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1 |  INTRODUCTION

The once mythological idea that young blood may con-
fer antiaging benefits has had legitimate scientific support 
for more than 60 years. Despite the intrigue of these early 
parabiosis experiments, potential mechanisms for how 
young blood may be exerting rejuvenating effects remained 
elusive until much more recently.1 Historically character-
ized as “platelet dust” with a role in thrombin formation,2 

or simply as a cellular waste disposal system,3,4 the in-
volvement of extracellular vesicles (EVs) in a wide array 
of biological processes, including aging, is becoming in-
creasingly appreciated.5– 7 There is an already substantial 
and quickly growing body of evidence attesting to the im-
portance of EVs in the regulation of systemic aging as well 
as in a number of age- related detriments including inflam-
maging (the pathophysiologies caused by the manifesta-
tion of chronic inflammation with increasing age), cellular 
senescence, metabolic dysfunction, cardiovascular disease, 
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Abstract
Extracellular vesicles (EVs) are released by many different cell types throughout the 
body and play a role in a diverse range of biological processes. EVs circulating in 
blood as well as in other body fluids undergo dramatic alterations over an organism's 
lifespan that are only beginning to be elucidated. The exact nature of these changes is 
an area of active and intense investigation, but lacks clear consensus due to the sub-
stantial heterogeneity in EV subpopulations and insufficiencies in current technolo-
gies. Nonetheless, emerging evidence suggests that EVs regulate systemic aging as 
well as the pathophysiology of age- related diseases. Here, we review the current lit-
erature investigating EVs and aging with an emphasis on consequences for the main-
tenance of human healthspan. Intriguingly, the biological utility of EVs both in vitro 
and in vivo and across contexts depends on the states of the source cells or tissues. As 
such, EVs secreted by cells in an aged or pathological state may impose detrimental 
consequences on recipient cells, while EVs secreted by youthful or healthy cells may 
promote functional improvement. Thus, it is critical to understand both functions of 
EVs and tip the balance toward their beneficial effects as an antiaging intervention.
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cancer, and neurodegeneration.5,7– 9 Additionally, the utili-
zation of age- related changes in EVs as easily accessible 
aging biomarkers is an attractive strategy.10 However, the 
small size of EVs, the insufficiency of current methodol-
ogies, and the heterogeneity of EV producers, recipients, 
and affected biological processes have created extraordi-
nary complexity in the EV field.11,12 Significant efforts 
have been put forth to standardize EV collection methods, 
characterization, and use to increase reproducibility.12,13 
While these standardized recommendations offer a rea-
sonable foundation, much work is needed to unravel the 
physiological significance of EVs in different biological 
paradigms. Aging is characterized by a number of complex 
pathophysiological alterations,14 some of which are also 
intensive research topics in the field of EV biology. The 
intersection of these two fields offers considerable prom-
ise, constituting a new and exciting research arena. Recent 
work in this arena suggests that characterization and ma-
nipulation of age- related changes in EVs has the potential 
to provide a unique window through which to view, and 
perhaps one- day treat, the systemic deterioration that ac-
companies aging.

“Extracellular vesicles” is the general term for parti-
cles of approximately 40– 1000 nm in diameter bound by 
a lipid bilayer membrane, but without a nucleus that are 
released by virtually every cell in the body.5,13 As strict 
methods for the characterization of EV subpopulations 
such as “exosomes” or “microvesicles” are the matter of 
some debate in the field, the term “EVs” will be used 
throughout this text with the terms “small EVs” refer-
ring to the colloquial “exosomes” (<~150  nm diameter) 
and “large EVs” referring to “ectosomes/microparticles/
microvesicles” (>~150 nm in diameter) unless otherwise 
noted.13 Biogenesis of small versus large EVs occurs via 
divergent pathways that nonetheless involve some of the 
same regulatory molecules. Small EVs are generated by a 
secondary invagination of the luminal membrane of endo-
somes following endocytosis, forming multivesicular bod-
ies (MVBs). These MVBs then fuse with the cellular outer 
plasma membrane, emptying their contents including the 
nascent small EVs into the extracellular space. In contrast, 
large EVs form by directly budding from the external cel-
lular plasma membrane.15 Description of current knowl-
edge regarding the biogenesis, uptake, and basic biological 
functions of EVs are beyond the scope of this review, but 
are reviewed in detail elsewhere.5,15 Importantly, EVs can 
serve as both local and long- range transport and intertissue 
signaling mechanisms for mRNA, miRNA, protein, and 
lipids and are a major source for cell- free DNA and RNA 
in humans.15- 20 In this review article, we will focus on the 
biological significance of EVs in the systemic regulation 
of mammalian aging and longevity and also in the patho-
genesis of age- associated dysfunctions.

2 |  CHANGES TO EVs WITH AGE

2.1 | EV quantification

Recent evidence suggests that there are substantial changes 
to EVs with age. Nevertheless, the extent of these changes 
and whether they represent a cause or effect of aging remain 
largely unanswered questions in the field. Such changes 
could be viewed as potential boons to our understanding of 
the aging process as well as in our search for viable aging 
biomarkers in humans. Analysis of plasma from 74 hu-
mans including young (30– 35 years old), middle- aged (40– 
55 years old), and old (55– 64 years old) revealed gradually 
decreasing quantities of circulating EVs over age as meas-
ured cross sectionally as well as longitudinally (average of 
4.6 year follow- up).21 No sex differences were detected be-
tween male and female participants. However, there was a 
positive correlation between both smoking and BMI with 
EV concentration, although only during one of the time-
points examined. Interestingly, EVs from older participants 
were more readily taken up by and induced activation in B 
cells and monocytes, but not other immune cells, irrespec-
tive of the age of the cell donor.21 Another group reported a 
similar decrease in total circulating EVs between young22– 38 
and old83– 93 subjects.22 Taken in context of the increased 
production of EVs by senescent cells8 and data that the 
number of senescent cells increases substantially with age14 
(see below section), this decrease in concentration and con-
comitant increase in EV uptake with age may be even more 
dramatic. On the other hand, other reports have found no 
change in the concentration of serum EVs (enriched for 
EVs ~50– 300 nm in diameter) in humans ranging from 21 
to 92 years of age.23 While these studies focused on small 
EVs, another report demonstrated an increase in the quanti-
ties of large EVs (diameter of approximately 1 um) over age 
between individuals 20– 28 years old compared with those 
75– 83  years old.24 All of these studies used nanoparticle 
tracking analysis (NTA) to measure EV concentration and 
examined both sexes, although one study had substantially 
more women in the elderly group than in the young group.22 
Data from mice suggest that plasma particle number de-
creases, but EV marker (CD63, CD81, and TSG101) protein 
levels measured by western blot increase with age.25 The 
authors of this study attributed their conflicting results to 
the concomitant age- related decrease in plasma lipoproteins 
(APOA1, APOB- 100, and APOB- 48) that may be falsely 
counted as EVs by NTA analysis. Another explanation 
could be that the concentration of EV- associated proteins 
in each EV increases with age, leading to an overestimate in 
the marker analysis. Another group found a dramatic accu-
mulation of EV marker CD63, which also colocalized with 
complement protein C3, in the retinal pigment epithelium 
(RPE) in old mice and in age- related macular degeneration 
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patients.26 These data suggest a possible increase in exocy-
tosis of damaged intracellular proteins with age and may fa-
cilitate immune cell recruitment to the aged RPE. It remains 
unclear whether these conflicting data represent biological 
challenges such as differences in the EV populations stud-
ied or a considerable variability in aging rates or comorbid 
pathologies between individuals. Given the inconsistent EV 
isolations, the inadequacy of quantification technologies and 
the incompletely categorized EV heterogeneity, it is also 
possible that the disagreement between studies represents a 
technical shortcoming. In any case, further investigation of 
age- related changes to EV production, uptake, and degrada-
tion, including the development of more precise technology 
for measuring EV concentration, are needed to resolve the 
discrepancies in current studies.

2.2 | EV composition

Substantial changes in EV composition and accompanying 
functional consequences are also characteristic of aging. 
Preliminary proteomic analyses in humans21 and mice27 
reveal that a subset of EV proteins changes with age. For 
instance, Galectin- 3, which normally promotes osteogenic 
differentiation, is decreased in EVs from elderly people.28 
Relatedly, increased levels of miR- 31 found in circulat-
ing large EVs of elderly humans and secreted by senes-
cent fibroblasts can suppress osteogenic differentiation.29 
Changes in the miRNA content of bone marrow- derived 
EVs from old mice, especially increased miR- 183- 5p, also 
suppress the osteogenic differentiation and increase senes-
cence of bone marrow stromal cells in vitro, potentially 
through increased reactive oxygen species (ROS) produc-
tion.30 These findings suggest that altered EV content may 
play a role in age- related bone frailty.8 One group found 
decreases in a panel of EV marker proteins between non-
smokers and smokers as well as with age, although several 
of these changes were sex- dependent.31 Platelet- released 
EVs may also decrease with age. However, this decrease 
is accompanied by enrichment of the chemokines CXCL4 
and CXCL7 as well as HMGB1.32 Large EVs circulat-
ing in the plasma of elderly individuals or isolated from 
senescent endothelial cells can promote the calcifica-
tion of smooth muscle cells in vitro, potentially through 
correlated increases in Annexin A2, Annexin A6, or 
BMP2.24 Interestingly, small EVs derived from young pri-
mary human fibroblasts possess intrinsic glutathione- S- 
transferase activity, a property that declines with age and is 
mediated at least partially through GSTM2 within EVs.33 
Together, these studies suggest that age- related alterations 
in circulating EV protein content, and perhaps number, 
represent an amalgamation of heterogeneous cell- type- 
specific changes to secreted EVs. Further investigation is 

needed to characterize the weighted contributions of age- 
related changes in various cell types as drivers of systemic 
changes in EV content.

There are marked age- related changes documented in 
the miRNA content of small EVs derived from cerebral 
spinal fluid (CSF), plasma, and serum of rodents and saliva 
of humans.25,34– 36 For example, EVs derived from the sera 
of aged rats contain decreased levels of miR- 219. In con-
trast, supplementation of serum EVs derived from either 
young rats or aged rats housed in an enriched environment 
can promote oligodendrocyte precursor differentiation and 
myelination in a miR- 219- dependent manner.37 In humans, 
the expression of circulating serum miRNAs change with 
age38 and certain miRNA signatures may be associated 
with particularly long- lived individuals, suggesting that 
these miRNAs may play a role in regulating the aging pro-
cess.39 Although these studies did not specifically isolate 
EVs, it is likely that the majority of circulating miRNAs 
in plasma are encapsulated within EVs.19 miRNA changes 
in human plasma EVs were also negatively correlated with 
cognitive function in older individuals (age 6– 89),40 imply-
ing a potential role for EVs in regulating cognitive aging. 
Many of the changes in CSF miRNAs in mice can be reca-
pitulated by blocking small EV (exosome) release through 
Rab27 knockdown in hypothalamic neural stem cells, sug-
gesting that EVs secreted by these cells may be respon-
sible for the age- related deficits observed in CSF EVs.34 
However, substantial alterations in cellular miRNA content 
of senescent cells,41 dramatic increases in the number of 
senescent cells,14 and the depletion of certain cell popula-
tions as with stem cells in aging42,43 makes it difficult to 
ascertain the source of these changes in EV miRNA con-
tent. Altogether, these data suggest that marked changes 
to the overall EV composition in a variety of body fluids 
accompanies aging. Possibilities that these changes repre-
sent increased secretion from deteriorating or pathologi-
cal tissues, decreased secretion from and/or depletion of 
healthy tissue, or differential uptake by, for example, ac-
tivated immune cells remain unclear. A more comprehen-
sive characterization of EV contents, including proteomics, 
transcriptomics, and lipidomics, especially in humans in 
aging is needed. Moreover, the tracing and identification 
of the tissue and/or cellular sources and sinks for EVs and 
how these roles may be altered in aging will be critical to 
the development of interventions to stem possible negative 
consequences of EV- related changes in aging. Relatedly, 
changes to EV content in the context of aging, but in the 
absence of overt pathology are still being revealed. Thus, 
more work is needed to clarify inconsistencies between 
previous studies and to further examine whether these 
changes in EV composition, and potentially EV number, 
could drive age- associated pathophysiologies or simply be 
the result of aging (Figure 1).
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2.3 | EVs and autophagy

The biogenesis of small EVs and subsequent secretion from 
MVBs is counterbalanced by autophagy and lysosomal deg-
radation of intraluminal vesicles.15,44 For example, conditions 
such as starvation that stimulate autophagy inhibit the release 
of EVs in favor of autophagic degradation of MVBs45 while 
inhibition of autophagy with bafilomycin promotes EV secre-
tion.46,47 Furthermore, the suppression of phosphoinositide ki-
nase PIKfyve, which may regulate vesicular transport, reduces 
autophagy, but increases secretion of small EVs enriched 
with autophagy components LC3 and p62 as well as overall 
EV secretion.48 These data suggest overlapping, but oppos-
ing regulation of autophagy and EV secretion. However, in 
non- starvation conditions, the autophagy proteins ATG12 and 
ATG3 interact with EV biogenesis protein ALIX such that 
the absence of ATG12- ATG3 impairs EV generation while 
the absence of ALIX impairs autophagy.49 Moreover, DNA 
damage or bacterial infection that increases EV secretion 
can also lead to increased autophagy,47,50 demonstrating that 
these processes are not always antagonistic. EVs have also 
been known to transfer mRNA encoding autophagy- related 
proteins, thereby upregulating autophagy in recipient cells.51 
For a more detailed overview on the relationship between au-
tophagy and EVs, please see the accompanying article in this 
special collection.52 This relationship, the importance of au-
tophagic pathways in the regulation of stem cell and systemic 

aging,53– 55 and the regulation of autophagy and EV release by 
longevity factor SIRT1,56,57 suggest that the maintenance of 
this autophagy– EV balance may be crucial in the context of 
aging (Figure 1). The interconnectedness of these processes 
constitutes an important and largely unexplored area for future 
investigation. In total, the substantial alterations to circulating 
EV number and content as well as in overlapping regulatory 
changes in many cell populations that secrete EVs with age 
suggest EVs as potential mediators of systemic aging.

3 |  EVs AS A CRITICAL 
REGULATORY COMPONENT 
FOR MAMMALIAN AGING AND 
LONGEVITY

3.1 | Blood- based antiaging therapies

A considerable number of studies suggest that blood- based 
therapies may benefit aging- related deficits. For instance, 
heterochronic parabiosis, or joining the circulatory systems 
of old and young mouse pairs, has revealed a series of fac-
tors in old blood that promote aging and in young blood that 
mitigate aging phenotypes. Exposure to a young circulatory 
system rejuvenates muscle regenerative capacity by activat-
ing satellite cells and restores the proliferative capacity of 
hepatic progenitors.42 Heterochronic parabiosis also affects 
neurogenesis and associated learning and memory, improv-
ing these capacities in old mice,43,58,59 while impairing them 
in young mice.60– 62 CyPA61 and chemokines including 
CCL1162 have been identified as negative regulators, while 
TIMP258 and GPLD159 were identified as positive regula-
tors of these functions. Outside of parabiosis, studies have 
demonstrated that plasma extracted from exercised animals 
confers antiaging cognitive benefits59 and that there are sub-
stantial changes to the plasma EV pool, including increased 
numbers of EVs during exercise in humans.63 In combina-
tion, these findings implicate the potential involvement of 
EVs in the benefits of blood- based therapies to maintain nor-
mal physiological functions with increasing age. In a promis-
ing development, the safety and tolerability of young human 
plasma in the treatment of Alzheimer disease (AD) patients 
was recently demonstrated in an exploratory clinical trial 
(ClinicalTrials.gov Identifier: NCT02256306).64 However, 
the extent to which EVs may be mediating both the positive 
and negative consequences of heterochronic parabiosis or 
other blood- based therapies needs more direct investigation.

3.2 | EVs ameliorate age- related pathology

It has been reported that EVs may play a complex regula-
tory role in age- associated pathophysiologies. It has also 

F I G U R E  1  Changes to circulating extracellular vesicles (EVs) 
with age. Together, studies suggest that there may be an age- dependent 
decrease in the concentration of circulating EVs and concomitant 
changes to EV protein (colored oval within EVs) and EV nucleic acid 
(curled line within EVs) with age. It remains unknown whether these 
changes reflect altered secretion, uptake, or rerouting of EVs with age. 
Autophagy is an important regulator of aging and shares substantial 
regulatory overlap with EV biogenesis and degradation, but potential 
interactions between these relationships have not been thoroughly 
investigated
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been reported that EVs are capable of ameliorating deterio-
ration associated with healthy aging. Indeed, treatment of 
primary fibroblasts from old or Hutchison– Gilford progeria 
syndrome patients with EVs derived from young, but not 
old, primary fibroblasts was able to reduce senescence as 
measured by SA- β- galactosidase staining, increase prolif-
eration, and reduce oxidative stress by replenishing reduced 
glutathione in culture. Injection of young fibroblast- derived 
EVs reduced senescence markers, oxidative stress includ-
ing lipid peroxidation, and inflammatory factors in multiple 
tissues of old mice.33 Another recent study demonstrated 
that EVs derived from neonatal umbilical cord mesenchy-
mal stem cells (MSCs), but not those in adult bone MSCs, 
rescued senescence in culture and mitigated multiple aging- 
associated deficits, including in wound healing, kidney 
structure integrity and trabecular bone architecture at least 
partially through delivery of PCNA.65 Treatment with MSC- 
derived EVs can also mitigate damage in a mouse liver injury 
model by improving hepatocyte viability and proliferative 
capacity.66 Small EVs derived from human mesenchymal 
stromal cells or large EVs derived from endothelial progeni-
tor cells were able to reduce tubular necrosis and improve 
renal function in a mouse model of acute kidney injury, po-
tentially due to their unique delivery of miRNA and growth 
factor contents.67– 69 The overexpression of Nrf2 in EV 
source cells may also improve the proliferative and wound 
healing benefits of EVs through the reduction of inflamma-
tion and oxidative stress in recipient cells.70 Treatment of 
aged hematopoietic stem cells with large EVs derived from 
young MSCs was able to improve successful engraftment 
following bone marrow transplantation in mice. This benefit 
may be conferred by the transfer of mRNAs that bolster au-
tophagy as well as expression of pro- longevity factors such 
as sirtuins and FOXO3.51

3.3 | Effects of EVs on 
healthspan and lifespan

Extracellular vesicles may have a profound function to di-
rectly regulate healthspan and lifespan in mammals. It has 
been demonstrated that the hypothalamus functions as the 
control center of aging.34,71,72 Supplementation with hypo-
thalamic neural stem cell- derived EVs can mitigate aging- 
related deficiencies in locomotion, muscle coordination, 
sociality, and memory as measured by novel object recogni-
tion and Morris Water Maze.34 These benefits are likely con-
ferred by the miRNA content within stem cell- derived EVs, 
suggesting that depletion of these miRNAs may drive some 
aging phenotypes. Aspects of this study have been corrobo-
rated by the attenuation of aging- related phenotypes includ-
ing muscle and bone deterioration through alternate means 
of suppressing hypothalamic stem cell senescence.73 These 

investigations underscore the importance of hypothalamic 
homeostasis in the regulation of systemic aging.

Another recent study demonstrated that extracellular nico-
tinamide phosphoribosyltransferase (eNAMPT), a key NAD+ 
biosynthetic enzyme in mammals, is packaged in small EVs 
and secreted into blood circulation by adipose tissue.27 The 
quantity of EV- contained eNAMPT in plasma decreases with 
age in mice and humans and, interestingly, is predictive of re-
maining lifespan in mice. Adipose tissue- specific overexpres-
sion of NAMPT rescued the age- related decline in eNAMPT 
levels, improved median lifespan in females by 13.4%, and 
ameliorated a series of aging- related deficits including ac-
tivity levels and sleep fragmentation. Improvements in glu-
cose tolerance, insulin secretion, memory performance, and 
eye function were also observed in 20- month- old animals.27 
Remarkably, weekly intraperitoneal injections with eNAMPT- 
containing EVs purified from young mouse plasma starting at 
26 months of age extended median and maximal lifespan by 
10.5% and 16.3%, respectively, in female mice at the comple-
tion of the study. Furthermore, EV injection restored youthful 
appearance and activity levels. Given that eNAMPT enhances 
NAD+ biosynthesis, SIRT1 activity, and neuronal activity in 
the hypothalamus,74 it has been speculated that the hypothal-
amus is one of the major targets for eNAMPT- containing EVs 
secreted from adipose tissue. In this regard, it is likely that 
the inter- tissue communication between the hypothalamus 
and adipose tissue plays a critical role in aging/longevity con-
trol in mammals.75 It is now accepted that a systemic decline 
in NAD+ availability is a critical driver of systemic aging.75 
Thus, these recent findings suggest that the depletion of cir-
culating eNAMPT during aging bears partial responsibility 
for the shortage in NAD+ availability. Together, these studies 
strongly support a role for EVs in the regulation of systemic 
aging and suggest exploration of EV treatment as a potential 
antiaging intervention.

4 |  EVs AND 
PATHOPHYSIOLOGICAL ASPECTS 
OF AGING

4.1 | EVs and cellular senescence

Cellular senescence is the essentially irreversible exit from 
the cell cycle intended to curtail tumor growth in response to 
potentially oncogenic damage, especially to DNA.14 While 
senescence provides an important benefit in acute tumor sup-
pression, the steady accumulation of senescent cells character-
istic of aging can drive chronic inflammation as well as cause 
damage to and, counterintuitively, promote tumor growth in 
neighboring cells.14,76 These detriments are primarily driven 
by the senescence- associated secretory phenotype (SASP). 
Despite a large range of individual SASP components, the 
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secretion of pro- inflammatory cytokines and chemokines 
as well as growth factors, survival factors, ROS, and matrix 
metalloproteinases occurs across cell types.77,78 The accumu-
lation of senescent cells and by extension, SASP, may drive 
age- associated pathophysiologies.14,78 Strong support for this 
hypothesis can be found in a fair number of recent studies in 
which elimination of senescent cells by genetic ablation or 
senolytic treatment led to abatement of aging symptoms in-
cluding muscle weakness, bone frailty, activity levels, kidney 
dysfunction, cardiac stress, and inflammation, and the exten-
sion of healthspan.79– 82 It remains unclear what proportion of 
EVs in aging are actually derived from senescent cells and 
the physiological relevance of such EVs in vivo. However, 
recent studies demonstrating that treatment with senolytics 
can restore aging- related changes in EV miRNA content sug-
gest that senescent cell- derived EVs may make up a consid-
erable portion of the aged EV pool.25,83

It has recently been suggested that EVs constitute a com-
ponent of the SASP.8 However, proteomic analysis reveals 
that the protein changes observed in senescence- associated 
EVs target substantially distinct pathways from those affected 
by non- EV soluble factors.84 Nevertheless, senescent cells 
secrete more EVs and EVs secreted from senescent cells have 
a substantially altered composition.8 For instance, Radiation- 
induced or proliferative senescence can increase the number 
of EVs secreted by fibroblasts and prostate cancer cell lines 
in a p53- dependent manner.85 The miRNA content of senes-
cent platelet EVs may also be substantially altered with po-
tential changes affecting target genes involved in metabolic, 
antiapoptotic, inflammatory, and vascular disease pathways 
among others.86,87

Rab27b,88 as well as p53 targets Tsap6,89,90 Caveolin- 1 
(Cav1), and Chmp4c91 all of which may enable or enhance 
small EV secretion, are upregulated in senescence, suggest-
ing a possible mechanism for the increase of EVs from senes-
cent cells. Alternatively, the accumulation of damaged DNA 
in cytoplasmic chromatin fragments can drive inflammation, 
senescence, and SASP through the cGAS- STING DNA sens-
ing pathway.92,93 This DNA damage may activate ceramide 
synthesis, triggering the release of additional EVs in order to 
dispose of the damaged DNA as a protective mechanism.47 
However, in an Erff/− mouse model with constitutively de-
ficient DNA repair machinery, increased EV secretion from 
macrophages eventually leads to chronic systemic inflam-
mation.50 On the other hand, preventing excess EV secretion 
during senescence may block the secretion of damaged DNA 
fragments in these EVs. Thus, the accumulation of damaged 
DNA induces the DNA damage response and eventually 
cell death.94 Together, these data suggest that the secretion 
of EVs containing damaged DNA fragments in aging may 
serve to circumvent such a stress response within the cell, 
only to inadvertently trigger inflammation and/or senescence 
by activating the cGAS- STING pathway in neighboring 

cells. However, a more recent report contests the hypothesis 
that DNA is secreted within small EVs as the presence of 
cell- free DNA was DNase digestible and was not found to 
colocalize with EV markers CD81 and CD63. Instead, it is 
proposed that cell- free DNA is secreted in association with 
non- membranous particles.20 Clearly, further investigation is 
needed to resolve these inconsistencies.

Like other components of the SASP, EVs may play a role 
in paracrine senescence8 (Figure 2). EVs secreted from se-
nescent cells or derived from the plasma of acute coronary 
syndrome patients were sufficient to induce senescence, in-
cluding oxidative stress and upregulation of p21 and p16, in 
naïve endothelial cells.95 This transference of senescence may 
involve the expression of the downstream interferon signaling 
molecule IFITM3, which is located on the EV membrane and 
enriched during senescence.96 Induction of senescence by 
EVs may also depend on activation of nuclear factor- kappa 
B (NF- κB) in recipient cells.97 Furthermore, a deficiency in 
the activity of SIRT1, which is decreased in multiple tissues 
during aging98 and regulates longevity,71 can induce secretion 
of EVs or endothelial microparticles.56,99,100 This micropar-
ticle population, which is comprised to a significant degree 
by large EVs, is sufficient to induce paracrine senescence in 
cultured endothelial cells.100 In light of systemic decreases 
in NAD+ with age,75 these data suggest a potential pathway 
whereby loss of NAD+ positively reinforces the EV- mediated 
propagation of senescence through declining SIRT1 activity.

F I G U R E  2  Extracellular vesicles (EVs) propagate the state 
of their source cell. As cells become senescent or enter a damaged 
state, EV secretion increases. EVs secreted by these unhealthy cells 
may induce inflammation or damage responses in the recipient cells, 
eventually inducing a similar unhealthy state in these cells. In contrast, 
EVs secreted by healthy tissue provide trophic support and promote 
the maintenance of homeostasis in recipient cells
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However, EVs may also transfer protection to recipient 
cells in the context of stress. For instance, small EV mRNA 
changes due to oxidative stress can confer resistance against 
cell death in EV recipient mast cells under hydrogen per-
oxide exposure.101 Treatment of senescent MSCs with EVs 
derived from either induced pluripotent stem cells (iPSCs) 
or MSCs partially rescued senescence phenotypes including 
proliferation and ROS production in culture. The authors of 
this study attributed a portion of this rescue to EV delivery of 
peroxiredoxins PRDX1 and PRDX2.102 iPSC- derived small 
EVs have also been shown to reduce senescence markers 
and modestly preserve proliferation of human dermal fibro-
blasts challenged by radiation and serial passage to induce 
senescence.103

4.2 | EVs and cancer

There have been a tremendous number of investigations re-
porting connections between EVs and cancer. This topic is 
beyond the main scope of this review, but has been reviewed 
elsewhere.5,9,104 Nonetheless, it should be noted that in a set-
ting of aging, senescence, cancer, or other pathology, EVs 
can provide factors that positively reinforce the applicable 
disease state, whereas EVs are also capable of providing pro-
found rejuvenation effects on target tissues. This dichotomy 
is perhaps best epitomized in a study investigating the ef-
fects of bone marrow mesenchymal stromal cell (BMMSC)- 
derived EVs on multiple myeloma (MM) progression.105 It 
was found that EVs derived from MM BMMSCs promoted, 
but EVs derived from normal BMMSCs inhibited, tumor 
growth in vivo. Changes in EV content including enrichment 
of inflammatory factors such as IL6 and depletion of tumor 
suppressing miR- 15a in MM BMMSC EVs potentially medi-
ated this effect.105

4.3 | EVs and inflammaging

Chronic inflammation is a critical component of age- 
associated pathophysiologies and this important aspect of 
aging is embodied by the term “inflammaging”. EVs are 
well known to play prominent roles in both the activation 
and suppression of the immune system.106,107 Indeed, EVs 
secreted from senescent or cancer cells induce inflammation 
and telomere damage. In breast cancer cells, cell- free DNA 
secreted largely in EVs- activated TLR9 and stabilized NF- 
κB subunit p65 in EV recipient cells.108 However, these pro- 
inflammatory actions of EV- contained DNA may also trigger 
antitumor immunity through STING- dependent activation of 
dendritic cells.109 EVs in media conditioned by irradiated 
cancer cells decreased both telomere length and telomerase 
activity in recipient breast cancer epithelial cells.110 Telomere 

dysfunction may increase the enrichment of smaller form 
telomeric repeats- containing RNA (TERRA) in small EVs, 
potentially upregulating inflammation, including Tnfa, Il6, 
and Cxcl10 in recipient cells.111,112 While telomeric dysfunc-
tion is common in senescence,14 the extent to which TERRA 
may be increased in EVs secreted from senescent cells in 
vivo remains unclear.8 Pathway enrichment analysis of pro-
tein changes observed in senescence- associated EVs reveals 
increases in proteins involved in inflammatory, cellular sign-
aling transduction, including RAS and G- protein signaling, 
and membrane organization pathways.84

Interestingly, small EVs can also transport mRNA encod-
ing a number of pro- inflammatory cytokines. In one report, 
quantities of Il6, Tnfa, and Il12 mRNA in serum EVs en-
riched for macrophage- secreted EVs were increased in aged 
(≥65 years of age) human subjects. A similar upregulation 
was also present in EVs derived from macrophages exposed 
to pro- inflammatory stimulants amyloid beta (Aβ) or lipo-
polysaccharide (LPS).113 Additionally, the immune signaling 
proteins ICAM- 1 and IL- 6R are enriched in large EVs se-
creted by senescent fibroblasts114 or serum EVs,115 respec-
tively. EVs derived from the ex vivo adipose tissue of ob/
ob obese model mice can promote inflammatory macrophage 
activation, including upregulation of cytokines IL6 and tumor 
necrosis factor alpha.116 Together, these studies suggest 
that EVs secreted under pathological conditions may serve 
to positively reinforce systemic inflammation and disease 
pathogenesis (Figure 2). Direct evaluation of this hypothesis 
and the extent to which EVs may contribute to inflammaging 
represent promising areas for future research.

Crucially, EVs can also mitigate inflammatory patholo-
gies. For instance, enrichment by source cell overexpression 
of miR- 26a- 5p or miR- 140- 5p in EVs derived from MSCs can 
mitigate osteoarthritic damage by targeting Ptgs2 (COX2)117 
or even induce cartilage regeneration, respectively, in rats.118 
Additionally, administration of EVs secreted by adipose- 
derived MSCs can protect against senescence, including 
pro- inflammatory cytokine production and DNA damage in 
osteoarthritis osteoblasts.119

4.4 | EVs and metabolic dysfunction

There is evidence that EVs have potentially important roles 
as biomarkers and as regulators of metabolic processes, in-
cluding in age- associated conditions such as obesity, insu-
lin resistance, and diabetes.5,120 Accordingly, in rats, there 
are considerable age- related changes to the levels of EV- 
contained miRNAs targeting multiple metabolic pathways 
including those targeting insulin and growth hormone recep-
tor signaling.35 Furthermore, miRNAs secreted from adipose 
tissue in EVs can regulate gene expression in distal tissues, 
such as hepatic FGF21 expression.121 The treatment of WT 
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mice with adipose- derived EVs from obese model mice can 
drive insulin resistance, glucose intolerance, increased tri-
glyceride levels, dyslipidemia, inflammatory macrophage 
activation, and hepatic steatosis, potentially through the 
transfer of EV- contained miRNAs.116,122 EVs derived from 
pancreatic cancer patients can induce adipocyte lipolysis 
through EV- contained adrenomedullin activation of MAPK 
signaling, mediating phosphorylation of hormone sensitive 
lipase,123 and suppressing insulin secretion from pancreatic 
β- cells.124 Interestingly, increased EV secretion from mac-
rophages induced by the DNA damage response can cause 
glucose uptake in recipient cells, leading to metabolic dys-
function and systemic inflammation.50 The increased deliv-
ery of miR- 29b- 3p by bone marrow MSC- derived small EVs 
to various tissues, including adipose and hepatic tissues, may 
induce age- related insulin resistance in a SIRT1- dependent 
manner.125 Depletion of EV- contained miR- 26a in obesity 
may drive diabetes- like symptoms including insulin resist-
ance and glucose intolerance in mice and is associated with 
Type 2 diabetes in humans.126 Conversely, pancreatic β- cells 
secrete small EVs containing miR- 26a, which may promote 
insulin sensitivity both locally and distally. Adipose tissue- 
specific Nampt- knockout (ANKO) mice, which show a sig-
nificant reduction in circulating eNAMPT levels, develop 
severe insulin resistance in multiple tissues, suggesting that 
eNAMPT containing EVs play an important role in main-
taining insulin sensitivity at a systemic level.127 Additionally, 
treatment of old mice with young plasma- derived EVs can 
reduce mTOR and IGF1R in the lung and liver, poten-
tially through delivery of miRNAs targeting these genes.128 
Together, these studies indicate that maintaining EV con-
tent, such as miRNAs and eNAMPT, associated with youth 
and metabolic fitness may be important in suppressing age- 
related metabolic dysfunction.

4.5 | EVs and neurological disease

There are emerging data that EVs target the brain and 
may mediate the pathogenesis of neurological disease.5,9 
Treatment with MSC- derived EVs following induction of 
traumatic brain injury and hemorrhagic shock in a Yorkshire 
swine model reduced the severity of neurologic impairment 
and improved recovery time.129 The local transfer of miR- 
124- 3p in small EVs from microglia to hippocampal neurons 
was also found to serve a protective function in a setting of 
traumatic brain injury.130 While the injuries in these mod-
els involved loss of blood- brain barrier (BBB) integrity, a 
number of studies suggest that administered EV treatments 
can pass through the BBB. This ability is essential in the 
context of aging because certain brain regions, especially the 
hypothalamus,34,71,75,131 may exert control of the aging pro-
cess and also because the brain is particularly vulnerable to 

age- related deterioration. For example, the delivery of BDNF 
to the brain via macrophage- derived EVs may be mediated 
by surface expression of ICAM- 1 and LFA- 1 and is increased 
in the setting of brain inflammation induced by intracranial 
LPS injection.132 However, uptake of EVs to the brain may 
be less pronounced than to other organs including the liver, 
spleen, lung, kidney, and heart at least at 10  min post- EV 
injection.132

Data describing the function of EVs in AD models is 
context- dependent. A preliminary study found a benefit 
of stereotactic MSC- derived EV injection directly to the 
dentate gyrus of Aβ aggregate- injected mice on cognitive 
performance. This effect is correlated with stimulation of 
neurogenesis in the subventricular zone by EV treatment.133 
Another study found that intranasal injection of MSC- 
derived EVs could attenuate microglial activation and mod-
estly increase hippocampal dendritic spine density in the 
3xTg AD mouse model.134 Supplementation of EVs derived 
from human MSCs or hypoxic mouse mesenchymal stromal 
cells may rescue Aβ aggregate pathology as well as the as-
sociated inflammation and cognitive dysfunction in a beta- 
amyloidosis model mouse.135,136 However, the inhibition 
of EV secretion reduced Aβ plaque burden, while injecting 
EVs increased plaque burden in a different beta- amyloidosis 
mouse model. The effects in this latter study may have been 
mediated through astrocytes as astrocyte- derived EVs inhib-
ited glial Aβ uptake in culture.137 EVs may also contribute to 
spreading of tau pathology.138 Again, differences in models as 
well as the heterogeneity of EV populations and phenotypes 
examined suggest that more work is needed to resolve these 
discrepancies. Moreover, the relative contribution of local in 
contrast to peripherally derived EVs in the regulation of AD 
pathogenesis remains relatively unexplored. While intrigu-
ing, future work should more comprehensively evaluate the 
robustness of these and other findings in a range of neurode-
generative settings. Additionally, the investigation of possible 
common regulatory roles undertaken by EVs in the patho-
genesis and amelioration of disease, including EV trafficking 
and uptake mechanisms, between neurological conditions 
would be advantageous in the development of therapeutics.

4.6 | EVs and cardiovascular disease

Extracellular vesicles may also be influential in regulating 
age- related cardiovascular dysfunction. For example, in con-
trast to large EVs, platelet- derived small EVs may mitigate 
atherothrombosis by directing both platelet and macrophage 
CD36 to proteasomal degradation, thereby limiting thrombo-
sis.139 On the other hand, EVs secreted by vascular smooth 
muscle cells may promote calcification and thrombosis in 
a setting of an atherosclerotic plaque.140 Additionally, EVs 
secreted by platelets in septic, but not healthy patients, are 
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sufficient to depress left ventricular pressure in ex vivo rab-
bit hearts, suggesting a role for EVs in promoting myocardial 
dysfunction.141

However, treatment with EVs from healthy tissue or cell 
culture may also confer vascular benefits. For instance, large 
EVs derived from endothelial progenitor cells may induce 
pro- angiogenic and antiapoptotic effects through delivery 
of mRNA that activates PI3K/AKT signaling.142 The pro- 
angiogenic properties of adipose stem cell- derived EVs may 
be abolished during obesity and dependent on delivery of 
miR- 126 and, to a lesser extent, VEGF and MMP- 2 to en-
dothelial cells.143 Endothelial EV transfer of miR- 214  may 
also confer pro- angiogenic properties while modestly reduc-
ing senescence in recipient cells.144 Administration of MSC- 
derived small EVs 5 min before reperfusion of myocardial 
ischemia in a mouse model markedly reduced infarct size.145 
Serum- derived EVs can promote angiogenesis and limit mus-
cle damage in a mouse model of acute hind limb ischemia.146 
As in other contexts,101 oxidative stress can induce a ben-
eficial priming effect by increasing miR- 21 content in EVs 
derived from cardiac progenitor cells. This transfer of miR- 
21 may play a protective role in cardiomyocytes by targeting 
apoptosis promoting PDCD4.147 Relatedly, ischemic precon-
ditioning, which involves cycles of oxygen deprivation, in 
MSCs can alter EV content such that delivery of conditioned 
EVs can confer protection against apoptosis in vitro and car-
diac fibrosis in vivo. Among the changes driving this benefit 
is an increase in miR- 22 in MSC- derived EVs, which targets 
Mecp2 in recipient cardiomyocytes.148 miR- 21- 5p in MSC- 
derived EVs promotes calcium handling and procontractile 
force in cultured engineered cardiac tissue, at least partially 
through PI3K signaling.149 Consistent with investigations in 
other disease states, these data suggest that the effect of EVs 
may be a direct consequence of the fitness of the source cells 
or tissue (Figure 2).

5 |  EVs IN CLINICS

5.1 | EVs as biomarkers

The unique cargo including protein, mutated DNA, mRNA, 
and miRNA contained in circulating EVs during aging and 
disease pathogenesis affords an opportunity for the measure-
ment of such EV content as a non- invasive diagnostic tool.5,7 
For example, microRNAs such as miR- 24- 3p were found to 
be upregulated by more than fourfold in the salivary small 
EVs of older humans.36 EVs may also serve as tools for eval-
uation of aging- relevant interventions. For instance, changes 
in EV miRNA content observed in aged plasma as well as 
in synovial fluid extracted from mouse knee joints can be 
partially rescued with senolytic treatment.25,83 One group 
found that in men with prostate cancer, 1 month of protein 

restricted diet increased leptin receptor levels in plasma EVs 
and LCAM1+ EVs (suggestive of a neuronal origin). An in-
crease in the ratio of pan- tyrosine to serine 312 phosphoryla-
tion on IRS, indicative of improved insulin sensitivity, was 
also observed in LCAM+ EVs.150 These data indicate that di-
etary interventions relevant to age- associated pathology such 
as obesity affect neuronally released EVs and suggest that 
such changes may serve as proxies for measuring neuronal 
homeostasis.

Tumor- derived EVs may contain considerable amounts of 
double stranded DNA and, to a lesser extent, single stranded 
DNA fragments.151 Thus, it may be possible to analyze 
these fragments for oncogenic mutations as a cancer diag-
nostic tool. For example, the presence of mutated p53 and 
KRAS DNA fragments18,152 or the enrichment of membrane- 
associated Glypican- 1153 in serum EVs from pancreatic 
cancer patients and EVs secreted from pancreatic cancer 
cell lines could serve as cancer biomarkers. Biomarkers for 
glioblastoma can even be detected in large EVs isolated 
from serum.154 Together, these data suggest that EV content 
could be measured as both an indicator of pathology and as 
a benchmark for treatment efficacy. Additionally, the rela-
tive protection afforded miRNA species within EVs against 
RNases would help ensure reliability and reduce variability 
in these measurements.155

5.2 | EVs as therapies in humans

While the molecules that target EVs to specific tissues are 
still being actively investigated, biologically produced or en-
gineered EVs may already have built in protection against 
degradation. For instance, inclusion of CD47 on the EV 
surface may confer protection against phagocytosis and 
degradation of injected EVs by immune cells including mac-
rophages and monocytes.156 Importantly, injection of cell- 
culture- derived EVs also does not appear to induce overt 
toxicity or pro- inflammatory effects.157 Given these proper-
ties, the overt use of EVs as therapeutics has been explored 
in the clinic. For instance, treatment of a graft- versus- host 
disease patient with MSC- derived EVs- induced abatement of 
symptoms including diarrhea and skin pathology. Treatment 
of peripheral blood mononuclear cells derived from the same 
patient with MSC- derived EVs also reduced inflammatory 
cytokine release in culture.158 In a phase- II clinical trial, 
treatment of patients with chemotherapy- responsive inopera-
ble non- small cell lung carcinoma with dendritic cell- derived 
EVs enriched for MHC- I and MHC- II was able to enhance 
natural killer (NK) cell function through NKp30. Although 
this study did not reach its primary endpoint (50% of patients 
with 4 months progression- free survival), the treatment was 
well tolerated and showed biological efficacy in activating 
NK cells.159 EVs derived from human foreskin fibroblasts 
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and loaded with either siRNA or shRNA expression plasmid 
targeting oncogenic KRASG12D successfully mitigated pan-
creatic tumor growth in several mouse models.156,160 These 
EVs, termed “iExosomes” are currently being tested in a 
clinical trial with an estimated completion date of 31 March 
2022 (ClinicalTrials.gov Identifier: NCT03608631). These 
studies suggest that clinical treatment with EVs is feasible, 
but further optimization will be necessary to increase speci-
ficity and efficacy.

6 |  CONCLUSIONS AND 
PERSPECTIVES

It is now clear that EVs play active roles in the maintenance 
and eventual breakdown of physiological robustness in 
aging75 and in a wide range of age- related morbidities from 
cellular senescence, inflammaging, and cancer to metabolic, 
cardiovascular, and neurological dysfunction5,8,9 (Figure 2). 
Moreover, EVs derived from plasma and a variety of cul-
ture sources have been utilized to successfully ameliorate 
a diverse array of pathological phenotypes in both preclini-
cal and clinical settings. In combination, these studies sug-
gest that in aging, EVs serve as a key instrument through 
which a series of interlocking regulatory feedback loops 
positively or negatively regulate the process of aging. Thus, 
we propose a model in which EVs play a central regulatory 

role in mammalian aging and longevity control (Figure 3). 
Gradually, chronic cellular stress may induce the accumu-
lation of oxidative, inflammatory, and DNA damage. This 
damage may alter the nucleotide and protein content and 
increase the secretion of EVs, inducing inflammation and 
propagating damage to proximal and distal cell populations. 
These EVs then disrupt the homeostasis of recipient cells, 
initiating a damage response including mitigation measures 
such as autophagy. When these compensatory mechanisms 
eventually become overwhelmed and break down, EV con-
tents and secretion again change, manifesting the pathologi-
cal state from the secondary cell and continuing the cycle. 
Meanwhile, EVs secreted by healthy or “youthful” tissues 
carry growth factors, protective enzymes, antioxidants, me-
tabolites, and beneficial miRNAs that mediate healthy in-
tertissue communication pathways and bolster the resilience 
of recipient tissues. The resultant EV pool then reflects an 
amalgamation of cells at different points in this continuum 
from healthy to pathological. Over time, the decline in ben-
eficial EVs and/or the accumulation of EVs secreted by se-
nescent and otherwise damaged cells supplants homeostatic/
rejuvenating EVs, impairing maintenance of tissue func-
tions, and driving aging- related physiological deterioration. 
In order to test this theory, a more thorough characterization 
of EV subpopulations including tracing of cellular origins, 
destinations, and alterations to these subpopulations with 
age is needed.

F I G U R E  3  An extracellular vesicle theory of aging. Early in life, extracellular vesicles (EVs) serve as beneficial signaling molecules and 
promote tissue health. As senescent/damaged cells accumulate over the lifespan of an organism, these cells secrete EVs carrying detrimental 
cargo. These aging- promoting EVs circulate throughout the body, positively reinforcing aging- related tissue deterioration. At the same time, as 
an organism ages, the number of rejuvenating or supportive EVs decreases. Beneficial effects seen with EV treatments may then reflect a shift of 
this balance toward rejuvenating EVs and may be one strategy for circumventing age- related deterioration. Proteins are denoted by colored ovals 
and nucleic acids are denoted by curled lines. Examples of potential effector molecules found to have detrimental effects (top, aging) or beneficial 
effects (bottom, rejuvenating) are depicted along with supporting citation
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If support is uncovered for a consequential regulatory 
role for EVs in systemic aging, then strategies to intervene 
in this process would fall into two broad categories. First, 
systematic repair or removal of damaged cells from EV 
source tissues would tip the balance in favor of rejuvenating 
EVs. Senolytics would constitute such an intervention. This 
approach would have the advantage of more acutely clear-
ing potentially deleterious EVs by removing their source. 
However, such an approach may lack pervasiveness or spec-
ificity, possibly leaving many sources of contaminated EVs 
to accumulate and propagate damage. Second, supplement-
ing the EV pool with exogenous, supportive EVs would also 
skew the balance in favor of rejuvenation and promote ho-
meostasis. This approach has the advantage of leveraging 
endemic targeting and delivery mechanisms to provide tro-
phic support to a range of deteriorating tissues spread across 
the body. However, this approach may take time, requiring 
repeated treatments to placate sources of detrimental EVs. 
Importantly, the ability to enhance the efficacy and poten-
tially the targeting precision of EVs by supplementing EV 
content prior to delivery presents a compelling justification 
for pursuing the second option. Of course, a multifaceted 
approach incorporating both strategies simultaneously may 
also prove most efficacious. In any case, substantial future 
work is required to elucidate the specific molecules that dic-
tate EV targeting and uptake as well as how these molecules 
may be altered with age. Also critical is the identification of 
effector cell populations that may particularly benefit from 
EV- mediated support in aging. Once we understand and har-
ness the power of this endogenous system, including piv-
otal components involved in the antiaging effects of EVs, 
we have the exciting potential to undermine several facets 
of aging at once, improving resilience against age- related 
dysfunctions and extending healthspan in humans.
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