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Abstract 

In Canada and across the world, the global population of older adults is rising. Within the next 15 

years, approximately 25% of Canadians will be 65 years of age or older. This shift in population 

demographics will be a stressor for healthcare systems due to a concomitant loss of functional 

independence with age. While strategies exist to promote healthy living, there is also growing 

interest in research focused on attenuating the biological hallmarks of aging. Previous parabiosis 

experiments have shown that factors in the circulatory system may be key to reversing the cellular 

aging process. We propose that these youthful circulatory factors are encapsulated by extracellular 

vesicles (EVs), nanoparticles released by all cell types that are critical in cellular communication. 

To test our hypothesis, we obtained samples from the WARM Hearts Study (Clinical Trial 

#NCT02863211). In this study, we: 1) isolated and biochemically characterized EVs from women 

who were classified as robust, pre-frail or frail, and 2) co-cultured robust/young EVs, and frail/old 

EVs with chronologically young and old primary human skeletal muscle cells. Our results indicate 

that EVs isolated from frail subjects yielded 22% more protein than EVs isolated from robust 

subjects (*p=0.01, N=23) and 48.5% more protein than EVs isolated from pre-frail subjects 

(*p<0.001, N=12-23). Moreover, frail EVs had 119% lower ApoA1, a non-EV marker, than robust 

EVs (*p<0.01, N=8). Next, robust and frail plasma samples were stratified for epigenetic age 

(biological age) and EVs were isolated for co-culture experiments with young (19 year old) and 

old (92 year old) human skeletal muscle cells. Young and old cells were co-cultured with 

robust/biologically young and frail/biologically old plasma and EVs. We observed no difference 

in cell count or mitochondrial staining in any treatment groups. Treating old cells with EVs isolated 

from robust/biologically young subjects resulted in a 48% reduction in senescence as measured by 

beta-galactosidase staining (*p=0.02, N=7), and a 24% increase in cell viability (*p=0.02, N=6). 

Treating young cells with plasma isolated from frail/biologically old subjects resulted in a 16% 

decrease in cell viability (p=0.05, N=6). Treating young cells with EVs isolated from 

frail/biologically old subjects increased senescence by 73% (*p=0.007, N=7). The data show that 

EVs from frail/biologically old subjects have more protein, contain less ApoA1, and induced 

senescence in young cells, whereas EVs from robust/biologically young subjects rescued 

senescence in old cells.  
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Chapter 1: Literature Review 

1.1. Epidemiology of aging 

By the year 2036, roughly 25% of the Canadian population will be 65 years of age or older1. Aging 

is generally defined as the progressive deterioration of physiological processes in the body over 

time2. This functional decline over time occurs in tandem with increased onset of diseases affecting 

the cardiovascular, nervous, musculoskeletal, and endocrine systems, as well as increased 

incidence of cancer3. As a result of this increased onset of chronic diseases, the aging population 

requires significant healthcare interventions to maintain a healthy lifestyle and ensure 

independence with age4. Facilitating healthy aging free of age-related physiological dysfunction 

can alleviate healthcare costs, foster improved quality of life for older adults, and support 

independence in old age. A number of nutritional and physical activity strategies to promote a 

healthy lifestyle exist, as well as strategies to combat the appearance of aging with the anti-aging 

consumer market generating over $190 billion USD in 20195. However, attenuating the aging 

process at the cellular and organismal levels has only been consistently achieved in C. elegans and 

rodent models, and to a lesser extent in human cells in culture6,7. To address rejuvenation of aging 

at the cellular level, it is important to first understand how cellular modifications drive the process 

of aging.  

1.2. Cellular aging 

At the cellular level, aging is characterized by the presence of nine hallmarks of aging which 

include genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, 

deregulated nutrient-sensing, mitochondrial dysfunction, stem cell exhaustion, altered intercellular 

communication, and cellular senescence89. Cellular senescence, first described in 19610, is the 

process of arrest of cell proliferation, either due to a cell being fully differentiated or because the 

cell is no longer undergoing the cell cycle11,12. Senescence can lead to morphological changes in 

the nucleus or mitochondria of the cell, and result in visible changes in cellular hypertrophy and 

irregular shape13. Senescent cells show increased beta-galactosidase (SA-β-Gal) activity, an 

enzyme responsible for cleaving lactose that is established as an identifiable marker of cellular 

senescence14,15, as well as higher reactive oxygen species (ROS) production16, and expression of 

senescent-associated markers such as p16 and p2117,18. With age, senescent cells accumulate in 

most tissues throughout the body19 due to an accumulation of DNA damage within the cell, the 
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subsequent DNA damage response, and telomere shortening20, leading to sustained accumulated 

damage over time21.  

1.2.1. Epigenetic changes with age 

DNA damage that occurs with age as a consequence of UV or oxidative damage22,23 includes 

epigenetic modifications as well as mutations or changes in the sequence of the genetic material. 

The DNA damage theory of aging postulates that DNA damage, through exogenous or endogenous 

pathways, promotes aging. Over time, an accumulation of DNA mutations and damage leads to 

senescence, atrophy, or inflammation24. These changes can affect not only the damaged cell but 

also neighbouring cells, through altered intercellular communication in senescent and aged cells24. 

Epigenetic alterations involve changes in expression of genes that are inherited without changing 

the actual underlying DNA sequence25. Epigenetic regulation is mediated by modifications in 

DNA acetylation or methylation, and modifications of histone and other chromatin-associated 

proteins26. During aging, epigenetic alterations can include changes in chromatin structure, 

reduced histone protein synthesis resulting in general loss of histones, changes in DNA 

methylation, chromatin relaxation, and nucleosome remodelling25,27. DNA methylation (DNAm) 

is of particular importance because of its relevance to the epigenetic or biological clock. While 

chronological age refers to the age in terms of time that has passed from birth, biological or 

physiological age describes how old the cells are. Biological age is controlled by genetics as well 

as nutritional and lifestyle factors28,29. Individuals with younger biological age than chronological 

age are at lower risk of chronic diseases30,31. Interestingly, while chronological age is irreversible, 

biological age can be reversed32. Changes in DNAm at CpG sites, first characterised as a biological 

aging clock in 2013 by Dr. Steve Horvath33, have been shown to be consistent measures of aging34–

36, and as such DNAm is used as a viable measure of biological age37.  

1.2.2. Changes in metabolism with age 

Loss of metabolic function is an established marker of aging. Impaired mitochondrial respiration, 

enhanced ROS production, and a gradual decline in ROS scavengers with age can lead to oxidative 

stress and subsequent damage to DNA, proteins, and lipids38–41. Accumulation of mutations in the 

mitochondrial DNA (mtDNA) can in turn lead to an increase in ROS production, which in a feed-

forward cycle can further damage mtDNA. Loss in mitochondrial mass, function and activity, 

independent of mtDNA mutations, can also accelerate the aging process42. Critical regulators of 
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mitochondrial function and biogenesis such as nicotinamide adenine dinucleotide (NAD+), 

peroxisome-proliferator-activated receptor-γ coactivator-1 (PGC-1) alpha among others decrease 

with age, which contributes to age-associated mitochondrial dysfunction43. NAD+ is important for 

sirtuin proteins (SIRT 1-7) to function as coenzymes, with mitochondrial sirtuins being essential 

in maintaining optimal metabolism38,44. PGC-1alpha is the ‘master’ regulator of mitochondrial 

biogenesis, and increasing PGC-1alpha expression in skeletal muscle by exercise or genetic 

manipulation rescues age-related decline in skeletal muscle mitochondrial function45,46. The 

decrease in mitochondrial content with age often occurs in tandem with sarcopenia, the gradual 

loss of skeletal muscle mass and strength with age. Sarcopenia is highly prevalent in older adults, 

ranging from 11-50% in older adults > 80 years of age47. Sarcopenia is a risk factor for onset of 

other age-related chronic diseases and predictor of overall mortality48,49. It is also accompanied by 

another age-associated condition called frailty. 

1.3. Frailty 

Frailty is a condition whereby an individual shows impeded ability to return to their baseline level 

of health after experiencing a physical injury or stressor50. First defined by Fried et al. in 2001, 

frailty is characterized by unintentional weight loss, self-reported exhaustion, poor grip strength, 

slow walking speed, and low physical activity51. Physical frailty scores are generally based on 

these criteria. In addition to the Fried frailty score, a different approach to assess frailty is the 

frailty index method, which incorporates physiological, behavioural, and social factors into a 

frailty score by accounting for deficits experienced by an individual52–54. Currently, 25% of 

Canadians over the age of 65 live with frailty55. While frailty can occur at any age, frailty incidence 

increases with age, and women generally experience frailty at a higher rate than men56,57.  

1.4. Senescence-associated secretory phenotype 

As cells undergo senescence, they can communicate in a paracrine manner with neighbouring cells 

through the senescence-associated secretory phenotype (SASP). The SASP involves the secretion 

of various proteins including cytokines, chemokines, growth factors, and proteases to 

neighbouring cells58. SASP can have positive effects inducing cellular plasticity and cellular 

regeneration59, however senescent cells can also release inflammatory cytokines, that are pro-

tumorigenic, and impair insulin sensitivity58,60,61. Although the SASP can vary according to cell 

type, general pro-inflammatory factors found in the SASP include pro-inflammatory cytokines 
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such as interleukin-6 (IL-6), interleukin-8 (Il-8), and monocyte chemoattractant protein-1 

(MCP1)20. These cytokines are involved in cellular pathways such as inflammation, the immune 

response, and cancer, and their dysregulation as a part of the SASP can affect neighbouring 

cells20,62–64.While the SASP can be released as soluble circulating factors, it can also be released 

via small, membranous nanoparticles known as extracellular vesicles (EVs)65,66, which are known 

to contribute to the pro-inflammatory effects associated with SASP65,67. 

1.5. Extracellular vesicles (EVs) 

EVs are nanoparticles that can be secreted from all living cells, and play a vital role in intercellular 

communication. EVs can carry a plethora of molecular cargo, such as proteins, nucleic acids, and 

lipids, throughout the body68. Classically, there are three main types of EVs: apoptotic bodies, 

microvesicles, and exosomes. They differ in size, biogenesis, and cargo. Despite these differences, 

all EVs share a lipid bilayer membrane that protects their cargo from the extracellular 

environment68. More recently, the Minimal information for studies of extracellular vesicles 

(MISEV) 2018 guidelines recommend classifying EVs as either small (sEVs, <200 nm) or 

medium/large (m/lEVs, >200 nm) in size69, until purity of endosomal origin is confirmed 

quantitatively by expression of marker proteins, and imaging by transmission or scanning electron 

microscopy. 

1.5.1. Types of EVs 

Apoptotic bodies, the largest type of EV, range from 500-5000 nm in size68. They are released by 

the outward blebbing of the plasma membrane of cells undergoing apoptosis, and as a result largely 

contain the remnants of these cells68. Specifically, apoptotic bodies protrude outward from 

apoptotic cells by stacking on top of each other in a bead-like formation and are regulated by actin-

myosin interactions, pannexin-1, and plexin-B270,71.  

Microvesicles are about 100-1000 nm in size, and also released by an outward blebbing of 

the plasma membrane whereby the membrane pinches in on itself to release the vesicle72,73. Due 

to their unique biogenesis, microvesicles can be identified via surface markers such as ADP-

ribosylation factor 6 (ARF6) and matrix metallopeptidase 2 (MMP2)74. ARF6 is necessary for 

microvesicle formation in tumour cells, regulating actomyosin-based release of outward blebbings 

from the plasma membrane75. MMP2 has been consistently found to be incorporated into the 
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membranes of microvesicles, although the exact mechanism by which this occurs remains 

unclear76,77. While EV research generally focuses on exosomal content, microvesicles have been 

shown to harbour a wide variety of content, both within the vesicle and on its membrane. Tumour-

derived microvesicles with exposed Fas ligand have been shown to induce apoptosis in 

lymphocytes78,79. Furthermore, microvesicles can contain organelles (mitochondria), nucleic acids 

and proteins as intraluminal cargo80. 

Exosomes, or sEVs are on average 30-150 nm in size72,81. Exosome biogenesis involves 

the formation of intra-luminal vesicles inside of a multivesicular body (MVB). MVB cargo can 

either be recruited in an endosomal sorting complex required for transport (ESCRT)-dependent or 

independent manner. ESCRT proteins 0, I, and II recruit ubiquitinated cargo to the MVB 

membrane, where it is shuttled along the membrane by ESCRT II82–84. ESCRT-independent MVB 

cargo recruitment is achieved through various proteins, such as tetraspanins CD9, CD63, and 

CD8185,86.Once cargo has arrived at the MVB membrane, ESCRT III is responsible for cutting off 

the membrane invagination away from the cytoplasm, thus forming an intraluminal vesicle83.  

MVBs can either travel to the lysosome to deposit their contents, or fuse with the plasma 

membrane by way of SNARE proteins to release their contents as exosomes82,83 The purity of 

exosomal preparations is ascertained by Western blotting for specific marker proteins such as CD9, 

HSP70, Flotillin-1, and TSG10168, biophysical characteristics (size, density), as well as by electron 

microscopy (transmission, scanning, or cryo) imaging. An important caveat to note is that not all 

exosomes express each exosome-specific protein, but are enriched in the expression of one or more 

of them. It is common to identify exosomes by the markers they express e.g. CD9+/CD81+ 

exosomes. 

1.5.2. EV isolation methods 

There are a plethora of validated protocols that can be used for isolating EVs. Standard methods 

include differential ultracentrifugation (dUC), size exclusion chromatography (SEC), poly-

ethylene glycol (PEG) precipitation, and ultrafiltration among others81. Choosing a particular 

method of isolation is often dependent on the medium from which EVs are being collected. This 

is because EV isolation methods are governed by two important factors: yield and specificity69. 

For example, using an isolation method such as PEG will result in a high protein yield from the 

sample. Unfortunately, this high yield comes at the cost of a relative lack of specificity as PEG 
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will co-precipitate non-EV proteins as well. Conversely, isolating EVs using SEC will result in 

high specificity for EVs at the cost of overall protein yield. As a result, some methods are more 

feasible than others depending on the experimental design. For isolation of sEVs from cell culture 

media, dUC is recommended87. For isolation of sEVs from human plasma, SEC has emerged as 

an ideal EV isolation method due to the rich abundance of EVs in plasma81,87,88. Often a 

combination of one or more techniques is needed to obtain the optimal yield and purity of sEVs or 

exosomes. This means using dUC or SEC in combination with ultrafiltration, or immune-affinity 

capture methods81. 

1.6. EVs and aging 

While EVs are known to be involved in the SASP89–91, the relationship between EVs and aging is 

still being explored. A number of studies have evaluated the biochemical characteristics, 

concentration, and cargo content of EVs with age using in vivo, in vitro and ex vivo methods in 

different species as described below. Interestingly, EVs derived from young and old mice have 

also been used successfully in longevity experiments in mice, and in co-culture experiments using 

human cells92,93. The remarkable ability of EVs to transmit cellular changes seems very promising 

in the quest to generate anti-aging strategies for the burgeoning aging population worldwide. 

Reference 

 

Donor species/tissue 

 

Sample 

Size 

Population 

age EV size 
EV 

concentration 

EV protein 

yield 

EV 

protein 

markers 

Alberro et al., 201694 Human / in vivo 
37 21-92 y/o 

N/A No difference N/A N/A 

Eitan et al., 201795 Human / in vivo 
74 32-61 y/o No 

difference 
↓ N/A N/A 

Davis et al., 201796 Mouse / in vivo 
16 2-28 m/o No 

difference 
No difference N/A N/A 

Lee et al., 201897 Rat / in vivo 
6 7-22 m/o No 

difference 
N/A N/A 

No 

difference 

Terlecki-Zaniewicz et 

al., 201898 

Human / in vitro  

human dermal fibroblasts 

3  No 

difference 
↑ N/A N/A 

Bertoldi et al., 201899 Rat / in vivo 
4-6 3-26 m/o 

N/A ↓ N/A N/A 

Su et al., 2019100 Mouse / in vivo 
6-7 3-18 m/o No 

difference 
No difference N/A N/A 

Huang et al., 2019101 Human / MSC in vitro 
2 25-72 y/o 

N/A No difference N/A 
No 

difference 

Alberro et al., 

2019102 
Human / in vivo 

51 20-104 y/o 

N/A N/A N/A 

No 

difference 

in 
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Table 1: EV characteristics comparing young and aged samples. Summary of recent findings 

documenting changes in EV biochemical characteristics with age vs. young. Studies examining 

senescent cells are highlighted in blue. N/A = measurement was not made in the study. No 

difference = no difference between age groups. M/O = months old; Y/O = years old. 

 

 

 1.6.1. Biochemical characteristics of aged EVs 

A summary of literature comparing the biophysical characteristics of EVs in young and old 

subjects is outlined in Table 1. Alberro et al. (2016) provide the first direct comparison of EVs 

between chronologically young and old humans94. While studies prior to this compared 

microparticles from young and old participants110,111, a lack of methodological details and absence 

of standardization experiments for EV characterization as mandated by MISEV 2018 

guidelines69,112 made it difficult to extrapolate and interpret data from these studies.  

 The data on changes in EV biochemical characteristics such as size, concentration, protein 

yield and expression of specific markers is variable. Alberro and colleagues compared three groups 

of young participants (21-30 year old; 31-40 year old; 41-50 year old) to older adult participants 

(72-92 year old), who were further divided into robust, frail, or non-autonomous groups94. The 

authors reported that EV concentration did not change between age groups94. Several other studies 

as detailed in table 1 reported lack of any differences in EV concentration with age in 

senescent 

markers 

Zhang et al., 2020103 
Human / immune cells  

in vivo 

28 40-68 y/o 
N/A ↓ N/A N/A 

Willis et al., 2020104 Mouse / in vitro 
7-11 1-3 m/o No 

difference 
No difference N/A N/A 

Alibhai et al., 2020105 Mouse / in vivo 

8 3-21 m/o 

↓ ↓ N/A 

↑ 

TSG101, 

CD63, 

CD81 

↓ APOA1 

Grenier-Pleau et al., 

2020106 
Humans / in vivo 

35 20-85 y/o No 

difference 
No difference No difference N/A 

Tsukamoto et al., 

2020107 
Mouse / in vivo 

12 2-18 m/o No 

difference 
No difference N/A N/A 

Khanh et al., 2020108 
Human / in vitro  

Adipose-tissue MSCs 

10 1-80 y/o No 

difference 
N/A N/A 

No 

difference 

Mensa et al., 2020109 

Human / in vitro 

Human umbilical vein 

cells (HUVEC) 

1  
No 

difference 
↑ N/A N/A 
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humans101,104,106 or rodents96,100,107. Conversely, others have reported that EV concentration 

decreases with age. Eitan et al. (2017) compared EVs from participants 30 vs. 60 years of age and 

found EV concentration was reduced with age95. This finding was also reported in other studies in 

humans103, mice105, and rats113. In opposition to this, studies examining senescent cell-derived EVs 

demonstrated that senescent cells show an increased concentration of EVs released from the 

cells89,109. The variability in results could be a result of differences in EV isolation and 

characterization, as well as due to differences in cohort with respect to sex, gender, and 

race/ethnicity. Taken together, these results illustrate that the relationship between EV 

concentration, biogenesis, release and age has yet to be fully elucidated, and requires the use of 

standardized, validated EV methodologies.  

 While the literature on the relationship between EV concentration and age is not 

unanimous, there appears to be more of a consensus on the relationship between EV size and aging. 

Eitan et al. (2017) were the first to directly compare and report that EV size distribution did not 

change with age95, with others demonstrating similar findings in humans89,104,106,108,109, 

mice100,107,114, and rats97. Using rodent models in aging literature is generally performed by using 

the average lifespan of the rodent to make an approximation to human age. The average lifespan 

of mice is considered to be 2 years115. While laboratory rats are established to have an average 

lifespan of 3 years, Sprague Dawley rats are known to incur increased susceptibility to pneumonia 

and tumour incidence as early as 12 months of age116,117. In opposition to this consensus, Alibhai 

et al. (2020) found mean EV size to be reduced with age when comparing 3-month old to 18-

month old mice105. Finally, when examining the relationship between EV sub-type protein marker 

expression (mostly exosomal proteins) and age, Lee et al. (2018) compared EVs from 7-month 

and 22-month old Sprague Dawley rats and found no change in expression of exosome-markers 

CD63 and Alix97, with several studies in humans reporting the same101,102,108. In contrast, Alibhai 

et al. (2020) found that 18-month old mice expressed greater levels of exosome-specific markers 

such as TSG101, CD63, and CD81 than their 3-month old counterparts, as well as less APOA1, a 

marker of lipoprotein contamination. Only one study has compared EV protein yield in young vs. 

old to date and it found no differences in participants aged 20-39, 40-59, and 60-85 years106. 

1.6.2. EV cargo content with age 
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Literature on EV content and age is largely focused on miRNA content of EVs due to the potential 

of miRNAs in EVs to serve as biomarkers and potential therapeutics118. A full list of EV cargo 

content changes with age is listed in Table 2. Interestingly, of all miRNAs found to increase or 

decrease in EVs with age, no two studies found the same miRNA to be related to 

age89,95,97,99,100,105,107,109,119–124, except for miR-21which was found to be increased with age in 3 

studies105,107,109 and miR-145 increased in two papers103,105. miR-21 is a highly conserved, and 

ubiquitously expressed microRNA that has been used a biomarker for ~29 diseases125 and miR-

145 is thought to function as a tumor suppressor126. This indicates that further research is needed, 

and that EV miRNA changes in response to age may be transcript-, species- and/or tissue-specific. 

Notably, proteins (specifically those not used for EV sub-type determination) found to decrease 

with age in EVs included proteins related to apoptosis95, scavengers of free radicals113, and those 

linked with cellular metabolism120. Since EV content changes with age, along with its cargo, it can 

modulate cellular function of recipient cells. Comparing the treatment effects of administering 

young vs. aged EVs on cellular hallmarks of aging can facilitate a better understanding of the role 

of EVs in maintaining homeostatic balance with age. 
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Table 2: Changes in EV cargo content with age. Summary of literature on the changes in EV 

cargo content with age. Data are stratified by cargo that 1) increased in EVs isolated from aged 

Reference  Species/tissue Increased in Aged EVs  Decreased in Aged EVs  

Weilner et al., 2016123 Human / in vivo N/A Galectin-3 

Eitan et al., 2017127 Human / in vivo  
CD151 

MUCIN16 

p53 

Cleaved PARP 

Cleaved Caspase-3 

Lee et al., 2018124 Mouse / in vivo plasma 
miR-184-3p 
miR-200b-5p 

miR-708-5p 

miR-126b-5p 
miR-466c-5p 

Kulkarni et al., 2018119 Mouse / in vitro MSC 
miR-17 

miR-34a 
N/A 

Lee et al., 201897 Rat / in vivo 

miR-500-3p 

miR-770-3p 

miR-6324 

miR-455-3p 
miR-487b-3p 

miR-26b-3p 

miR-127-3p 

miR-148-3p 

miR-450a-3p 

miR-196c-3p 

miR-34b-3p 

miR-10a-3p 

 

Bertoldi et al., 201899 Rat / in vivo DCF SOD 

Terlecki-Zaniewicz et al., 

201898 

Human / in vitro human dermal 

fibroblasts 

miR-23a-5p 

miR-137 
N/A 

Yoshida et al., 2019120 

Humans / in vivo plasma 

 

Mouse / in vivo plasma 

 

eNAMPT 

 

eNAMPT 

Su et al., 2019100 Mice / in vivo miR-29b-3p  N/A 

Khayrullin et al., 2019128 Human / in vivo C24:1 ceramide N/A 

Zhang et al., 2020103 Rat / in vivo 

miR-150-3p 

miR-378-3p 

miR-199a-5p 

miR-145-5p 
miR-598-3p 

miR-122-5p 

miR-194-5p 

miR-203a-3p 
miR-202-3p 

miR-145-5miR-532-5p 

miR-181-5p 

miR-133-5p 

Alibhai et al., 2020105 Mouse / in vivo 

miR-145a 

miR-21 
miR-22 

miR-223 

miR-145 

let-7a 

N/A 

Tsukamoto et al., 2020107 
Mouse / in vivo 

 

miR-19b 

miR-322 

miR-192 

miR-21 
miR-181 

N/A 

Mensa et al., 2020109 Human / in vitro HUVEC 
miR-21-5p 

miR-217 
N/A 
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subjects, 2) decreased with age, or 3) did not change with aging. Literature focusing on senescent 

cells is highlighted in blue. N/A = measurement was not made in the study.  

MSC: mesenchymal stem cells, miR: micro RNA; PARP: poly ADP-ribose polymerase; SOD: 

superoxide dismutase; eNAMPT: extracellular nicotinamide phosphoribosyltransferase; HUVEC: 

human umbilical vein cells; DCF: oxidized 2’,7’- dichloroflourescein diacetate; MUCIN16: 

cancer antigen 125.  

 

1.7. Frailty and EVs 

Literature comparing the relationship between frailty and EVs is scant. Alberro et al. (2016) 

compared EVs isolated from plasma of 72-92 year-olds of robust and frail status and found no 

change in EV concentration with frailty94. Ipson et al. (2018) identified several miRNAs increased 

in EVs with frailty129 (Table 3). Of the miRNAs found to increase with frailty status, mir-92a-3p 

can regulate cartilage development in primary human osteoarthritic chondrocytes by targeting 

wingless-related integration site 5A (WNT5A), which is known to be integral to chondrogenesis, 

the process by which cartilage is formed130,131. Additionally, exosomal miR-326 can help relieve 

inflammatory bowel disease132, and exosomal miR-532-5p has been shown to reduce intervertebral 

disc degeneration133. Finally, Picca and colleagues (2020) found that frail individuals produced 

higher amounts of sEVs than their robust counterparts, and these sEVs contained less CD9 or 

CD63, hallmark exosomal marker proteins134. 

 

Table 3: Changes in EV cargo content from robust vs. frail EVs. Summary of literature 

comparing cargo content in EVs from robust and frail participants. Data are stratified by cargo that 

1) increased in EVs isolated from frail subjects, 2) decreased with frailty, or 3) did not change with 

frailty status. N/A = measurement was not made in the study. 

Reference Species/tissue Increased with Frailty  
Decreased with 

Frailty  

No change with 

frailty 

Alberro et al., 201694 Human / in vivo N/A N/A EV concentration 

Ipson et al., 2018129 Human / in vivo 

miR-10a-3p 

miR-92a-3p 

miR-185-3p 

miR-194-5p 

miR-326 

miR-532-5p 

miR-576-5p 

miR-760 

N/A N/A 

Picca et al., 2020134 Human / in vivo Concentration of sEVs 
EVs positive for CD9 

or CD 63 
N/A 
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1.8. EV treatment using EVs isolated from young and old samples 

A summary of studies that have utilized EVs from young/old samples to reverse cellular 

dysfunction with age is presented in Table 4. In 2016, Weilner et al. treated adipose-tissue (AT) 

derived mesenchymal stem cells (MSCs) with EVs from young or aged human plasma and found 

that young EVs induced significantly more osteogenic differentiation in treated cells compared to 

aged123. Given that young embryonic stem (ES) cells reduce SA-β-GAL staining and increase the 

presence of cellular antioxidants in treated human vascular cells135, the effect of young human ES 

cell derived-EVs in reducing senescence and increasing antioxidant levels seems intuitive8,108. 

Treating senescent human dental pulp stem cells (HDPSC) with EVs from young HDPSC, also 

reduced SA-β-Gal activity in treated cells136. Wang et al. (2018) examined the effects of murine 

serum EVs from young and aged donors and found that young EVs reduced serum and splenic 

levels of inflammatory cytokines, and increased thymus size and thymocyte count in aged mice137. 

Treatment with young EVs also reduced the expression of proteins involved in cell turnover, and 

increased telomerase in the lungs and liver of treated mice, tissues where EVs preferentially 

localize124. Khayrullin et al. (2019) demonstrated that aged human and non-human primate EVs 

showed an increase in C24:1 ceramide levels compared to young EVs. Using a rodent model, 

Khayrullin et al. loaded serum EVs with C24:1 ceramide and treated primary bone marrow stem 

cells with these C24:1-enriched EVs. The authors noted that ceramide-enriched EVs induced 

senescence in the treated bone marrow stem cells that were derived from a young mouse121. Young 

murine EVs can reduce cell proliferation and senescence, increase antioxidant levels, and reduce 

levels of circulating inflammatory cytokines8,119,135. Interestingly, Yoshida et al. (2019) reported 

that injecting EVs isolated from young mice into 26-month old mice increased lifespan of treated 

mice by 2 months120, demonstrating the potency of young EVs to attenuate cellular and organismal 

aging. 

 While young human EVs have been shown to induce positive benefits, the effects of aged 

human EVs on cellular function are less clear. Aged human EVs are known to induce calcification 

in human aortic smooth muscle cells, increase bone resorption in treated osteoclasts, and reduce 

differentiation in oligodendrocytes104,138,139. Furthermore, human senescent-cell derived EVs can 

reduce apoptosis in fibroblasts, and yet increase early and late apoptosis in human umbilical vein 

endothelial cells (HUVEC)89,109. Treatment of HUVEC with senescent EVs also reduced cellular 
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SIRT1, an established regulator of metabolism140 and longevity109,141. Others have reported that 

treating C2C12 and 3T3-L1 cells with aged mice EVs inhibited glucose-stimulated insulin uptake, 

and treating young insulin-sensitive mice with aged mice EVs increased fasting blood glucose and 

insulin levels, and inhibited insulin signaling in several tissues100. Treating macrophages with aged 

mouse plasma EVs both reduced IL-6 expression and increased phagocytic activity104,105 

Collectively, this suggests an age- and tissue-dependent disparity in cellular effects with EV 

treatment. 

 While great strides have been made in deciphering the link between aging and EVs, 

information on the effect of frailty on EVs is thoroughly lacking. Further, the effect of biological 

age on the ability of EVs to reverse cellular signs of aging has not been investigated to date. Lastly, 

despite skeletal muscle representing 40% of body mass, no investigation into the effects of 

biologically young EVs on primary human skeletal muscle cells has been performed. Exploring 

the effects of biologically young and old EVs in tandem with frailty assessments on skeletal muscle 

cells can help develop a greater understanding of how EVs impact the musculoskeletal system 

with age. 
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Reference Species/tissue 

 

Sample size 

Age of 

isolated EVs 

Age of 

treated 

group 

Young EV 

treatment 
Aged EV treatment 

Weilner et al., 

2016123 
Human / AT-MSC 

4 25-55 y/o 23-47 y/o Increased osteogenic 

differentiation 
N/A 

Alique et al., 2017138 

Human / endothelial 

cells in vitro 

 
Human / plasma  

 
 

 

 

 
 

 

26 

 
 

 

 

 
 

 

23-78 y/o 

 

N/A 

 

 
N/A 

Induced calcification in 

human aortic smooth 

muscle cells 

Induced calcification in 
human aortic smooth 

muscle cells 

Wang et al., 2018137 
Mouse / in vivo 

serum 

 
 

 

 

4-8 

 
 

 

 

2-20 m/o 

 
 

 

 

18-20 m/o 
C57BL6 

Reduced serum IL-
6, serum IL-1b, 

splenic TNF-α, 

CD3+ T-cell blood-

derived 
macrophages 

Increased thymus 

size and thymocyte 

count 

N/A 

Lee et al., 2018124 
Mouse / in vivo 

plasma 

 

 

3 

 

 

3-24 m/o 

 

 

15 m/o 

C57BL6 

Localized in lungs 

and liver 

Reduced IGF1R, 

P16, Men1, and 
Mre11a in lungs and 

liver 

N/A 

Kulkarni et al., 
2018119 

Mouse / in vitro Lin- 

treated with MSC 
EVs 

3 2-24 m/o 18-24 m/o 
Reduced cell 
proliferation 

N/A 

Xie et al., 2018139 
Human / osteoclasts 

in vitro 

62 21-70 y/o  

N/A 

Increased bone 

resorption in 

osteoclasts 
Terlecki-Zaniewicz 

et al., 201889 

Human / dermal 

fibroblasts 

3   
N/A  

Reduced apoptotic 

activity in fibroblasts 

Yoshida et al., 

2019120 
Mouse / in vivo 

4 4-26 m/o 20 m/o 

C57BL6 
Extended lifespan  N/A 

Chen et al., 2019135 

Mouse / in vivo ESC 

EV treatment 

 
 

 

Human / in vitro 

HUVEC treated with 
ESC EV 

 

6 

 

 
 

 

 

3 

  

1.5-2 m/o 

C57BL6 

Accelerated wound 

healing and 

angiogenesis at 

wound site 
 

Reduced SA-β-Gal 

and MDA, increased 

SOD, GSH, CAT, 
and cellular miR-

200a 

N/A 

Khayrullin et al., 
2019121 

Human / mouse 
BMSC in vitro 

 

5 

25-90 y/o  EVs loaded with 

C24:1 ceramide 
induced senescence 

N/A 

Su et al., 2019100 

Mouse / 3T3-L1 and 

C2C12 in vitro 

 
 

 

Mouse / in vivo 

 

 

 
 

6-7 

 
 

 

 

 
6-7 

 

 

 
 

18 m/o 

 
 

 

 

 
3-18 m/o 

 

 

 
 

 

 
 

 

 

 
2 m/o 

C57BL6 

N/A 

Inhibited insulin-

stimulated glucose 

uptake, increased 
cellular miR-29b-3p 

 

Increased fasting blood 
glucose and fasting 

serum insulin, inhibited 

insulin signaling in 

epidydimal white 
adipose tissue, skeletal 

muscle, and 

hepatocytes 

Khanh et al., 2020108 

Human / in vitro 

Adipose tissue 

MSCs 

 
 

10 

 
 

1-80 y/o 

 Reduced SA-β-Gal 
and cellular ROS 

Upregulated SOD1 

and SOD3 

expression 

Had no effect on SA-β-

Gal or cellular ROS in 

treated aged cells 
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Table 4: EV treatment with age. Summary of literature comparing the treatment of young and 

aged EVs in mice and humans. Literature focusing on senescence is highlighted in blue. N/A = 

measurement was not made in the study.  

IGF1R: insulin-like growth factor 1 receptor; Men1: menin 1; MSC: mesenchymal stem cells.  

Fafian-Labora et al., 

20208 

 

 
 

 

 

Human / in vitro 

donor fibroblasts 

 

 
 

 

 

Mouse / in vivo 

 
 

 

 

 
 

4 

 

 
 

 

 

 
3-5 

 
 

 

 

 
 

1-3 y/o 

 

 
 

 

 

 
2.5-25 m/o 

 
 

 

 

 
 

67-81 y/o 

 

 
 

 

 

 
22-25 m/o 

C57BL6 

Reduced 
senescence, cellular 

ROS levels, DNA 

damage 

Increased cell 
growth, GST 

activity, cellular 

GSH levels 

 
 

Reduced SA-β-Gal 

staining in the liver, 

lungs and brown 
adipose tissue, 

reduced circulating 

IL-6 and GM-CSF, 

reduced serum ROS 
levels 

N/A 

Tsukamoto et al., 

2020107 
Mouse / plasma 

 

16 

 

2-18 m/o 

 

2-18 m/o 

C57BL6/ 
6JrSlc 

N/A 

Reduced IL-6 

expression in 

macrophages 

Alibhai et al., 

2020105 
Mouse / in vitro 

 

 

8 

 

 

3-21 m/o 

 

N/A 

Aged EVs increased 

phagocytic activity in 

macrophages 

Willis et al., 2020104 Human / astrocytes 

 

4 

 

 

 

N/A 

Reduced 

oligodendrocyte 

support and 

differentiation 

Grenier-Pleau et al., 

2020106 

Human / HSC in 

vitro 

 

35 

 

20-85 y/o 

 

 N/A 

Increased colony 

forming capacity of 

HSCs 

Mas-Bargues et al., 
2020136 

Human / in vitro 
Dental pulp cells 

3   
Reduced SA-β-Gal N/A 

Mensa et al., 2020109 
Human / in vitro 
HUVEC 

1   

N/A 

Increased cellular miR-

21-5p and miR-217, 

cellular apoptosis 
Reduced cellular 

SIRT1, DNMT1 
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Chapter 2: Study Design and Methods 

2.1. Statement of Problem 

EVs are involved in cell-to-cell communication and can potentiate anti-aging effects. EV sub-type 

and cargo is plastic and can change according to the cellular milieu. Characterizing EVs from 

people along the spectrum of frailty (robust, pre-frail and frail), in tandem with biological age 

deceleration/acceleration will give insight into how EV-based cell-to-cell communication differs 

with biological age and frailty status. If EVs from biologically young, non-frail subjects carry 

protective cargo that is beneficial for rescuing age-associated decline in physiological and 

biochemical function, then it follows that treating old cells with young EVs will mediate positive 

adaptations and rescue cellular deficits associated with aging such as metabolic dysfunction and 

senescence. The corollary is that treating old cells with biologically old/frail EVs would exacerbate 

metabolic deficits and markers of senescence already inherent in the old cells.  

2.2. Objectives 

The objectives of this proposal are to: 

1. Characterize changes in EV content and biophysical characteristics in frail, pre-frail, and 

robust participants from the WARM Hearts Study. 

2. Examine the effects of EVs stratified by frailty and biological age, on modifying the 

cellular hallmarks of aging (metabolism, senescence) in young and old muscle cells in 

vitro. 

2.3. Hypotheses 

Our hypotheses are: 

1. EV biochemical characteristics (size, stability, protein yield, expression of proteins related 

to EV sub-types) will differ according to frailty status. 

2. Treating chronologically old skeletal muscle cells with robust, biologically young EVs will 

alleviate the cellular hallmarks of aging present in the treated cells.  

3. Conversely, treating chronologically young skeletal muscle cells with frail, biologically 

old EVs will impair the cellular hallmarks of aging in the treated cells. 
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2.4. Research Design 

We used a case control design to assess EVs in WARM Hearts participants as a function of frailty 

status. Furthermore, an ex vivo cell culture model was utilized to examine the effects of frail vs. 

robust EV treatment on the cellular hallmarks of aging e.g. metabolism, and senescence in young 

and old human skeletal muscle cells. EVs were isolated, characterized and used in line with the 

minimal information for studies of extracellular vesicles (MISEV) guidelines69. We characterized 

EVs by size, zeta potential, transmission electron microscopy (TEM), and analyzed the expression 

of EV sub-type markers and non-EV co-isolate proteins. 

Study participants. Plasma samples were obtained from the WARM Hearts study (Clinical Trials 

#NCT02863211) led by Dr. Todd Duhamel at the University of Manitoba. Whole blood from 

Caucasian postmenopausal women (64±5.97 years) participating in the WARM Hearts study was 

collected for secondary EV analysis in our laboratory as detailed below. Research was conducted 

with institutional ethics approval from the Research Ethics Board at the University of Manitoba 

(REBH2019:063), and in accordance with the Declaration of Helsinki and STROBE guidelines142. 

Briefly, blood was collected in tubes containing EDTA and immediately centrifuged at 2000x g 

for 10 min at 4 °C. Plasma was carefully collected, aliquoted and frozen at -80 ºC. Members from 

Dr. Duhamel’s laboratory stratified samples (N=330) by frailty status (23 frail, and 23 robust) 

using the Frailty Index method143 and participants were matched by age, gender, ethnicity, 

smoking status, and socioeconomic status. A further subset of pre-frail participants (N=12-14) was 

also included. All plasma samples were used for EV isolation and biophysical characterization as 

described below in our laboratory (see study schematic, Fig.1A). Frail and robust samples were 

further stratified by biological age as determined by epigenetic age (eAge) measured by DNAm 

characterization (Illumina EPIC microarray) by collaborator Dr. Meaghan Jones at the University 

of Manitoba. Briefly, Dr. Jones’ group used the PhenoAge clock, a multifactorial epigenetic clock 

that predicts for outcomes such as all-cause mortality, health span, and physical function144,145. 

After samples were sorted by biological age, the top 10 frail and biologically oldest, and the 10 

robust and biologically youngest samples were used for EV co-culture experiments.  

Sample storage and preparation. Plasma samples were collected as described above and stored 

at -80 °C. Samples were thawed on ice for up to 90 min prior to EV isolation. Thawed plasma 

samples were filtered in the following manner: 0.22 µm filters (Millipore, SLGP033RB) were pre-
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wet with 500 µl of 1X PBS. 500 µl plasma samples were then loaded into the filter using a 1 ml 

syringe. After filtration, 150 µl of plasma sample was immediately used for EV isolation as 

described below. Leftover filtered plasma was stored at -80 °C. 

Small EV isolation. EVs were isolated using size exclusion chromatography (SEC) according to 

manufacturer’s guidelines. qEVsingle columns (35nm, Izon) were thawed at room temperature for 

30 min. Columns were then drained of void volume and flushed with 3.5 ml of 1X PBS. For EV 

characterization: 150 µl of pre-filtered plasma was loaded into the column and flushed with 1.0 

ml of PBS.  Fractions 7 through 10 were collected by flushing columns with 800 µl of PBS as 

previously described146. After EV isolation was complete, 20 µl of EVs were immediately analysed 

for size distribution and zeta potential using a NanoBrook ZetaPALS instrument as described 

below. Remaining EVs were concentrated and stored at -80 °C for Western blotting analysis. For 

EV co-culture experiments: 100 µl of pre-filtered plasma was diluted with 50 µl of PBS before 

being loaded into the column and flushed with 1.0 ml of 1X PBS. To improve small EV purity 

isolated from plasma, fractions 7 through 9 were collected by flushing columns with 600 µl of 

PBS87. Freshly isolated EVs were used for co-culture experiments as detailed below. 

EV characterization. EV zeta potential and size were measured by phase analysis light scattering 

using a NanoBrook ZetaPALS instrument (Brookhaven) and analyzed using ZetaPlus software as 

we described before146. Freshly isolated EVs (20 µl) were diluted 50 times and loaded into 1.5 ml 

Fisherbrand Disposable Cuvettes (Fisher Scientific). The sample underwent 5 runs in the 

NanoBrook ZetaPALS and multimodal size distribution was used to determine the amount of EVs 

per binned size group. Zeta potential analysis was performed using a Solvent-Resistant Electrode 

(NanoBrook) and BI-SCGO 4.5 ml cuvettes (NanoBrook). Smoluchowski formula was used to 

calculate zeta potential and final results were averaged irrespective of number sign.  

EV concentration, protein extraction and yield. Samples isolated with SEC were loaded onto 

Ultra-4 Centrifugal Filter columns (Amicon), and centrifuged at 14,000x g for 60 min at 4 °C, until 

approximately 50 µl of concentrated sample remained. Concentrated EV fractions were used for 

protein extraction as described before146. Briefly, RIPA solution (ThermoFisher) containing 

EASYPack Protease Inhibitor Cocktail (Roche) was added at a 1:1 ratio to the EV fractions, 

vortexed, sonicated 3 x 3 seconds at 50% amplitude, and then centrifuged at 16,000x g for 15 min 

at 4 °C. Supernate was collected and used for analysis of protein concentration using the 
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MicroBCA (ThermoFisher) assay as previously described146. Concentration of EVs (µg/µl) was 

multiplied by volume of EV yield (µl) to generate EV protein yield (µg).  

Western blotting. For immunoblotting, 20 µl of β-mercaptoethanol were added to 180 µl of 

laemmli buffer to make a 5% solution of β-mercaptoethanol. Then, the solution was mixed with 

EV protein lysates and incubated at 95 °C for 5 min. Following protein denaturation, 5 μg of total 

protein were loaded onto 12% SDS-PAGE gels, and electrophoresed for 30 min at 90 volts, 

followed by 90 min at 120 volts. Proteins were transferred to nitrocellulose (NCL) membranes 

using a Trans-Blot® Turbo™ (Bio-Rad) for 9 min. Membrane were stained with Ponceau S to 

ascertain loading and transfer, and gels stained with Coomassie Blue to ascertain equal loading 

and transfer. Next, the membranes were washed with 1X Tris-buffered saline (TBS) for 10 min 

and blocked with 5% skim milk in TBS-Tween20 (TBST) solution for 1 hour at room temperature. 

Membranes were incubated with the primary antibodies in 1% skim milk overnight at 4 °C. The 

following day, membranes were washed 3 x 5 min with TBST and incubated with the appropriate 

secondary (anti-mouse/anti-rabbit) IgG horseradish peroxidase secondary antibody for 1 hour at 

room temperature. Membranes were then visualized by enhanced chemiluminescence (ECL) 

detection reagent (Bio-Rad). Membranes were imaged and scanned using trans-illuminator 

ChemiDocTM System (Bio-Rad). Band densities were normalized to the respective Coomassie 

Blue Gel as a loading control. EVs were analyzed for expression of proteins associated with 

exosomes: TSG101 (Sigma-Aldrich, #T5701-200UL), CD81 (Santa Cruz, #sc-166029), CD9 

(Sigma-Aldrich, #CBL162), Alix (Bio-Rad, #MCA2493), and Flotillin-1 (Sigma-Alrich, #F1180-

200UL); for proteins enriched in microvesicles: MMP2 (Santa Cruz, #sc-13595 AC), and ARF6 

(Santa Cruz, #sc-7971); and non-EV marker proteins: Apo-A1 (Bio-Rad, #0650-0050) to 

determine purity of isolation.  

Epigenetic age. DNAm characterization performed using the Illumina microarray was used to 

determine eAge, by collaborator Dr. Meaghan Jones’ laboratory145. Epigenetic age acceleration 

(eAgeAccel) was then calculated by DNAm PhenoAge clock regressed on chronological age. 

Briefly, 23 robust and frail samples used for EV characterization were assessed for eAgeAccel. 

Robust EV samples were stratified as biologically young age if subjects presented with eAge 

deceleration, and frail samples were stratified as biologically old if they demonstrated eAge 
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acceleration. The 10 biologically youngest and robust samples, and 10 biologically oldest and frail 

samples were then used for co-culture treatment as described below. 

Cell culture. Human donor skeletal muscle cells were purchased from Cook Myosite. Young (cat 

# PO1358-19F.2) and old (cat # PO1520-92F.1) donor cells were purchased from a 19- (F19) and 

92-year-old (F92) female donor, respectively. Young and old cells were matched for gender and 

muscle tissue (vastus lateralis), as well as negative smoking and diabetes status. Cells were grown 

in Myotonic Basal Medium (Cook Myosite, #MB-2222), supplemented with 3.5 ml Myotonic 

Growth Supplement (Cook Myosite, #MS-3333), 10% fetal bovine serum (FBS, Life 

Technologies, #12483020) and 1 % penicillin-streptomycin (Fisher Scientific, #MT30002CI) per 

manufacturer’s instructions.  

Co-culture procedure. Young and old cells were plated into separate 6-well plates. Cells were 

seeded in 6-well dishes at 16,000 cells/well. The top row (3 wells) from both plates were co-

cultured with 1) 5% plasma, 2) 100 µl small EVs (F7-9, isolated from 100 µl plasma) from robust 

and biologically young subjects and 3) 100 µl PBS (negative control). The bottom rows (3 wells) 

on both plates were treated with the same conditions (5% plasma, 100 µl EVs and 100 µl PBS 

condition) from frail and biologically old subjects (see study schematic, Fig. 1B). Cells were 

treated on day 1 and day 3 and harvested on day 5 for measurement of all outcome variables. EVs 

were isolated fresh on each day of treatment (day 1, 3) as described above from the same starting 

volume of plasma (100 µl) from both groups to provide a physiological dose of EVs. After EV 

isolation was performed as described above, EVs were volumed up to 100 µl using PBS. Thus, 

each well was treated with the same volume (i.e. 100 µl) of either plasma, EVs, or PBS to 

standardize the additional volume added per well.  

Cell harvest and cell count: Cells were washed twice with 1X PBS and trypsinized for 2 min in 

a 37 °C incubator. Growth media was added to neutralize the trypsin, and total media volume 

divided into two. Both halves were spun (1,000x g for 5 min at 22 °C). One half was frozen down 

as pellets to be used for DNAm analysis by Dr. Meaghan Jones’ group. The other half was 

centrifuged at 1000x g for 5 min at room temperature. The supernate was discarded, cells 

resuspended in 1 ml of growth media, and counted using a BrightLine Hemacytometer (Sigma, 

#Z359629). Briefly, the cytometer was loaded with a 1:1 ratio of cells to 0.4% Trypan Blue 

(Sigma-Aldrich, #T8154-100ml) and cells counted by noting the total amount of cells in four 
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quadrants. Both halves of the hemacytometer were counted and the counts were averaged to derive 

cell count according to manufacturer’s instructions. Treated cells were then divided into three: 

one-third were frozen to be used for immunoblot analysis of mitochondrial-related proteins. The 

other two-thirds were divided into two separate 24-well plates and seeded at 3,000-5,000 cells per 

well from each condition. Cells were allowed to adhere for 24 hours before analysis of: 1) 

mitochondrial mass (by MitoTracker Red CMXRos staining), and 2) senescence (SA-β-Gal) 

measurement.  

MitoTracker staining. To prepare for mitochondrial staining, MitoTracker Red CMXRos 

(Invitrogen, #9082) was first prepared to a concentration of 0.1 M in 1X PBS. 60 µl of 0.1 M of 

MitoTracker Red CMXRos was mixed with 12 ml of aforementioned growth media to prepare 

staining solution. Cells were then washed twice with 1X PBS, stained with 1 ml of staining 

solution, and incubated for 30 min at 37 °C. Following incubation, cells were washed twice with 

1X PBS and subsequently covered with 200 µl of growth media before imaging in a Zeiss Axiovert 

200 Inverted Microscope. Images were taken in a single-blind fashion with 3 images at 10x 

intensity and 1 image at 40x intensity per condition and subsequently analysed using ImageJ.  

Senescence measurement. Prior to co-culture, young and old cells were assessed for baseline 

senescence levels between age groups using a Senescence Detection Kit (Abcam, # ab65631). 

Senescence was then measured in treated cells harvested after 5-day treatment with EVs. First, 

cells were fixed using 20% formaldehyde. After 10 min, cells were washed with 1X PBS and 

stained with the staining solution to detect SA-β-Gal activity, a gold-standard marker of 

senescence147. After overnight incubation with the staining solution, representative images were 

taken at 4X and 10X magnification at 3 images per magnification using fluorescence microscopy 

(Cytation 5 Cell Imaging Multi-Mode Reader, in collaboration with Dr. Adrian West’s group at 

CHRIM) and quantified using ImageJ. 

Statistical analysis. Statistical analysis was performed using GraphPad Prism 9. EV biophysical 

characteristics between robust, pre-frail, and frail participants were measured using a one-way 

ANOVA with Tukey’s post-hoc multiple comparisons test. Exosome and microvesicle markers 

were measured using Student’s unpaired one-tailed t-test between robust and frail groups. Two-

way ANOVA with Tukey’s post-hoc multiple comparisons test was used to analyse readouts from 

co-culture treatment experiments, and EV size distribution. Effects of treatment within treated cells 
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were measured with paired Student’s t-test between groups. Statistical significance was set at 

p<0.05. Exact p values are noted where applicable.   
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Chapter 3: Results 

EV biophysical characteristics with frailty status.  

To ascertain EV biophysical characteristics in accordance with MISEV 201869, we first 

characterized EVs across frailty status for size, zeta potential, and protein yield. EVs from robust, 

pre-frail, and frail participants did not differ in average size (Fig. 2A), zeta potential (Fig. 2B), or 

size distribution (N=23, Fig. 2D). Frail EVs had 22% (*p=0.01) and 48.5% (*p=0.001) more 

protein than robust and pre-frail EVs, respectively (N=23, Fig. 2C). We next characterized robust 

and frail EVs by measuring the expression of protein markers enriched in EV subtypes (exosomes, 

microvesicles, non-EV protein co-isolates) according to MISEV guidelines69. Exosome markers 

CD9, TSG101, Flotillin-1, and HSP70 showed no significant difference in expression between 

robust vs. frail EVs (N=7-8, Fig. 3A and 3B). Microvesicle-specific marker ARF6 showed no 

significant difference in content between groups (N=6-7, Fig. 3A and 3B). ApoA1, a lipoprotein 

and non-exosome co-isolate, was 119% lower in frail EVs when compared to robust EVs (*p=0.01, 

N=8, Fig. 3A and 3B).  
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EV co-culture experiments: effect on cell count.  
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To examine the effects of EVs from robust, biologically young and frail, biologically old 

participants, we performed co-culture with young (F19) and old (F92) primary skeletal muscle 

cells (Fig. 1B). Cells were plated at equal densities and treated over the course of 5 days. F19 cells 

treated with plasma or EVs from frail/biologically old subjects showed no significant difference 

in cell count when compared to plasma or EV treatment from robust/biologically young 

participants (N=5-6, Fig. 4A) as measured by Trypan Blue staining. Similarly, F92 cells showed 

no significant difference in cell count with any treatment condition (N=5-6, Fig. 4B). 
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EV co-culture experiments: effect on cell viability.  

After counting cells, we analysed cell viability by recording the ratio of live/dead cells measured 

by Trypan Blue. As would be expected in chronologically young vs. old cells, F19 cells had higher 

viability than F92 cells overall (Fig. 5). F19 cells treated with plasma from frail/biologically old 

subjects showed a 16% decrease in cell viability when compared to plasma treatment from 
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robust/biologically young participants (N=6, p=0.05, Fig. 5A). F19 cells treated with EVs from 

either group showed no significant difference in cell viability (N=6, Fig. 5A). F92 cells treated 

with EVs from robust/biologically young subjects showed a 24% increase in cell viability when 

compared to treatment with EVs from frail/biologically old subjects (N=6, *p=0.02, Fig. 5B). F92 

cells treated with plasma from either group showed no significant difference in cell viability (N=6, 

Fig. 5B). 
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EV co-culture experiments: effect on mitochondrial content.  

Next, we studied the effects of EV co-culture on two hallmarks of cellular aging; mitochondrial 

content and cellular senescence9. Treated cells were stained with Mitotracker Red CMX Ros to 
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assess mitochondrial mass, as a marker for overall mitochondrial content. Three images per 

condition were taken and MitoTracker values were averaged for each condition. Neither F19 (Fig. 

6A-C) nor F92 cells (Fig. 6D-F) treated with plasma or EVs from frail/biologically old samples 

or robust/biologically young samples showed any changes in Mitotracker staining (N=7, Fig. 6).  
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EV co-culture experiments: effect on cellular senescence.  

Finally, we measured SA-β-gal in treated cells, a hallmark measurement of senescence. Cells were 

stained overnight and imaged with fluorescent microscopy the following day. Similar to 

mitochondrial staining, three images were taken per condition and SA-β-gal values were averaged. 

In line with expectations, SA-β-gal levels were higher in F92 vs. F19 cells (Fig. 7A and 7B). F19 

cells treated with EVs from frail/biologically old subjects showed a 73% increase in senescence as 

measured by ß-galactosidase staining when compared to treatment with EVs from 

robust/biologically young subjects (*p=0.007, N=6-7, Fig. 7A). F92 cells treated with EVs from 

robust/biologically young subjects showed a 48% reduction in senescence as measured by ß-

galactosidase staining when compared to treatment with EVs from frail/biologically old subjects 

(*p=0.02, N=7, Fig. 7B). No effect of plasma from either group on SA- β-gal levels were observed 

in either young or old cells.  
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Chapter 4: Discussion 

Our results indicate that some EV biophysical characteristics differ according to frailty status. 

Specifically, EVs isolated from individuals with frailty have significantly more protein yield and 

less ApoA1 expression than EVs isolated from robust participants. Changes in protein yield could 

be indicative of increased EV concentration, or more proteins packed within each vesicle or both. 

While previous literature has not examined EV protein yield with frailty status, research has shown 

EV concentration (defined as EV particles per ml of blood) can either increase or remain 

unchanged with frailty status94,134. Alberro et al. (2016) stratified participants aged 79-92 years by 

frailty status according to the Barthel and Tilburg frailty indexes, used differential 

ultracentrifugation for EV isolation, and found that frailty status did not affect EV concentration94. 

On the other hand, Picca et al. (2020) assessed frailty based on a variety of physical performance 

measures, used differential ultracentrifugation for EV isolation, and found that EV concentration 

was significantly higher in EVs isolated from frail individuals when compared to non-frail 

participants. Based on these results, our work showing a significant increase in protein yield with 

frailty status could be indicative of higher EV concentration or more proteins within luminal cargo 

or both. To address this, further analysis is needed to measure particle count in isolated EV 

samples. Future work to characterize EV concentration from the cohort analysed in this thesis 

could help elucidate the connection between protein yield and EV concentration.  

We are the first to examine EV protein markers in robust and frail participants according 

to MISEV guidelines69. Our work shows that exosome- and microvesicle-enriched protein markers 

were unaffected by frailty status. HSP70, a marker of exosomes, is released from cells independent 

of traditional protein trafficking mechanisms orchestrated through the Golgi complex148, and its 

secretion from cells is confirmed to be exosome-dependent149,150. Due to its presence on the cell 

surface, HSP70 has been hypothesized to be recruited as intraluminal vesicle cargo via endocytosis 

and later released within exosomes150. Intracellular HSP70 functions as a chaperone protein 

involved with facilitating proteostasis and managing misfolded protein degradation151,152. Cell 

surface HSP70 in tumour cells can account for ~15-20% of total cellular HSP70, although this 

effect has not been shown in non-tumour cells. Thus, there may be cell-specific accumulation of 

cell surface HSP70 protein, and this in turn can potentially affect its recruitment into early 

endosomes153. Moreover, HSP70 translocates to the plasma membrane during stress and is 
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subsequently released from cells154. Subsequently we expected HSP70 expression in EVs would 

change with frailty, given the known effects of frailty on cellular stress and the lack of proteostasis 

in aged cells. Surprisingly, HSP70 expression in isolated EVs was unchanged with frailty status in 

our study. This may indicate that the EV-associated HSP70 protein content is derived mainly from 

the cell surface pool of the HSP70, and is largely dissociated from its intercellular functions.  

TSG101 is a subunit of ESCRT I, which is essential to ESCRT-dependent exosome 

formation by cargo recruitment to the multivesicular body (MVB) membrane155,156. Interestingly, 

depleting cells of TSG101, decreases CD63+ EVs157, implying a dynamic and co-related 

relationship between ESCRT-dependent and -independent intraluminal vesicle (ILV) formation. 

Like HSP70, we did not measure any changes in TSG101 expression in the EV preparations. While 

we were unable to probe for CD63 in our EV preparations, the results showed no difference in 

tetraspanin CD9 expression between robust and frail EVs either. Although the exact mechanism 

by which CD9 recruits cargo to the MVB membrane is unclear, it is commonly used as an exosome 

marker, and cellular CD9 can be used as an anti-inflammatory marker in immune cells82,158. 

Interestingly, recent evidence suggests that CD9+/CD81+ EVs, that are also CD63-, may be 

synthesized primarily via plasma membrane blebbing as microvesicles. Conversely, EVs enriched 

with CD63+ but not CD9- may indicate the preferential release of exosomes synthesized via the 

endosomal/MVB pathway159. This demonstrates both the intricacies and importance of 

comprehensive EV characterization to decipher the cellular biogenesis pathway, and also indicates 

that CD9 may serve as both a microvesicle and exosome marker. CD9 is also closely associated 

with flotillin-1, another exosome enriched marker protein. Knocking out CD9 in mice generates 

exosomes with lower levels of flotillin-1 expression86. Flotillin-1 resides on the plasma membrane 

in lipid rafts and is involved in clathrin-independent endocytosis160,161. Interestingly, flotillin-1 has 

also been implicated in cargo sorting into MVBs162. We did not observe any changes in flotillin-1 

expression with frailty status either. Given the lack of any observable alterations in EV size as 

measured by DLS, or EV protein markers associated with small EVs or exosomes, it was therefore 

not surprising to note there were no differences in the expression of microvesicle marker ARF6 

between robust and frail EVs either. Together, our data suggest that robust and frail participants 

may share common mechanisms of exosome cargo recruitment and microvesicle release. We 

expect that EV protein yield differences may be indicative of EV concentration rather than content, 

and will seek to confirm that in future experiments.  
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ApoA1 in EV research is used as a purity marker of isolated EV samples69 and its presence 

confirms precipitation of non-EV co-isolates in our veicle preparations. ApoA1 is particularly 

relevant as a non-EV contaminant in plasma samples because it is the main apolipoprotein member 

of the plasma high-density lipoproteins (HDL)163. It has also been used as a biomarker of several 

diseases. First, ApoA1 has been shown to have a protective effect against cardiovascular disease, 

with higher levels of circulating ApoA1 correlated with lower risk of acute myocardial infarction, 

so that the ratio of ApoA1 to ApoB, the main apolipoprotein found in low-density lipoproteins, 

can be used as indicators of risk of acute myocardial infarction164,165. ApoA1 reduces inflammation 

in endothelial cells166, which account for the production of a majority of plasma EVs, along with 

erythrocytes and platelets167. Thus, lower ApoA1 expression in our EV preparations from frail 

subjects could be due to less overall ApoA1 levels in the plasma of frail participants, who are also 

coincidentally at a higher risk for cardiovascular disease143,168,169. Previously, Muenchhoff et al. 

(2017) examined the relationship between apolipoproteins and frailty status and found no 

correlation between the two170. However, the frailty status of participants may vary between 

Muenchhoff et al. (2017)170 who used solely the Fried Frailty Scale, and our current work using 

the Boreskie Frailty Index, which could explain the variance in observed ApoA1 levels in frail 

participants.   

Cell count and MitoTracker staining did not change in F19 and F92 cells with any of the 

treatment conditions. A trend towards an increased cell count in F19 cells with EV treatment (from 

both young/robust and old/frails subjects) was apparent, though not statistically significant. 

Interestingly, in contrast to cell count, we found that cell viability was significantly reduced in F19 

cells with plasma treatment from frail/ biologically old subjects, and significantly improved in F92 

cells upon EV treatment from robust/biologically young subjects. We expected to see differences 

in mitochondrial content between F19 and F92 cells at baseline, and the lack of difference seen in 

our results may be due to two reasons. First, we used region of interest staining analysis, which 

allowed us to collect mitochondrial mass values irrespective of cell count which was higher in F19 

cells. So, while per cell levels of MitoTracker staining may be similar, there is likely an overall 

decrease in mitochondrial content between young and old cells at baseline which was not captured 

by our analysis. Second, although mitochondrial dysfunction occurs with age9, these changes may 

not be visible with mitochondrial mass staining alone. A comprehensive assessment of 

mitochondrial biogenesis usually involves the measurement of: 1) mRNA and proteins involved 
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in organelle synthesis, 2) activity of mitochondrial enzymes in the mitochondrial membranes 

and/or matrix, 3) respiration and ATP production by mitochondria, and 4) changes in dynamic 

processes such as mitochondrial protein import, assembly, mitophagy and movement. Measuring 

mitochondrial mass via MitoTracker staining is a crude, indirect assessment of mitochondrial 

content and function, and it is very likely that EV/plasma treatment affected some of the variables 

not measured in our study. We were limited by the slow cell growth and cell count in primary 

human skeletal muscle cells, particularly those from the 92-year-old donor and were thus unable 

to conduct a comprehensive assessment of mitochondrial biogenesis. Future experiments with 

skeletal muscle cell lines or in vivo analysis will be crucial in fully elucidating the effect of 

EV/plasma treatment on mitochondrial biogenesis as a function of biological age and frailty.  

We found that treating both F19 and F92 cells with robust/young EVs significantly reduced 

SA-β-gal staining when compared to old/frail EV group. SA-β-gal staining is a gold standard 

marker for senescence due to changes in β-galactosidase pH associated with senescence, first 

discovered by Dimri et al. in 1995171,172. SA-β-gal was later found to reflect increased acidic β-gal 

activity in lysosomes indicative of increased lysosomal biogenesis that occurs in senescent cells173. 

We are the first to show that treatment with EVs from robust/biologically young subjects rescued 

recipient cell senescence, or the corollary, that EVs from old/frail subjects exacerbated cellular 

senescence. Further analysis of EV cargo - proteins, lipids, and genomic content - in tandem with 

careful analysis of cellular signalling changes in treated cells could help elucidate how EVs are 

exerting this effect on young and old cells alike. In 2005, Conboy et al showed that exposure to 

young plasma through parabiosis experiments in mice rejuvenated aged progenitor cells174. Our 

results support this conclusion as compared to old plasma/EV, treatment of F92 cells with young 

plasma/EV manifests as lower SA-β-gal staining. Further analysis is needed to determine whether 

young plasma/EV treatment is rejuvenating cellular senescence, or old plasma/EV is accelerating 

senescence in treated cells. Analysing treated cells for markers of DNA damage, increase in 

expression of senescence-associated proteins like p16 and p21175 will provide critical insight into 

the possible mechanisms underlying our observations. 

This work has some limitations which warrant consideration. First, EV samples isolated 

for biophysical characterization showed clear signs of apolipoprotein contamination as illustrated 

by the presence of ApoA1. Diluting starting volumes of plasma with PBS when comparing robust 
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and frail EVs in the future may eliminate this problem by facilitating the purification of intact, 

pure EVs. Furthermore, using alternative EV isolation methods such as differential 

ultracentrifugation, combined with other methods (e.g. ultrafiltration, SEC) or having a higher 

starting plasma volume to facilitate several sequential EV isolation methods may help improve EV 

purity. It is important to consider that while ApoA1 expression is traditionally classified as a non-

EV precipitate/contaminant, expression of ApoA1 may be a physiologically-relevant EV-

associated phenomenon. The ApoA1 that precipitates with EVs may be indirectly important for 

EV-induced cellular perturbations. Second, regarding co-culture experiments, we treated cells on 

day one and three of treatment. Treating cells with fresh plasma or EVs during each day of 

treatment may help evoke a stronger, more robust treatment response for any/all of the outcome 

variables. Further, cells were treated with 100 µl of plasma or EVs derived from the same volume 

of plasma. A dose-response curve for EV dosage (normalized by µg of EV protein, or by particle 

count) can establish the necessary minimum EV dosage required to show more robust changes in 

the outcome variables selected. However, it is encouraging that even with the chosen treatment we 

observed significant effects in the ability of young/robust EVs to modulate cellular senescence. 

Lastly, MitoTracker staining is an indirect measurement of mitochondrial biogenesis. We could 

not perform cellular respiration or enzyme assays to carefully ascertain the effect of EV treatment 

on metabolic profile as we were limited by the low cell counts and slow cell growth, especially in 

the F92 cell group. Indirect measurements of metabolic flux e.g. by measuring lactate levels in the 

conditioned media from treated cells can shed further light on any alterations in cellular 

metabolism with EV treatment in our study.  

Conclusion 

There are currently no universally accepted circulating biomarkers for frailty. Given the negative 

health outcomes associated with frailty, with poor prognosis for many age-associated chronic 

diseases, biomarkers to identify frailty status are sorely needed to identify at-risk patients and 

modify health care strategies accordingly. Here we show that EVs isolated from frail individuals 

contain significantly more protein and less ApoA1 than robust EVs in the demographics 

represented by our participants (i.e. post-menopausal Caucasian women over the age of ~65 years). 

While we did not observe any differences in size or zeta potential, EV plasma concentration and 

cargo content might be affected by frailty status. Further, the results may not extend to other 
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sociodemographic factions as race, sex/gender-specific effects on EV characteristics/cargo have 

been largely unexplored. More work is needed to determine if EVs and their biophysiological 

properties (e.g. concentration, cargo etc.) can be used as viable biomarkers of frailty. Furthermore, 

additional experiments are needed to confirm whether the differences in EV protein yield are the 

result of alterations in EV concentration, EV proteomic cargo, or both. There is a growing number 

of research studies that have identified the potential of using EVs as biomarkers of different 

chronic diseases. Thus research on whether EVs can be used as biomarkers of frailty status 

warrants further attention and in-depth exploration.  

Furthermore, this work is the first to show that treating primary skeletal muscle cells with 

frail/biologically old EVs induces senescence when compared to robust/biologically young 

treatment. Since EVs are known to be involved in autocrine, paracrine, and endocrine signalling68, 

this work gives insight into the potential effects of plasma EVs on recipient tissues. While anti-

aging effects have been attributed to young EVs in literature, this is the first study to illustrate that 

biological age may be a powerful mediator of cellular senescence irrespective of chronological 

age. Future experiments focusing on identifying the genomic, proteomic, and lipidomic content of 

EVs would help elucidate the mechanisms by which EVs are inducing/mitigating senescence. 

More work is also needed to examine the effects of EV co-culture in proximal tissues to the 

circulation such as epithelial cells, instead of skeletal muscle cells, as the former would come into 

contact with EVs in circulation at a higher dosage, and increased primacy. Lastly, the mechanisms 

by which EVs are taken up in chronologically young and old cells, and whether differences 

between the two are contributing to the co-culture effects observed also remains to be investigated.  
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