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Extracellular vesicles (EVs), like exosomes, are nanosized membrane-enveloped vesicles containing diﬀerent bioactive cargo, such
as proteins, lipids, mRNA, miRNA, and other small regulatory RNAs. Cell-derived EVs, including EVs originating from stem
cells, may capture components from damaged cells or cells impacted by therapeutic treatments. Interestingly, EVs derived
from stem cells can be preconditioned to produce and secrete EVs with diﬀerent therapeutic properties, particularly with
respect to heat-shock proteins and other molecular cargo contents. This behavior is consistent with stem cells that also
respond diﬀerently to various microenvironments. Heat-shock proteins play roles in cellular protection and mediate cellular
resistance to radiotherapy, chemotherapy, and heat shock. This review highlights the possible roles EVs play in mediating
cellular plasticity and survival when exposed to diﬀerent physical and chemical stressors, with a special focus on the
respiratory distress due to the air pollution.

1. Introduction
The bystander eﬀect (BE) is a phenomenon where cells naïve
to stress exhibit stress eﬀects following exposure to signals
from stressed cells [1]. This form of cellular communication
manifests as an autoimmune response and ampliﬁes possible
side eﬀects of a treatment or immune responses to a foreign
antigen [2]. Remarkable progress has been made in the past
20 years towards understanding the roles of heat [1, 3, 4],
inﬂammation [5, 6], radiation [7], chemotherapy [8, 9],
and hormonal- and immunotherapies [10–12] in the BE.
In particular, communication between diﬀerent cells in the
lung, such as bronchial epithelial cells, alveolar cells, endothelial cells, stem cells, and the immune cells, enables the
respiratory system to maintain proper lung function [13,

14]. Unfortunately, smoking and continuous exposure to
air pollutants, such as allergens and microbes, are the most
harmful factors contributing to respiratory diseases [15–
17]. Recent studies have revealed the pivotal role played by
the mesenchymal stem cells (MSCs) plays in ﬁghting tissue
injuries by transferring information from the environment
to stem and progenitor cell populations [18].
Increasing evidence suggests increases in temperature or
environmental, physiological, or clinical stress conditions
induce expression of a family of stress proteins called heatshock proteins (HSPs). Members of the HSP superfamily play
essential roles in protein folding, translocation, and degradation and were initially called “molecular chaperones” when
ﬁrst discovered in 1978 [19]. Heat-shock proteins are classiﬁed
into various families based on molecular weight, like HSP60,

2
HSP70, HSP90, HSP110, and small HSPs. Early studies initially revealed that HSPs were generated in response to heatshock stress. Since then, studies have shown that HSPs have
essential roles in assisting protein folding and refolding in
cells and play roles in preventing apoptosis during radiotherapy, chemotherapy, and immunotherapy [20]. Speciﬁcally,
studies have indicated that HSP expression is often increased
in tumor cells and associated with tumor progression, including increased migration and metastasis [21].
Intracellular expression of HSPs in the pathology of
many diseases has been studied for decades [22]. Literature
also indicates that the presence of HSPs in the extracellular
environment is an indicator of pathological conditions, such
as cancers [23]. Other studies have also revealed that HSPs
can be secreted in free form by cells undergoing necrosis,
such as when mechanical disruption damages membrane
integrity and releases HSPs [24], or secreted in membranebound extracellular vesicles (EVs), such as exosomes [25–
28]. According to a recent statement from the International
Society for Extracellular Vesicles (ISEV), EVs are lipid bilayer
vesicles released by cells into the surrounding environment
[29]. These vesicles can be categorized into three main
groups: apoptotic bodies released during apoptosis, microvesicles formed by plasma membrane budding, and nanosized
EVs called exosomes that are secreted by endocytosis [30,
31]. The generic term EVs is used in recent literature to refer
to all secreted membrane vesicles; however, as shown in
Table 1, EVs are highly heterogeneous in size, contents, and
origin of secretion. The nature, contents, and abundance of
the extracellular vesicle are inﬂuenced by the physiological
or pathological state of the cell of origin [32]. Any external
or internal cell stimuli can modulate molecular mechanisms
and EV targeting by impacting EV production, cargo, and
release. Extracellular vesicles can shuttle mRNA, microRNA
(miRNA), proteins, and lipids to target cells, change gene
expression, and regulate target cell behavior [29, 31, 33–37].
An in vitro study showed that EVs released by irradiated cells
can induce the BE in naïve cells, possibly by transferring their
cargo [1].
Unlike microvesicles and apoptotic bodies that pinch oﬀ
from the plasma membrane, exosome secretion requires
biogenesis of multivesicular bodies (MVBs) and sorting of
contents that delays exosome release. This delay may facilitate extra regulatory checkpoints for exosome secretion
compared to microvesicles [32]. The term exosome has
emerged in literature over the last two decades to describe a
new cell factor that plays a crucial role in intercellular communication in normal and pathological states. Exosomes
are approximately 50-150 nm [38] nanovesicles released
from originating cells into the extracellular environment via
the endocytic pathway. Biogenesis of exosomes begins with
inward budding of the cell membrane that captures some cellular membrane receptors to form an early endosome. Invagination of the endosome integrates various cytosolic proteins
and nucleic acids, including mRNA, miRNA, and other noncoding RNAs, to form MVBs that can fuse with the cytoplasmic membrane and release exosomes or fuse with the
lysosome for degradation [33]. The regulatory mechanisms
that confer degradation in lysosomes or secretion of MVBs
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as exosomes are largely unknown. However, there is a balance that determines cell function and communication
[32]. Lysosome inhibition increases exosome production
indicating that exosome release may compensate for
impaired lysosomal functions or help dispose of misfolded
proteins generated under pathological or physiological conditions [39]. Released exosomes are small copies of originating cells [40] enriched with biomolecules, like proteins,
speciﬁc to the originating cells (Figure 1).
Proteins that are enriched within exosomes or on the
exosomal membrane include tetraspanins (e.g., CD9, CD63,
and CD81), the Rab family of proteins that control exosome
release (e.g., Rab27a and Rab27b), tumor oncogenes or suppressors, proteins associated with MVB biogenesis (e.g., Alix
and TSG101), and heat-shock proteins (e.g., Hsc70 and
HSP90) [41]. Exosomes are found in all biological ﬂuids
and can target either nearby or distant cells inﬂuencing recipient cell metabolism; subsequently, an association has been
established between exosomes and the BE. For example,
EVs transport bioactive molecules, including nucleic acids,
proteins, and lipids inﬂuencing intercellular communication
and inducing cancer progression and immune remodeling
[42]. Moreover, EVs mediate the BE for lung diseases and
lung regeneration [18]. Therefore, this review will examine
evidence substantiating the roles of HSPs and exosomes in
promoting the BE and remodeling target cells. This review
will also discuss diﬀerent EV proﬁles and contents and how
these variable factors induce the BE and modulate metabolic
responses in the recipient cells.

2. Heat-Shock Proteins
Heat-shock proteins (HSPs), also referred to as bystander
antigens or chaperones, are a large family of chaperone proteins categorized by molecular weight into six major families
[43]. In nonstressed cells, HSPs are expressed as intracellular
proteins in low levels [44]; however, during stress conditions,
HSPs are produced when stress induces heat-shock factor
that binds to heat-shock elements in HSP promoters in
DNA, leading to the synthesis of HSPs [43]. Studies have
shown that HSP families are located in diﬀerent sites in the
cell and exhibit diﬀerent functions. For example, HSP10,
HSP60, and HSP75 are localized in mitochondria, while
other HSPs are present in the cytoplasm, cytosol (HSP70
and HSP90), endoplasmic reticulum, and nucleus (HSP90)
under physiological conditions [45]. HSP70 and HSP90 have
cytoprotective functions inside cells [46, 47], whereas HSP60
together with its cochaperone HSP10 is essential for mitochondrial protein folding [48].
Over the past several years, HSPs have been shown to play
an essential role in cell survival under conditions of stress. In
addition to intracellular functions, HSPs have extracellular
functions when secreted in free form from necrotic cells
[49], encapsulated inside exosomes released into the extracellular environment [25, 50, 51], or secreted into the circulation
during inﬂammation, like HSP60 [52]. The most studied HSP
families are HSP90, HSP70, HSP60, and HSP100. In particular, HSP70 is the most characterized family because of its
highly conserved proteins from prokaryotes to eukaryotes
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Table 1: Types and characteristics of diﬀerent EVs.

Characteristic

Exosomes

Microvesicles

Apoptotic bodies

Size (nm)
Origin
Morphology

30-180
MVB exocytosis
Cup or round shaped
Annexins, tetraspanins,
and heat-shock proteins
Proteins, nucleic acids, lipid

100-1000
Cell membrane budding and ﬁssion
Various shapes
CD40, cholesterol, sphingomyelin,
and ceramide
Proteins, nucleic acids, lipid

500-2000
Plasma membrane, endoplasmic reticulum
Various shapes

Surface markers
Contents

Annexin V positivity, TSP, and C3b
Nuclear fractions, DNA, cell organelles

The recipient cells
The releasing cell
External stress
(Heat, Chemotherapy, or Radiation)
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Figure 1: The role of exosomes and EVs in communicating the cellular bioactive signals between the releasing and recipient cells. Despite the
bystander eﬀects, stressed cells release exosomes enriched with heat-shock proteins (HSPs) are up taken by the target cells to modify their
functions, such as metastasis, oxidative stress, and immune modulation. ROS: reactive oxygen species; EMT: epithelial-mesenchymal
transition; MVB: multivesicular body. Details about the signaling molecules are mentioned in Table 1.

[53]. The HSP70 family has also been categorized into stressinduced or nonstress-induced members due to HSP70s being
expressed either intrinsically or inductively [54, 55]. In the
development of cancer biomarkers, HSP90 is a promising
candidate for cancer diagnosis, prognosis, and prediction of
responses to treatment [56]. Other studies have shown that
HSP70, HSP60, and small HSPs could be used to treat neurodegenerative diseases, ischemia, and autoimmunity [57].
However, a critical question remains regarding what roles
HSPs play in intercellular communication.

3. Paradoxical Role of Heat-Shock Proteins
In nonstressed cells, HSPs are expressed either in very low
amounts or not at all [58]; however, under conditions of
stress, HSP expression is induced. Following cellular induction, HSPs function in paradoxical roles that depend on
the site of release. Precise HSP induction mechanisms
remain unknown; however, the eﬀects of HSPs can be

divided into intracellular release (cytoprotective/antiapoptotic functions) or extracellular release (immunomodulation)
eﬀects [44, 59]. Intracellular HSP release has been shown
to activate multiple steps in the apoptotic pathway to prevent cell death. For example, intracellular release of HSP70
inhibits apoptosis signals by interacting with procaspase 3
and procaspase 7 to block apoptosis. Another study reported
that HSP70 suppresses the apoptotic pathway by inhibiting
cytochrome c release from mitochondria [60, 61]. As a
result, HSP70 plays a tumorigenic role because of its antiapoptotic properties [44].
In a recent study, heat stimulation was found to alter
expression levels of mitochondrial HSP60 and activity of
electron transport chain complexes [62]. Past studies suggested that the function of HSPs as chaperones is to maintain
protein homeostasis [63], and when released into the extracellular environment, HSPs initiate an immunogenic eﬀect
through the chaperoning of antigenic peptides [64]. In particular, HSP70 can trigger an active response from intact cells
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of the immune system following stress as HSP70 partially diffuses into the plasma membrane and promotes ion channel
formation before being released within EVs [65, 66]. The
presence of HSPs in the extracellular environment is thought
to be an indicator of cellular injury implicating HSPs in
inﬂammation and immunity [65].
The main roles of circulating small HSPs in health and disease remain unclear even though high serum levels of HSP27
have been reported in several diseases, including hepatocellular tumors [67], thyroid papillary carcinoma [68], and pancreatic carcinoma [69]. A recent study also found that HSP60 is
highly expressed in Graves’ autoimmune disease and induces
inﬂammation along with disease pathogenesis [70]. Accumulation of HSPs in exosomes is one mechanism through which
HSPs appear in circulation, as evidenced by the presence of
HSP27 in exosomes during heat stress [25]. Several studies
have also indicated that extracellular secretion of HSPs might
play a role in stress signaling, angiogenesis, cell migration,
and immune modulation/regulation [56, 71, 72].

4. Bystander Effect and Exosomes
A number of factors, such as heterogeneous nuclear ribonucleoprotein A2B (or hnRNPA2B) [73], Y-box protein [74],
and AGO2 (Argonaute2) [75], have been implicated in the
sorting of exosomal cargo. Posttranslation modiﬁcations,
such as ubiquitin, the addition of peptides, and sumoylation,
have also been suggested to control sorting during exosome
biogenesis [76]. The packaging of bioactive molecules within
exosomes is a complex process with the resultant cargo
reﬂective of the physiological state of the originating cell.
Hence, any damage that alters the physical and chemical
properties of a cell will be transferred into exosomes during
synthesis [77]. Investigating the protein composition of
exosomes might reveal the cell origin of exosomes and provide insights into the cell state (e.g., if the cell was under
stress). Research interest in exosomal contents has grown
in recent years due to the role exosomes play in intercellular
communication.
Recent advances in the proteomic analysis of exosomes
have helped identify protein components of exosomes, determine cell origins, and ascertain the state of the originating
cell. For example, proteomic assessment of exosomes from
cancerous cells has revealed the presence of proteins associated with tumor progression [78], such as metastasis [79,
80], angiogenesis [81], and signal transduction [82]. Stress
conditions also impact mRNA and protein composition of
vesicles released by stressed cells, as evidenced by the functional importance of such changes in the context of cell
responses to stress [83, 84]. Previously, HSP70 was detected
within the plasma membranes of tumor cells before being
released into the extracellular environment in three forms:
free soluble, complexed with peptides, and packaged into
exosomes [85]. A recent study demonstrated that tumorderived exosomes containing HSP70 exit cells through the
plasma membrane [86]. Moreover, tumor-derived exosomes
exclusively possess HSP70 compared to normal cell-derived
exosomes [87] indicating that HSP70 might elicit innate or
adaptive immune responses in favor of cancer cells. A study
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also showed that when primary amnion epithelial cells were
grown under oxidative stress conditions, exosomes became
enriched with HSP70 and P-p38 MAPK [88]. Similarly,
stressed retinal pigment epithelium cells were found to produce exosomes containing seventy-two proteins associated
with apoptosis and cell survival [89].
Exosomes play a crucial role in intercellular communication with environmental stress reported to inﬂuence the proﬁle of released exosomes [90]. For example, exosomes
isolated from conditioned media derived from heat-shocked
cells were found to more strongly induce DNA damage and
apoptosis in naïve cells compared to control exosomes. The
same study showed that exosomes enriched with HSPs
enhanced the invasive capacity of naïve cells [1]. The author
of this study suggested that exosomes mediate intercommunication to alert neighboring cells and promote adaptive
and more robust responses to heat stress in targeted cells
[1]. Similarly, a study reported that the number of secreted
exosomes increased, and the composition of exosomes changed, when B-cells were exposed to heat stress, compared with
control cells. In the same study, exosomes were enriched with
speciﬁc HSPs, like HSP27, HSC70, HSP70, and HSP90, but
HSP60 was absent [25].
A recent cancer study also reported that HSP70, HSP90,
and HSP60 were secreted by cancerous cells via exocytosis
and might play a key role in inhibiting host immune
responses against cancer cells [87, 91, 92]. Furthermore,
extracellular secretion of HSP70 induces immunomodulatory eﬀects in targeted cells and plays a key role in the
immune response to cancer cells [12, 46]. Microvesicles
loaded with HSP70 are also capable of activating macrophages [65] or natural killer cells [51] and play a key role in
the regulation of epithelial mesenchymal transition [93].
Another HSP, HSP90α, is abundant in exosomes derived
from invasive cancer cells and enhances cancer cell migration
in recipient cells [94]. For instance, cancer cell-derived EVs
were found to induce macrophage polarity in breast cancer
[95], ovarian cancer [96], and pancreatic cancer [97]. A
recent proteomic assessment of EVs in cancer cells revealed
enrichment of a large amount of EVs with HSP90 from
highly metastatic oral cancer cells [26], while HSP60 localized outside of cells was found to mediate interactions
between immune cells and other body tissues [46]. In addition, recent experimental data indicate that HSP60 can be
localized in extramitochondrial sites. In particular, HSP60
has been detected in the cytosol, inside intracellular vesicles,
and on the surface of normal and tumor cells [46].
Exosomes isolated from X-ray-irradiated cell-conditioned
medium have been shown to cause DNA damage in ﬁbroblast
cells. An in vivo study involving mice found that circulating
exosomes extracted from irradiated mice contained mtDNA
that induced DNA damage in nontreated mice [98]. Thus, it
is possible that HSPs within exosomes might play a role in
immunity. For example, ascitic ﬂuid exosomes from cancer
patients were found to be enriched with HSPs and act as eﬀective antigens for dendritic cell cross-presentation to CD8+ T
cells [99]. Similarly, exosomes derived from tumor cell lines
were reported to be loaded with a large quantity of MHCclass I and Hsc70 and to function as immunologically eﬀective
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vehicles for delivering antigens to dendritic cells [100]. These
studies illustrate how any amount of cell damage can induce
production of EVs and inﬂuence the physical and chemical
properties of the resultant vesicles. Importantly, these studies
demonstrate a link between stress and exosomal cargo. However, it is necessary to ﬁrst understand changes in exosome
composition following cell exposure to stress, before understanding the precise role exosomes play in regulating the BE.

5. Extracellular Vesicles Mediate Cell Resilience
and Tolerance
5.1. Chemotherapy Resistance. Drug resistance remains a signiﬁcant clinical problem hindering the success of any cancer
treatment. The underlying mechanisms of drug resistance
remain unknown, and currently, no reliable method exists
that can predict tumor response to treatment without an
invasive biopsy [101]. However, studies suggest that the
changing phenotype of cancer cells might be detectable during cell-to-cell transfer of EVs, such as exosomes, in a process
termed cross-chemoresistance [102]. This issue is now being
tackled in cancer treatment studies by investigating the possibility of collecting EVs from biological samples in a minimally invasive method for monitoring cancer cell gene
expression changes and for predicting clinical outcomes.
Speciﬁcally, exosomal contents are being explored as potential biomarkers for patient responses to a particular treatment. Exosomes derived from cancer cells, unlike exosomes
from normal cells, carry HSP70 on their membranes [103].
Exosomal HSP70 derived from serum also reﬂects HSP70
expression in tumor biopsies, indicating exosomal HSP70
enrichment associates with disease progression. Interestingly,
HSP70-exosome levels are negatively correlated with poor
patient treatment outcomes. This ﬁnding suggests that exosomal HSP70 might be useful for predicting tumor responses
and clinical outcomes [103].
A study conducted on exosomes derived from conditioned media from ovarian cancer cell lines with diﬀerent
aggressive phenotypes revealed increased expression of speciﬁc miRNAs (miR-21-3p, miR-21-5p, and miR-891-5p)
that correlated with aggressive phenotype [104]. In addition,
the levels of these miRNAs increased in exosomes derived
from carboplatin resistant cells. Moreover, circulating exosomes from patients with ovarian cancer showed a strong
association between cancer recurrence and expression of
miR-891-5p. Subsequent in vitro studies indicated that
miRNA891-5p induced resistance by activating DNA repair
mechanisms [104]. Similarly, preexposure of platinumsensitive cancer cells to exosomes derived from resistant
ovarian cancer cells reduced the platinum sensitivity proﬁle
of the recipient cancer cells and induced the epithelialmesenchymal transition [102].
In a diﬀerent study, the number of EVs signiﬁcantly
increased in breast cancer cells exposed to paclitaxel and
doxorubicin and also became enriched with the cell signaling
protein annexin 6 (ANXA6) that enhanced premetastatic
capacity in vitro. The same study also showed enrichment
of ANXA6 in circulating EVs obtained from patients undergoing neoadjuvant chemotherapy [105]. Exosomes derived
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from pancreatic cancer cells (PC) treated with gemcitabine
(Gem-exosomes) also induced acquired chemoresistance
when coincubated with naïve PC cells. Proteomic and
miRNA analyses showed that Gem-exosomes were enriched
with reactive oxygen species- (ROS-) detoxifying genes, such
as superoxide dismutase 2 (SOD2), catalase (CAT), and miR155, when compared with control exosomes. Coincubation
of Gem-exosomes with PC cells also reduced cell sensitivity
to gemcitabine. However, PC cells transfected with a miR155 inhibitor exhibited sensitivity to gemcitabine, even after
coincubation with Gem-exosomes [106].
Several studies have indicated that changes in cell phenotypes might be reﬂected in EV cargo, and that EVs can interact with naïve cells and induce resistant phenotypes. This
ability to package bioactive molecules into EVs might be
useful for detecting circulating biomarkers that reﬂect
changes in microenvironmental conditions and for predicting responses to treatment. Interestingly, combining heat
stress and chemotherapy with doxorubicin increased the
number of doxorubicin-containing exosomes from breast
tumor cells. Furthermore, the resultant exosomes enhanced
in vitro and in vivo antitumor eﬀect [107]. That is, heat
stressed and doxorubicin-containing exosomes inhibited
MCF-7 tumor cell proliferation and triggered MCF-7 cell
apoptosis in a pathway associated with increased expression
of caspases 3 and 8 and inhibited the growth of implanted
breast tumors in mice [107, 108].
5.2. Radiotherapy Resistance. Radiotherapy induces post or
precancer debulking in conjunction with chemotherapy or
immunotherapy. Studies have shown a strong eﬀect of radiotherapy as a local cancer treatment through induction of cell
apoptosis. Recent in vitro studies showed that the cells not
directly targeted by ionizing radiation accumulated genetic
alterations mediated by soluble factors released by irradiated
cells [109]. This phenomenon is known as the radio-induced
bystander eﬀect that induces genetic instability, apoptosis,
and senescence to stress, including radiation exposure
[110]. Recently, it has been suggested that these BEs are
closely related with release of EVs derived from irradiated
cells [111]. Irradiated cancer cells undergoing apoptosis
release EVs or exosomes capable of inducing BEs in nonirradiated neighboring cells. These exosomes promote genetic
instability and provoke treatment resistance in recipient cells
[112]. For example, treatment with the conditioned medium
from murine gamma-irradiated lymphocytes increased cell
survival, reduced cell apoptosis, and protected lymphocytes
from irradiation-induced lethal responses [113]. This adaptive response was mediated through the transfer of soluble
factors into the conditioned medium, such as those associated with the phosphatidylinositol 3-kinase (PI3K)/AKT
signal pathway [113]. Moreover, Sarin et al. [114] demonstrated how EVs derived from irradiated neuroblastoma cells
activate survival pathways, enhance cellular proliferation,
and accumulate recipient cells in the G2/M phase of the cell
cycle (Table 2).
5.3. Heat-Shock Resistance. Circulating HSPs may be
involved in tumor growth. For example, cancer cells under
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Table 2: EV contents help target cell against stressors.

Stressor

Physical

Cell of origin
Gamma ray-irradiated
lymphocytes
X-ray-irradiated human
neuroblastoma SY5Y
Heat-shocked MCF-7
& K562
Heat-shocked bovine
granulosa
Heat-shocked bone marrow
mesenchymal stem cells
Heat-shocked Sca-1(+) stem
cells

EV cargo contents

Target cell

Reference

PI3K/AKT

Lymphocytes

[113]

AKT pathway

Nonirradiated SH-SY5Y

[164]

Unknown

Nonheat-shocked MCF-7 & K562

[1]

miRNAs

Nonheat-shocked bovine granulosa

[121]

HSP90 and HSP70

Granulosa cells

[155]

HSF1, HSP70, and miR-34a

Cardiomyocytes

[154]

Dendritic cells & cytotoxic
T lymphocytes
Dendritic cells and regulatory
T lymphocytes

Heat-treated gastric cancer

Hsp70 and Hsp60

Heat-shocked colon
adenocarcinoma

HSP70

Lung carcinoma and
melanoma

CCL2, CCL3, CCL4, CCL5, and
CCL20, HSPs, and tumor
antigens

Dendritic cells and cytotoxic
T lymphocytes

[132]

Chemical

Oxidative bovine granulosa

Nrf2 (mRNA and protein) and
antioxidant molecules (CAT,
PRDX1, and TXN1)

Normal granulosa cells

[136]

Physiochemical

Heat stress+doxorubicin
treated MCF-7 breast cancer

Caspase 3 and caspase 8

MCF-7 & in vivo (inhibited the growth of
implanted breast tumors in mice)

[107]

stress, such as hypoxia, acidosis, and nutrient deﬁciency,
have been found to induce expression of HSP90 [115]. This
HSP plays a role in stimulating tumor progression and
metastasis in several types of cancers, including pancreatic
cancer, breast cancer, and leukemia, and has been associated
with poor clinical outcomes [115]. A lack of HSP90α on exosomal membranes may impair the capacity of exosomes to
act as important intercellular mediators between tumor cells
and stromal cells [116]. In an in vitro study, HSP90α expression increased in prostate cancer cells compared to normal
prostate epithelial cells [117]. In addition, when prostate cancer cells were exposed to 45°C (i.e., heat stress), more HSP90α
was released into the conditioned medium as free HSP90α
and encapsulated within EVs [117]. This in vitro study also
showed that the size of EVs increased in response to heat
shock from 50 to 200 nm, without heat shock, up to 200–
500 nm 0.5, 1.5, and 3 hours after heat shock. Furthermore,
when expression of HSP90α was inhibited in prostate cancer
cells, E-cadherin expression increased suggesting that
HSP90α is crucial in cancer epithelial-mesenchymal transitions (EMTs). The size of EV particles also decreased following inhibition of HSP90α expression [117]. In the in vivo
study, a triple knockdown of chaperones CDC37, HSP90α,
and HSP90β inhibited tumorigenesis of pancreatic cancer
cells [117]. Another study showed that levels of HSP70 exosomes are higher in plasma from breast and lung cancer
patients in comparison to control groups [118]. Similarly,
HSP70 exosomes were found to increase in metastatic lung
cancer from nonmetastatic patients [118]. This study also

[127]
[128]

showed that HSP70-containing exosomes from the metastatic group exhibited high levels of stress proteins [118]. Exosomal membrane levels of HSP70 were also elevated in stage IV
melanoma patients [93]. Several studies suggest that levels of
HSP-positive EVs in plasma could be used as a predictive
biomarker for early disease or as prognostic biomarker for
disease progression (Table 3).
The HSP proteins HSP70, HSP90, HSP60, and HSP27 are
reported to be associated with EV synthesis in response to
heat shock [119]. Several genes involved in the stress
response pathway are closely related with heat-shock factors
in response to heat-shock stimuli [120]. Heat-shocked cells
(MCF-7and K562 cells) that received EVs from heatshocked cells showed signiﬁcantly lower levels of DNA damage and apoptosis compared to heat-shocked cells pretreated
with control-cell conditioned medium [1]. Similarly, heat
stress-related EVs induced adaptive responses in cultured
bovine granulosa cells exposed to heat shock. This observation was evidenced by improved granulosa cell viability and
decreased ROS accumulation and was mediated through
transfer of HSP90, HSP70, NRF2, antioxidants, and several
other microRNAs [121, 122].
In addition to using HSPs for disease diagnosis or prognosis, several studies have explored the therapeutic potential
of HSPs by investigating correlations between HSPs and
miRNAs. In cervical cancer cell lines, miR-361 was found
to regulate HSP90α expression and suppress EMTs [123].
Triptolide, an inhibitor of HSP70, induces miR-142-3p
expression that inhibits proliferation of pancreatic cancer
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Table 3: HSP extracellular vesicles in predictive and prognostic biomarker studies.
HSPs

HSP70

HSP90
HSP70 and HSP90
HSP72

Disease type

Sample type

Findings
Stimulate migration and cytolytic activity
of natural killer cells
Higher in breast and lung cancers,
compared with control groups
Increase in metastatic lung cancer
Recognition of the tumor cells by
the immune system
HSP70 exosomes were higher in cancer
patients than in healthy donors

Reference

Carcinoma cells

Cell lines

Breast cancer

Plasma samples

Lung cancer

Plasma samples

Human prostate carcinoma

Cell lines

Breast, lung, and ovarian cancer

Urine samples

Oral squamous cell carcinoma

Cell line

Lymph-node-metastatic

[26]

Melanoma

Plasma from diﬀerent
disease stages

Disease progression and metastasis

[93]

Thymoma, mammary carcinoma,
Stat3 activation (tumor survival mechanism
Mouse tumor cell lines
and colon carcinoma
and immunosuppressive function)

cells [124]. Similarly, decreased miR-29a expression was
associated with the apoptotic level of breast cancer cells
through upregulation of HSP60 and downregulation of
HSP90, HSP70, HSP27, and HSP40 [125]. Conclusively,
many studies demonstrate a key role for miRNAs in HSP
expression. Therefore, understanding the roles of HSPs and
miRNAs in speciﬁc diseases may reveal new treatment
options.
5.4. Immune Response and Cancer Vaccine via Heat-Shock
Proteins in Exosomes. Studies present conﬂicting results
regarding the release of HSP-containing exosomes from
tumor cells. For example, exosomes were found to mediate
HSP70 and play a pivotal role in cross-priming T lymphocytes [126]. Conversely, tumors cells (EL4 thymoma)
released HSP72-containing exosomes and exerted immunosuppressive actions through interactions with myeloidderived suppressor cells [87]. Additionally, dimethyl amiloride decreased exosome production by tumor cells and
enhanced the antitumor eﬃcacy of the chemotherapeutic
drug cyclophosphamide in three diﬀerent mouse tumor
models through TLR2-dependent pathways [87]. Interestingly, exosomes derived from heat-treated malignant ascites
of gastric cancer patients contained HSP70 and HSP60 that
promoted dendritic cell (DC) maturation and induced a
tumor-speciﬁc cytotoxic T lymphocyte (CTL) response
[127]. Moreover, heat-shocked tumor exosomes that contained high levels of HSP70 exhibited antitumor eﬀects and
converted regulatory T cells into T helper type 17 cells via
an IL-6-dependent process [128]. Furthermore, tumor
hyperthermia potentiated immune system responses through
release of exosomes containing chemokines (CCL2, CCL3,
CCL4, CCL5, and CCL20), HSPs, and tumor antigens to
the antigen-presenting cells and facilitated tumor cell attack
and tumor cell surface modulation [129–132].
5.5. Oxidative Stressed Cells Protect Unstressed Cells. In a
study involving exosomes released by mouse mast cells

[51]
[118]
[118]
[165]
[166]

[87]

(MC/9 cells) exposed to hydrogen peroxide-induced oxidative stress, exosomes released from the stressed mast cells
stimulated resistance to oxidative stress in naïve recipient
cells. In the same study, exosomes contained shuttle mRNA
and provided recipient cells with resistance against oxidative
stress through enhanced cell viability [133]. In other studies,
EVs from released from cells exposed to oxidative stress also
reduced transepithelial resistance in naïve recipient cells. For
instance, EVs derived from stressed retinal pigment epithelial
cells mediated transfer of stress messages to recipient cells
through surface ligands [134, 135]. Interestingly, EVs from
stressed pigment cells can communicate stress messages to
naïve cells and contribute to the dysfunction of retinal pigment epithelial cells in senescence and disease [134, 135].
Likewise, bovine granulosa cells treated with hydrogen peroxide released exosomes enriched with Nrf2 (mRNA and
protein) and antioxidant molecules (CAT, PRDX1, and
TXN1) and were capable of protecting naïve cells from oxidative stress [136].
5.6. Extracellular Vesicles Mediate and/or Antagonize Air
Pollution Respiratory Eﬀects and Respiratory Disorders.
Extracellular vesicles derived from bronchial epithelial cells
are major determinants of lung homeostasis that regulate
the innate immune response inside lung tissue [137]. EVs
contain many elements, like mucin (MUC-1, MUC-4, and
MUC-16) and miRNAs (miR-34a/b/c, miR-449b/c, and
miR-223), that play important roles in viral infections by
modulating the qualitative and quantitative proﬁles of airway
secretions, including MUC hypersecretion [138]. Importantly, EV miRNA contents can be used to measure pollutant
exposure. For example, a study showed that the concentration of salivary EV microRNA correlates with the personal
exposure to diﬀerent doses of particulate matter and black
carbon dose [139]. Interestingly, a study also found that EV
output was reduced by cigarette smoke (CS) or exposure to
cigarette smoke, suggesting that EVs do not play protective
roles in lung inﬂammation [140]. Recent studies have also
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Figure 2: The potential used of natural and/or synthetic EVs in treating lung diseases. EVs contain proteins (such as HSPs), mRNA, and
miRNA that play a pivotal role in reducing hypersensitivity, secreting mucin to antagonize viral infection and to reduce the epithelial-tomesenchymal transition (EMT) that is associated with chronic obstructive pulmonary disease (COPD).

shown that EVs contribute to chronic obstructive pulmonary
disease (COPD) by modulating the EMT process. Cigarette
smoking also induces exosomal miR-21 that triggers diﬀerentiation of bronchial epithelial-myoﬁbroblast diﬀerentiation through the von Hippel–Lindau protein/hypoxiainducible factor 1α signaling pathway [141]. Importantly,
downregulation of miR-21 appears to prevent airway remodeling [141]. Furthermore, high levels of exosomal miR-21
were found in sera of smokers and COPD patients and are
inversely correlated with Forced Expiratory Volume in one
second/Forced Vital Capacity (FEV1/FVC). These ﬁndings
demonstrated an important role of exosomal miR-21 in the
diagnosis and treatment of COPD. Recently, EVs derived
from bronchial cells with less miR-21 alleviated M2 macrophage polarization and indirectly modulated the EMT process in the COPD [142]. A previous study also showed that
miR-210 can be transferred to exosomes derived from bronchial ﬁbroblasts and induce myoﬁbroblast diﬀerentiation
[143] (Figure 2).
Interestingly, EVs derived from MSCs prevented the
accumulation of Ly6Chigh monocytes and reduced the production of several cytokines, including TNF-α, IL-6, TGF-β,
and IL-10 that mediate lung inﬂammation and ﬁbrosis [18,
144]. The therapeutic capacity of EVs derived from MSCs
can be enhanced by exposing MSCs to hypoxic and ischemic
conditions—this provides evidence for the BE in MSCs and
lung diseases [145].
Conversely, asthma is a chronic inﬂammatory disease
induced by allergens and air pollutants that is characterized
by airway hypersensitivity and reversible obstruction of airways. Extracellular vesicle miRNAs, like subsets of let-7 and
miRNA-200 families, are altered in asthmatics [146, 147].
Level of EV miRNAs increases in the epithelium of airways
exposed to allergens, particularly miR-223 and miR-142a
that have been found to increase in mice treated with allergens [148]. Moreover, miR-142-3p, miR-629-3p, and miR223-3p are elevated in the sputum of patients with severe
asthma compared to healthy subjects [149]. A study involving inﬂamed tissue has also shown that inﬁltrating immune
cells may alter the local extracellular environment via the
release of EV miRNAs. In addition, several miRNAs are dysregulated in exosomes from the inﬂamed tissue of asthmatic
patients [150]. Interestingly, EV miR-150 inhibits hypersen-

sitivity responses in mice exposed to allergens and could be
a promising therapeutics for allergic patients [151].
Extracellular vesicles may mediate other diseases with
adverse respiratory symptoms, such as cardiovascular diseases, rheumatoid arthritis (RA), and possibly lung cancer
(reviewed in [152]). Notably, particulate matter with aerodynamic diameters ≤10 μm (PM10) and ≤2.5 μm (PM2.5)
exposure stimulated the release of EVs containing human
endogenous retrovirus w (HERV-w) and human leukocyte
antigen G (HLA-G) in RA patients [153].

6. Extracellular Vesicle Heat-Shock Protein and
miRNA Cargo: A Therapeutic Target
Worth Considering
Exosomes are among the most commonly known extracellular vesicles and represent snapshots of intracellular pathways.
This may contribute to the dual action of these cell-derived
exosomes. The development of therapeutics using exosomes
is emerging and could be further potentiated when using
stem cells to attain advantages of stemness together with beneﬁts provided by HSPs. Recent studies showed that heat
shock of Sca-1(+) stem cells induced exosome expression of
HSF1 and HSP70 that converted ischemic cardiomyocytes
toward a prosurvival phenotype through epigenetic repression of miR-34a [154]. Additionally, transplantation of
heat-shocked Sca-1(+) stem cells and their exosomes signiﬁcantly reduced apoptosis, attenuated ﬁbrosis, and improved
global heart functions in ischemic myocardium [154]. Furthermore, heat shock-derived exosomes can prime the
response and therapeutics of stem cells. In comparison to
controls, pretreatment of bone marrow mesenchymal stem
cells (BMSCs) at 42°C for 1 hour showed the lowest apoptotic
rate, decreased the number of autophagosomes, and reduced
the expression of Beclin1 and the LC3BII/LC3BI ratio even
after addition of cisplatin [155]. The cisplatin-induced apoptotic rates of granulosa cells were lower when cocultured
with heat-shocked BMSCs due to high levels of HSP90 and
HSP70 suggesting a therapeutic priming of exosomes from
heat-shocked stem cells [155].
Similarly, mesenchymal stem cell- (MSC-) derived EVs
possess an immunomodulatory power to treat asthma.

BioMed Research International
Recently, MSC-derived exosomes have been found to upregulate the release of cytokines IL-10 and TGF-β1 from peripheral blood mononuclear cells, thereby stimulating the
proliferation and immune-suppression capacity of T regulatory cells [156].
In general, methods used to isolate exosomes or any EVs
are highly dependent on the aim of a study. However, the lack
of a universal method for isolating pure populations of exosomes and the inconsistencies among methods for exosome
enrichment in the literature are obstacles that have impeded
progress in this ﬁeld. More research is needed to determine
the eﬀects of diﬀerent exosome isolation methods on the consistency of ﬁndings and reproducibility of data [157]. Diﬀerential centrifugation followed by ultracentrifugation is the
most common method used for the enrichment of EVs; however, ultracentrifugation pellets contain EVs and other protein contaminants in solution (i.e., protein complexes and
protein-miRNA complexes) [40].
To produce a pure population of vesicles, ultracentrifugation is combined with other methods, such as size exclusion
chromatography or immunoprecipitation. Size exclusion
chromatography involves separating EVs from the protein
contaminants based on size; however, lipoprotein contamination cannot be resolved using size exclusion [40]. Immunoaﬃnity represents a promising method for producing a pure
population of exosomes through the use of an exosomal
protein-embedded membrane, such as CD63, to capture and
collect exosomes [41]. High yields of exosomes will also help
determine whether proteins are associated with exosomes or
coprecipitate with the exosome population. Therefore, to
ensure the success of future exosomal research, standardized
methods for isolating pure populations of exosomes with minimal contamination by proteins and lipoproteins must be
developed. This is an important area in exosome research that
should be addressed before exosomes can be utilized as diagnostic biomarkers or biological targets.
Recent approaches are interested in manufacturing synthetic or semisynthetic EVs for targeted drug delivery. The
drugs include proteins and nucleic acids (RNA, miRNA,
and siRNA) can be loaded into the EVs through diﬀerent
methods such as electroporation, active loading with saponins, sonication, freezing/thawing, or through extrusion
[158, 159]. Importantly, the trend in using EVs for lung treatment is still in progress, and some preclinical trials showed its
promising therapeutic eﬃciency because of low immunogenicity and lower toxicity when compared with the cellular
therapy [160–163].
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other cells. Extracellular vesicles are secreted in large amounts
in biological ﬂuids, particularly in cancer, and could provide a
minimally invasive method for detecting disease or assessing
disease progression. Further studies are required to bring this
potentially valuable tool into use in clinical practice. Finally,
stress-derived EVs may be used for therapeutic purposes and
as protective means against certain kinds of physical and
chemical stressors, including the air pollution. Molecular
investigations into cellular stress-derived EVs could provide
a paradigm for manufacturing artiﬁcial exosome-like nanoparticles for drug delivery and as therapeutics.
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