs likely originate
from dendritic cells that can communicate with T cells to
inhibit their proliferation in response to a specific antigen
[122]. There is also evidence that immune cell-derived
EVs are involved in tissue remodeling and wound repair
after inflammation has resolved, which can be patho-
logical in the development of fibrosis in the lungs. M2
macrophages secrete EVs containing miR-328, which
regulates the expression of FAM13A in fibroblasts to
promote pulmonary fibrosis [123]. Likewise, it has been
found that airway epithelial cells may transfer inositol
polyphosphate 4-phosphatase to fibroblasts, increasing
proliferation and contributing to lung fibrosis following
airway inflammation [45]. Thus, immune cell-derived
EVs are also implicated in anti-inflammatory intercellular
communication in the lung, which may become patho-
logical when EVs are involved in dysregulated wound
responses.

Conclusions and future perspectives

EVs serve as vital mediators of intercellular communica-
tion between immune, parenchymal, and stromal cells in
tissues. As such, it is intriguing to consider how the infor-
mation provided by EVs may be harnessed to diagnose
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and treat a wide range of diseases. Many studies have
investigated the use of specific cargo components in EVs
derived from biological fluids to use as biomarkers for
disease detection. For example, EVs with particular lipid
and miRNA cargoes, such as ceramides and miRNAs
with target transcripts involved in cytokine and MAPK
signaling, are altered in airway lining fluid collected
from asthmatics compared to healthy patients [101, 124,
125]. Many of the studies reviewed here provide addi-
tional support for using EV components as biomarkers
(Tables 1 and 2).

Metabolic diseases

Beyond use as biomarkers, knowledge of EV-mediated
communication may be directly applied to the treat-
ment of tissue injuries and immune-mediated diseases.
Targeting the interactions between parenchymal cells
and immune cells may result in favorable outcomes that
attenuate disease progression. In liver diseases, EV-
mediated transfer of miR-122 has been implicated in the
development of an inflammatory state that is critical to
steatohepatitis development [89, 91, 96]. Thus, vesicu-
lar miR-122 derived from hepatocytes is an attractive
therapeutic target. However, systemic effects regarding
this level of disruption remain to be fully understood.
In vivo work by Ibrahim et al. demonstrated that MLK3
deficiency diminished liver injury and inflammation [93],
indicating that targeting MLK3 pharmacologically in
hepatocytes also has substantial potential. Additionally,
anti-CXCL10 monoclonal antibody (mAb) therapy has
been used in clinical trials for other conditions and could
be implemented in NASH [126, 127]. Using mAb-based
therapies for blockade of EV-specific components has yet

Table 1 Cell types and biomolecules involved in EV-mediated disease progression

Disease = EV-secreting cell type EV cargo changes Effect on progression References
CRC Tumor cells 1+ miR-1246 Causes macrophage shift to anti-inflammatory and M2 phenotype [8,11]
1 miR-934
Melanoma Tumor cells 4 CSF-1 Macrophage chemotaxis and polarization to M2-like phenotype [26]
1 CCL-2
1 TGF-B
CLL Cancer cells 1 hy4 Induces expression of PD-L1 in monocytes [35]
Melanoma Tumor cells PD-L1 expression Suppression of proliferation, cytokine secretion, and cytotoxic abilities in [36]
CD8+T cells
NAFLD Hepatocytes + miR-122 Sensitizes macrophages to lipids, inducing enhanced inflammatory [73,75, 80]
4 MiR-192 response
Obesity Adipocytes 1 miR-34a Uptake by macrophages, leading to shift to M2 phenotype; glucose intol-  [82]
erance and insulin resistance
NASH Hepatocytes 4+ CXCL10 Recruitment of macrophages to the liver [80,81]
COPD Neutrophils 4 Neutrophil elastase  Degradation of ECM [111]
ALI/ARDS  Epithelial cells 1Prolyl endopeptidase Neutrophil chemoattraction and macrophage activation [113,114]
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Table 2 Cell types and biomolecules involved in EV-mediated progression of tissue injury

Injury-causing agent EV-secreting cell type EV cargo changes Effect on injury response References
Docetaxel, doxorubicin  Breast cancer cells 1 miR-203a-3p Induction of cancer stem cell characteristics [46]
1 miR-9-5p
1 miR-195-5p
Cytosine arabinoside  AML cells + HMGCR Increased cholesterol production and proliferation in AML [48]
cells
IR (6 Gy) Head and neck cancer cells 1 FGFR1 Enhanced migration and invasion in cancer cells; enhanced [74]
4 HSP90 MMP-2 and MMP-9 expression
| KRT80
1 LAMP1
IR (3 Gy) + hypoxia Lung cancer cells 1+ ANGPTL4 Promotes migration and invasion in cancer cells; increased [771
vascularization in endothelial cells
Tobacco smoke Macrophages T MMP-14 Degradation of lung connective tissue in emphysema [112]

to be explored and poses significant technical challenges.
Furthermore, Adipocytes also communicate with mac-
rophages to induce M2-polarization in obese conditions
[84]. Site-specific blocking of EV-communication within
adipose tissue through targeted use of GW4869 could
have immense benefits towards limiting the development
of insulin resistance. Additionally, adoptive transfer of
EVs from lean mice has been shown to result in near nor-
malization of glucose tolerance and improvements to sys-
temic insulin sensitivity [85]. Thus, further investigations
into the use of EVs as an adoptive transfer therapy could
provide beneficial outcomes.

Cancer and cancer therapies

Processes involving polarization of naive or pro-inflam-
matory M1 macrophages to an anti-inflammatory M2
phenotype are appealing targets for novel immunothera-
pies. Tumor cells in the TME rely heavily on polarization
of macrophages to create a pro-tumor and immunosup-
pressive environment [23, 26]. Furthermore, a phase I
clinical trial is investigating the use of an antisense oligo-
deoxynucleotide against insulin-like growth factor type I
for treatment of malignant gliomas. The antisense mol-
ecule, released from a small implanted diffusion chamber
that induces apoptotic cell death in surrounding tumor
cells, is hypothesized to work together with tumor-asso-
ciated antigen carrying EVs released from apoptotic cells
to stimulate an anti-tumor immune response in the TME
[128].

Regarding cancer therapies, several strategies may be
explored to target EV-mediated communication in an
effort to maximize the efficacy of traditional therapies
and eliminate therapy-induced recurrence. Improve-
ments to oncological surgeries through endoscopic tech-
niques may allow fewer CTCs to enter the circulation,
which may reduce the likelihood of interaction with NETs

and primary tumor-derived EVs in circulation and limit
the formation of metastatic niches. Another key focus
should be restricting interactions with primary tumor-
derived EVs and neutrophils. Targeting EV—neutrophil
interactions is a challenge, but blocking TF-positive EVs
through mAb-based therapies is one such option. Much
work remains to be done to elucidate the connection
between radiotherapy-injured tissues and EV-mediated
communication that results in cancer recurrence. Radio-
therapy could be improved by enhancing normal tissue
radioprotection such that EV release and dysregulated
communication do not result from IR-induced DNA
damage. Protecting normal tissue cells from ROS damage
induced by chemotherapy may also abrogate abnormal
EV-mediated communication.

Inflammatory lung diseases

In inflammatory lung diseases, EVs derived from immune
cells may be manipulated to serve as couriers of mole-
cules that have therapeutic effects when delivered to their
target cells. This has been explored through the develop-
ment of EVs decorated with chimeric antigen receptors
(CARsomes). CARsomes derived from dendritic cells
were shown to induce apoptosis in antigen-specific T
helper 2 (T}2) cells and may be able to attenuate allergic
airway inflammation [129]. Notably, T} 2 cells are thought
to be drivers of the pathology seen in allergic asthma.
Taking advantage of immune cell-derived EVs has also
been applied to the treatment of ALIL One study showed
that neutrophil membranes can be disrupted by nitro-
gen cavitation to produce EV-like particles, which can
be loaded with drugs and administered to mice with ALI
to attenuate inflammation [130]. Although these studies
are promising, several barriers exist to translating EV-
based therapies to the clinic. EVs, even those secreted by
a single cell type in vitro, are heterogeneous. Improved
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methods of collecting, isolating, and characterizing EVs
may make translation more feasible in the future.

EVs in the clinic

Outside of the pathologies discussed in this review,
EV-based therapeutics for clinical wound healing
applications have recently been explored. Particularly,
mesenchymal stem cell-derived EV therapies are quickly
moving toward clinical applications [131]. Stem cell-
based EV therapies have been evaluated in the context
of post-surgical wound healing, specifically for the treat-
ment of colo-cutaneuous fistulas and ischemia—reper-
fusion injury [132, 133]. Furthermore, pharmacological
inhibition of EV biogenesis (i.e. through GW4869) has
been proposed as a therapeutic route [134]. However,
not only do malignant processes rely on EV-mediated
communication, but EVs are also crucial for maintaining
tissue homeostasis and carrying out routine physiologi-
cal processes [135]. These inhibitors would non-specif-
ically block the activity of EVs, which would likely lead
to many off-target effects. One solution that is currently
undergoing an Early Feasibility Phase I clinical trial is the
depletion of patient circulating EVs (ClinicalTrials.gov:
NCTO04453046) [136]. An alternative method is to block
the uptake of EVs in the target cell population [137, 138].
While this strategy avoids disrupting necessary commu-
nication, the approach is significantly more complex as
rigorous studies need to be conducted to establish target
cells and their methods of vesicular uptake. It should be
noted that these EVs are likely not limited to one target
organ or cell population. Indeed, the studies reviewed
here have demonstrated that autocrine communica-
tion through EVs is integral to disease progression. The
intricacies associated with EV-mediated communication
must be considered as we look for ways to develop and
improve therapies.

Conclusions

The work discussed in this review underscores the impor-
tance of EVs in intercellular communication networks
that govern tissue injury and disease progression. In the
diseases and conditions explored here, healthy cells are
exposed to stress- and damage-inducing conditions upon
progression of the disease state. These conditions amplify
EV secretion, where the ensuing EV-mediated commu-
nication results in ongoing crosstalk between immune
cells and stromal and parenchymal cells. Ultimately,
these interactions can reshape the tissue microenviron-
ment to promote the survival, proliferation, and resist-
ance of dysfunctional cells. While our understanding of
EV-mediated communication is expanding rapidly, there
are clear gaps in our knowledge of the role of EVs in the
progression of pathological conditions. As such, much
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of the research highlighted here requires comprehensive
follow-up studies to further solidify therapeutic targets.
Nonetheless, the insights gained from these studies pro-
vide a framework to establish alternative and improved
therapies for patients suffering from complex diseases.
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