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Abstract 
 
Background: 

Between 2005 and 2015 the number of new cancer cases per year in Canada rose by 

29% and this number is projected to increase to 277,000 cases per year. Ionizing radiation is 

used as therapy in the majority of cancer cases; however, it can have long-term detrimental 

effects on the hematopoietic system. Recent work from our lab, in a preclinical model of 

radiation damage, demonstrated that endurance exercise training can enhance hematopoietic 

recovery, while obesity can impair it. Extracellular vesicles (EVs) are a mode of cellular 

communication that has been implicated in regulating hematopoiesis acutely following 

radiation exposure. However, the long-term, radiation-induced changes to EVs, and the role 

of exercise and/or obesity at modulating marrow EVs remains unknown. Thus, the purpose of 

this project was to determine the extent to which obesity and exercise influence the 

regenerative potential of bone marrow-EVs following radiation.  

Method: 

Mice were randomly divided into control (n=20; CON) or high fat diet (n=20; HF) 

groups, then subdivided into exercise-trained (EX, n=10) or sedentary (SED, n=10). Mice 

underwent whole-body exposure to a 3 Gy dose of gamma-radiation at age 13 weeks of age 

followed by bone marrow collection at 20 weeks of age. EVs were then isolated from the bone 

marrow by ExoQuick and ultracentrifugation. A non-irradiated, sedentary, control diet group 

(n=10) was used to determine the effects of radiation alone. Data was evaluated using 

repeated-measures three-factor (diet, exercise, time) and two-factor ANOVA.  

Results: 

 High fat diet-induced changes in body weight and composition and altered food 

consumption (p<0.05). Isolated EVs measured between 78 and 195 nm and western blot 

confirmed the presence of EV protein markers Alix, TSG101, and Flotillin. No size difference 

was observed between the groups. The concentration of EVs in irradiated mice was 

significantly lower compared to EVs from control mice (p<0.01). Radiation, obesity, exercise, 
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or their combination had no significant effect on hematopoietic stem progenitor cells (HSPC) 

content in co-culture assays. Conversely, EVs from irradiated mice significantly increased the 

number of CFU-GEMM, CFU-G, and the TOTAL number of colonies compared to EVs from 

non-irradiated mice (p<0.01). However, EVs from the CON+SED, CON+EX, HF+SED, and 

HF+EX groups did not have a significant effect on colony formation.  

Conclusion: 

Our findings demonstrate that ionizing radiation can diminish the concentration of bone 

marrow-EVs and that irradiated bone marrow-EVs can increase the total number of myeloid 

colonies formed in vitro. These results suggest that radiation induces myelopoiesis via a 

mechanism that includes EVs; however, exercise and obesity induce their effects via a 

different mechanism. 
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Chapter 1 - Literature Review 

Introduction 

According to the Canadian Cancer Society, there were an estimated 800,000 cancer 

survivors in Canada in 2009, with an additional 15.5 million in the United States (“Cancer 

Statistics,” 2017). Also, in 2016 and 2017 6 in 10 Canadian adults aged 18 to 79 were 

classified as overweight or obese according to their (Government of Canada, 2018). Globally, 

it is estimated, that 1.9 billion adults, 18 years and older, are overweight, and over 650 million 

people are obese (World Health Organization, 2018). As such, a growing portion of the 

population is classified as both obese and cancer survivors (Courneya et al., 2008). The recent 

rise in cancer survivorship has increased the need to understand the late effects of cancer 

therapy. Radiation therapy is commonly used in cancer treatment, with 2/3 of patients 

receiving radiation therapy (Chen and Kuo, 2017). Late effects of radiation exposure can 

cause long-term immunosuppression, long-term damage to radio-sensitive tissues and 

secondary cancers after radiotherapy can develop. However these cancers can have a latency 

of 10 years or more after the initial treatment  (Green and Rubin, 2014; Ng and Shuryak, 2014). 

The hematopoietic system is particularly susceptible to radiation damage (Shao et al., 2014). 

The hematopoietic stem and progenitor cells (HSPCs), the most primitive cells of the 

hematopoietic system from which all mature blood cells are derived (Metcalf, 2007) (Figure 

1.1), are particularly susceptible to radiation. Radiation induces DNA damage and senescence 

in hematopoietic stem cells (HSCs), and their progeny (Wang et al., 2006) as well as a 

prolonged inflammatory response within the bone marrow (Lange et al., 2011; Lorimore et al., 

2013). These sides effects of radiation can lead to immunosuppression in the short-term, and 

long-term and can eventually progress to the development of hematological malignancies 

(Williams and McBride, 2011). 

The increasing number of cancer survivors with obesity has created a critical need to 

develop a better understanding of how obesity influences the late-effects of radiation therapy 
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in the bone marrow, and to develop effective countermeasures. This information will be useful 

for informing oncologists, and patients of the risks of radiation therapy, and to design effective 

interventions to minimize the long-term effects of radiation exposure. Physiological and 

psychological benefits can result from an active lifestyle, and this lifestyle can be used as a 

preventative measure to disease. Heart disease and type II diabetes have been associated 

with limited physical activity. Physical activity and exercise interventions significantly reduce 

the risk of obesity-associated co-morbidities (Golbidi and Laher, 2012; Swift et al., 2014). 

Recent evidence from Emmons et al., 2019 suggests that exercise can reverse several of the 

detrimental effects of obesity on bone marrow stem/stromal cell populations following radiation 

exposure. However, the molecular mechanisms of these effects remain unknown. 

Effects of radiation on the bone marrow 

 The bone marrow provides a specialized niche for HSCs to sustain hematopoiesis 

(Crane et al., 2017). Stromal cells present within the bone marrow direct HSC fate primarily 

through paracrine mechanisms (Schofield, 1978; Morrison and Spradling, 2008; Crane et al., 

2017). Mesenchymal stem cells (MSCs) and their progeny are key stromal components of the 

bone marrow.  MSCs differentiate into adipocytes, osteoblasts, and chondroblasts (Méndez-

Ferrer et al., 2010; Frenette et al., 2013). They regulate HSC function directly through cell-cell 

contact, and indirectly through the release of cytokines, and growth factors (Méndez-Ferrer et 

al., 2010; Zhou et al., 2014; Crane et al., 2017). Shifts in MSC differentiation can result in 

adipogenic or osteoblastic cells to increase in the bone marrow (Hu et al., 2018). An increase 

in bone marrow adiposity impairs hematopoiesis and reduces HSPC number (Naveiras et al., 

2009; Frenette et al., 2013). 
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Figure 1.1. Hematopoietic and mesenchymal stem cell hierarchy in the bone marrow. 
Long-term hematopoietic stem cell (LT-HSC) differentiate into short-term hematopoietic stem 
cell (ST-HSC) which then differentiate into multipotent progenitor (MPP). MPP will then either 
differentiate into common myeloid progenitor (CMP) or common lymphoid progenitor (CLP).  
From the myeloid or lymphoid lineage mature blood and immune cells are produced. The 
protein markers used to identify LT-HSC, ST-HSC and MPP are listed beside. These markers 
include the “lineage” (Lin) antigens, which are specific to terminally differentiated blood cells. 
These antigens include but are not limited to: CD3, B220, Ly6G/Gr-1, CD11b/Mac-1, and TER-
119. These lineage proteins are absent or only weakly expressed on HSPCs. Two commonly 
used markers, c-Kit and Sca1 are positively expressed on HSPCs. LT-HSC, ST-HSC and 
MPP are contained within a specific cell population in which the cells express Sca-1 and c-Kit, 
but lack the lineage (Lin) markers expressed on mature myeloid and lymphoid cells. This 
population is referred to as LSK or HSPC. Two other markers can be used to isolate HSCs 
and MPP and they are CD48 and CD150. 

 

The bone marrow is a highly radiosensitive tissue (Ilnytskyy et al., 2009). Radiation 

can induce DNA damage, senescence in HSCs, HSC exhaustion, and apoptosis in HSCs 

(Wang et al., 2006; Shao et al., 2014).  A moderate dose of irradiation will have the acute 
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effect of bone marrow suppression, with damage affecting HSPCs, and to a lesser degree 

HSCs (Dainiak, 2002). Under moderate doses of irradiation, HSCs undergo self-renewing 

proliferation, and differentiation to repopulate mature blood cells, thereby restoring 

homeostasis in the hematopoietic system. The application of hematopoietic growth factors, as 

well as stem cell transplants can promote the recovery of bone marrow hematopoietic function 

following radiation. As such, the majority of cancer patients can recover rapidly from acute 

bone marrow suppression after chemotherapy, and/or irradiation with or without hematopoietic 

growth factor treatment (Shao et al., 2013).  

The rate and severity of damage following exposure to ionizing radiations depends on 

several radiation variables such as type of radiation (X- or γ-rays, α- or β-particles, and 

neutrons), dose, form (gas, particle, liquid), field (i.e. whole-, subtotal- or partial-body), dose-

rate, route of exposure (external versus internal or combined), and fractionation. Also, an 

individual’s ability to respond to irradiation is an important factor, this relates to age, sex and 

bone marrow before exposure. Acute single-fraction doses < 2 Gy can result in a modest 

decrease in blood cell concentrations. At intermediate doses (> 2- < 12 Gy) damage to the 

bone marrow is evident. In contrast, high doses > 12 Gy, especially at a high dose-rate, most 

individuals will die immediately (Gale and Armitage, 2020). High doses of radiation can 

severely damage HSCs, and impair their ability to self-renew, and differentiate (Macià i Garau 

et al., 2011; Singh and Seed, 2017). Patients and animals who have been exposed to high 

radiation doses, usually have normal blood cell counts, even though there is a decrease in 

HSC reserves, and impairment in HSC self-renewal (Mauch et al., 1995; Shao et al., 2013). 

Damage caused by persistent or high dose irradiation is long-lasting, shows little tendency to 

recover blood cell count, and can lead to the development of thrombocytopenia, 

agranulocytosis, lymphopenia, hypoplastic anemia or myelodysplastic syndrome (Fliedner et 

al., 2002; Shao et al., 2013). Since HSC injury is the primary cause of death after accidental 

or intentional exposure to a moderate or high dose of irradiation, protecting HSCs from the 

long-term effects of radiation should be a goal in the development of therapies which combat 

the side effects of radiation (Shao et al., 2014).  
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In addition to the direct effects of radiation on the hematopoietic system and HSCs, 

radiation induces changes within the bone marrow microenvironment (Lange et al., 2011; 

Lorimore et al., 2013). The decline in bone marrow hematopoietic cells after radiation is 

accompanied by an increase in marrow adipose tissue, which can inhibit hematopoiesis 

(Green and Rubin, 2014). Research suggests obesity results in the systemic and bone marrow 

specific elevation of inflammatory cytokines. Given the role inflammatory cytokines have in 

directing MSC differentiation, it is likely these cytokines are contributing to the promotion of 

adipogenic differentiation (Emmons et al., 2017). Adipocytes have been shown to be negative 

regulators of hematopoietic progenitor cells (Naveiras et al., 2009). Naveiras et al. showed 

that adipocytes can suppress HSPC proliferation. With increased marrow adiposity, there is 

also chronic inflammation, late after radiation exposure. Increased marrow adiposity can 

induce increased inflammatory-related proteins, and cytokines, which can suppress HSC 

recovery (Lange et al., 2011). Therefore, regeneration therapies after radiation could 

potentially benefit from treatments aimed at reducing inflammation which would improve the 

weakened hematopoietic system. 

Effects of obesity on the bone marrow 

Interestingly, obesity and radiation have similar effects on the bone marrow. Obesity 

is characterized by an increase in adipose tissue, systemic inflammation, and modulations of 

the bone marrow microenvironment (Chan and Woo, 2010; Adler et al., 2014; Hardaway et 

al., 2014; Park et al., 2014). Obesity is associated with a low-grade chronic inflammatory state; 

resulting in an overly active immune system. Higher levels of circulating active immune cells 

have been observed in individuals with obesity (Schwartz and Weiss, 1991; Nanji and 

Freeman, 1985; Devêvre et al., 2015; Lancaster and Febbraio, 2014). The increased number 

of active immune cells, along with proteins, and cytokines released from adipose tissue 

creates a pro-inflammatory milieu, and positive feedback loop that perpetuates the 

inflammatory state (Vainio et al., 2002; Pellegrinelli et al., 2015). Obesity propagates 

detrimental changes within the bone marrow microenvironment by driving hematopoiesis, and 
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propels HSCs down the myeloid lineage (Styner et al., 2014; van den Berg et al., 2016). 

Obesity can increase HSC cycling, resulting in the pre-mature exhaustion of the HSC pool. 

Simply put, the chronic low-grade inflammation associated with obesity disrupts 

hematopoiesis.  

Within the bone marrow microenvironment, obesity can increase marrow adipose 

tissue (MAT). This increase in MAT due to obesity is demonstrated in both individuals and 

mice with obesity (Emmons et al., 2017). The accumulation of MAT can negatively impact the 

bone marrow compartment as adipocytes physically occupy marrow space, and MAT secretes 

pro-inflammatory cytokines, as well as free fatty acids, affecting cells throughout the bone 

marrow including HSPCs (Halade et al., 2010; Emmons et al., 2017). MAT is also a negative 

regulator of hematopoiesis as the quantity of HSPCs collected from areas of high MAT is 

decreased compared to HSPCs collected from areas of low MAT (Naveiras et al., 2009). Given 

the similar effects of obesity, and radiation on the bone marrow, and hematopoiesis, the late 

effects of radiation therapy may be exacerbated in obese cancer survivors. It remains 

unknown; however, how obesity influences stromal control of hematopoiesis in patients who 

have received radiation therapy.  

Effects of exercise on the bone marrow 

An acute bout exercise has been demonstrated to increase the number of circulating 

monocytes and induce an acute inflammatory response which is dependent on the intensity 

of exercise (Emmons et al., 2017). While, exercise training can increase peripheral blood 

erythrocyte content, can enhance tissue regeneration, and is associated with an anti-

inflammatory response, (Hu and Lin, 2012; Emmons et al., 2017). Exercise training induces 

numerous systemic benefits including increased cardiovascular function (Zheng and Liu, 

2015), cognitive function (Taubert et al., 2015), bone health (Xu et al., 2016), immune function 

(Gleeson et al., 2011), and skeletal muscle remodelling (McGlory et al., 2017).  

Exercise training is widely considered anti-inflammatory; thus, an inverse relationship 

exists between exercise, and circulating inflammatory markers (Lavie et al., 2011). The 
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alleviation of inflammation by exercise has been observed in pro-inflammatory conditions 

including obesity (Park et al., 2014; Dias et al., 2015), and cancer patients and survivors 

(Battaglini et al., 2009; Rogers et al., 2013; LaVoy et al., 2016). Although a large body of 

literature exists demonstrating the anti-inflammatory effects of exercise, relatively little 

attention has been paid to the effects of exercise on hematopoiesis, particularly the 

hematopoietic process of producing pro-inflammatory cells.  

Work from our lab has shown that exercise training combats several of the negative 

effects of obesity on hematopoiesis, and the bone marrow. Exercise has been observed to 

increase the quantity of HSPCs within the bone marrow without compromising their self-

renewal (Baker et al., 2011; De Lisio et al., 2013; De Lisio and Parise, 2012).  Some studies 

have shown that exercise-trained individuals have increased amounts of HSPCs at rest in both 

the bone marrow, and peripheral blood (Baker et al., 2011; Braam et al., 2013). Baker and 

colleagues investigated HSPC content using colony-forming unit (CFU) assays following 

chronic exercise training and found that increased hematopoiesis was apparent in both the 

peripheral blood and the bone marrow (Baker et al., 2011). These data were confirmed, and 

extended by De Lisio, and colleagues who demonstrated that progressive treadmill exercise 

training increase HSPC content collected from the central bone marrow cavity of mice (De 

Lisio and Parise, 2012).  

The effects of exercise on HSCs and hematopoiesis are likely mediated by changes in 

their niche. It was demonstrated, that mice that were on an exercise training program for 1 

hour per day, 3 days a week for 8 weeks, had beneficial remodelling of the bone marrow 

microenvironment (De Lisio et al., 2013) even in obesity, and pro-adipogenic conditions in 

mice (Styner et al., 2014; Styner et al., 2015). Exercise skews MSC differentiation towards 

osteogenesis; as such, exercise is one potential tool for reversing adipogenesis, and 

increasing osteogenesis (Baker et al., 2011; Chen et al., 2016; Pagnotti and Styner, 2016). 

Adult rats that underwent a moderate intensity exercise program displayed enhanced 

osteogenesis compared to sedentary rats (David et al., 2007; Hell et al., 2012; Styner et al., 

2014). In tandem with this “switch” in MSC differentiation, is the effect exercise has on 
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cytokines, and growth factors in the bone marrow (Zaldivar et al., 2006; Wardyn et al., 2008). 

Specifically, our group has demonstrated that an acute bout of exercise can stimulate the 

proliferation of HSPCs, and MSCs within the bone marrow (Emmons et al., 2016). HSPC 

proliferation is likely mediated by MSC expansion, and alterations in the MSC secretome 

(Emmons et al., 2016). These data demonstrated that MSCs isolated from mice 15 min after 

exercise, had increased secretion of granulocyte-colony stimulating factor (G-CSF), stem cell 

factor (SCF), and interleukin 3 (IL-3) compared with non-exercised mice (Emmons et al., 

2016). G-CSF, SCF, and IL-3 are thought to be involved in controlling HSPC proliferation, and 

these factors are likely being upregulated to stimulate HSPC mobilization into the periphery. 

SCF is also involved in stimulating self-renewal, and proliferation of HSPCs (Li et al., 2015). 

One of the mechanisms through which progressive exercise training exerts its effect is through 

mechanical strain on bone marrow stromal cells (David et al., 2007). These mechanical forces 

are thought to improve the bone marrow microenvironment, through the regulation of 

transcription factors, and stromal cells (Pagnotti and Styner, 2016). Mechanical strain has 

been suggested to promote the reduction of the adipocyte related transcription factor 

peroxisome proliferator-activated receptor-γ (PPARγ), a regulator of adipocyte differentiation, 

and the increase in the osteoblast controlling protein Runx2 (Marie, 2008; Cook and Genever, 

2013). Emmons and colleagues (2019) demonstrated that exercise training can differentially 

influence hematopoietic quantity within the bone marrow following sub-lethal radiation 

exposure. The exercise-trained mice had significantly higher quantities of several HSPC 

subpopulations, whereas HSPC subpopulations were significantly lower in obese mice after 

radiation. The full complement of factors secreted by MSCs following exercise training has not 

been evaluated. 

The literature presented above suggests that exercise training mitigates the negative 

effects of obesity on hematopoiesis, and the bone marrow, likely via altering paracrine factor 

secretion from bone marrow stromal cells. It remains unknown; however, if exercise can 

reduce the negative late effects of radiation therapy on the bone marrow in obesity, and 

subsequently, which paracrine factors are responsible for these exercise-induced effects. 
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Extracellular vesicles: characterization, cargo, and regulation of hematopoiesis 

Recently, extracellular vesicles (EVs) have been identified as key regulators of HSC 

fate (Keating, 2006; Chou et al., 2013; Battiwalla and Barrett, 2014). EVs are membrane-

bound particles, released by a variety of cell types, that are involved in local and distant 

intercellular communication (EL andaloussi et al., 2013; Aqmasheh et al., 2017; Butler et al., 

2018). The  generic term EV is used to describe various types of membrane-bound particles. 

These include exosomes, microvesicles (MVs) also sometimes referred to as microparticles, 

and apoptotic bodies. These groups of EVs can be classified based on size; with exosomes 

ranging in size from 40-100 nm, MVs having a size of 50-1000 nm, and apoptotic bodies 

having a size greater than 1000 nm (Yáñez-Mó et al., 2015; Butler et al., 2018). Exosomes 

are particles that are released by multivesicular bodies in the cell. Multivesicular bodies fuse 

with the plasma membrane, and the multivesicular bodies release smaller vesicles 

(exosomes) (Zaborowski et al., 2015). Conversely, MVs bud and cleave directly from the 

plasma membrane (Butler et al., 2018). Finally, apoptotic bodies are released during 

programmed cell death.  

In addition to their classification by size, EVs can also be classified based on their 

protein expression. Tetraspanins, particularly proteins CD9, CD37, CD63, CD81, and CD82 

are enriched in EV sub-populations, and are often used as markers for their identification 

(Raposo and Stoorvogel, 2013; Zaborowski et al., 2015). EVs are also enriched in proteins 

that associate with lipid rafts, including glycosylphosphatidylinositol-anchored proteins, and 

flotillin (Wubbolts et al., 2003; Raposo and Stoorvogel, 2013). MSC-derived EVs also maintain 

surface markers that are derived from their cell of origin, specifically CD29, CD73, CD44, and 

CD105 (Bruno et al., 2015; De Luca et al., 2016). 

EVs specifically act as vehicles that transport proteins, lipids, and genetic material to 

recipient cells (Yeo et al., 2013). Lipid content can be important in maintaining immune 

proteins in an optimal and functional conformation (Laulagnier et al., 2004) as well as 

promoting lipogenesis (Subra et al., 2010; Sano et al., 2014). RNA is also transported via EVs; 

however, the RNA transported within EVs tends to be shorter (less than 200 nucleotides), and 
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includes, mRNA, microRNAs (miRNA), and transfer RNA (tRNAs) (Aqmasheh et al., 2017). It 

should also be noted, that EV cargo is dependent on their cellular origin. Therefore, the 

environment in which EV-producing cells originate, controls what effect that specific cell type’s 

EVs may have.  

New bodies of research are demonstrating how EVs and their cargo may play a role 

in controlling hematopoiesis, and HSC maintenance (Butler et al., 2018); however, it is still 

relatively unknown how EVs might contribute to controlling steady-state hematopoiesis. It has 

been suggested that EVs may be involved in the HSPC mobilization (Salvucci et al., 2012). 

Specifically, Salvucci et al., 2012 demonstrated that G-CSF promotes the accumulation of 

microvesicles in the bone marrow, and that miR-126 delivered by microvesicles promotes the 

reduction of the surface protein vascular cell adhesion molecule 1 (VCAM1) in bone marrow 

HSPC, and other non-hematopoietic cells. Since VCAM1 is critical to the retention of HSPC 

in the bone marrow, this work illustrates that EVs can play a role in HSPC mobilization. This 

finding may also explain the results seen by our lab concerning HSC mobilization by exercise 

(Emmons et al., 2019). HSC-derived EVs have also been implicated in maintaining HSC stem 

cell properties such as self-renewal and the ability to differentiate into hematopoietic progeny 

(Gu et al., 2016). Specifically, HSC-derived EVs are abundant in angiopoietin-like protein 2 

and 3, and these proteins have been reported to be critical for the regulation of HSC 

homeostatic features (Gu et al., 2016). This result demonstrated by Gu and colleagues (2016) 

could be associated to the increased content of primitive HSC populations observed in our 

previous work in exercise-trained mice (Emmons et al., 2019). 

In terms of cargo carried by EVs, the content varies based on parent cell. However, 

EVs released by MSCs have been demonstrated to participate in maintaining cellular function 

within the bone marrow microenvironment (Yeo et al., 2013; De Luca et al., 2017). Specifically, 

EVs have a role in biological and pathological pathways. They have been demonstrated to 

participate in stem cell maintenance, tissue repair, immune surveillance, blood coagulation, 

and cancer proliferation (Ratajczak et al., 2006; Collino et al., 2010; Lai et al., 2010; EL 

Andaloussi et al., 2013). Further, EVs derived from human bone marrow-MSCs contain 
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intracellular proteins of the RAB family, which are involved in vesicle biogenesis, and 

trafficking as well as proteins associated with self-renewal, and differentiation (TGFβ, MAPK, 

PPAR) (Kim et al., 2012). RNA transcripts which have been found in MSC-EV have been 

associated with transcriptional control, cell proliferation, and immune regulation (Tomasoni et 

al., 2013; Abreu et al., 2016). MSCs support hematopoiesis through cytokines, chemokines, 

growth factors, and EVs that induce HSCs expansion, differentiation, and regeneration 

(Méndez-Ferrer et al., 2010; Butler et al., 2018). However, the molecular and cellular 

mechanisms that lead to the supportive effect of MSC EVs on hematopoiesis are still unknown. 

Several potential methods of control have been proposed, and they are linked to miRNA cargo 

found within EVs. Davis and colleagues (2017) conducted a miRNA profile of EVs isolated 

from bone marrow interstitial fluid, and they determined that transfection of  bone marrow-

MSCs with miR-183-5p suppresses osteogenic differentiation. miR-183-5p may not be 

restricted to its impact on bone formation as it also appears to stimulate bone resorption (Davis 

et al., 2017). Conversely, Shi and colleagues (2016) suggested that miR-486 can support 

erythroid differentiation. They observed that hypoxia-induced erythroid differentiation can be 

controlled via EV-bound miR-486. Lastly, an important study by Goloviznin and colleagues 

(2016) demonstrated that MSC-EVs can contribute to the paracrine crosstalk that is utilized in 

regulating hematopoiesis. Specifically, murine HSPCs exposed to MSC-EVs had increased 

activation, and differentiation, particularly down the myeloid lineage. The authors also 

demonstrated that EVs may act through toll-like receptor 4 (TLR4). When they incubated 

HSPCs with EVs in the presence of a TLR4 inhibitor, HSPC expansion and colony formation 

were inhibited. These data demonstrate that MSC-EVs are important regulators of 

hematopoiesis. Interestingly, work from our lab has shown that the obesity-induced increase 

in myeloid cells can be reduced through exercise training (Emmons et al., et al., 2019). With 

this in mind, exercise may reduce MSC-derived EV cargo that promotes myeloid differentiation 

of HSCs, while obesity may increase myelopoiesis through the same mechanism.  
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Effects of radiation on EVs – role in hematopoiesis 

 Radiation induces long-term HSC damage resulting in an increased risk of hematologic 

malignancies (Green and Rubin, 2014). In the disease state, bone marrow-EVs participate in 

the exacerbation and expansion of compromised bone marrow cells. An interesting study by 

Szatmári and colleagues (2017) investigated the effects of EVs that were directly isolated from 

irradiated mice (i.e., in vivo-derived) on hematopoiesis. When these EVs, were injected into 

non-irradiated mice, they induced radiation damage that was comparable to direct radiation 

and caused a significant reduction in HSC content. This group also evaluated the miRNA 

content of EVs, and they identified 90 miRNAs in the bone marrow-derived EVs of irradiated 

animals, which were differentially expressed compared to non-irradiated mice. Of the 90 

miRNAs identified, miR-33, miR-140, miR-152, miR-199, miR-375, and miR-744 are 

implicated in regulating pathways responsible for hematopoiesis, and immune function 

(Ilnytskyy et al., 2008; Szatmári et al., 2017). With these results, Szatmári, and colleagues 

demonstrated that radiation induces alterations in bone marrow-EVs that negatively impact 

HSCs. It remains unknown; however, how relevant host factors (i.e., obesity and exercise) 

influence bone marrow-EVs following radiation exposure. Our work demonstrated that 

exercise training following sub-lethal radiation exposure, protected the bone marrow, 

increased bone marrow cellularity, and HSPC content (Emmons et al., 2019). Further, this 

increase in bone marrow cellularity and HSPC content was present in exercise-trained mice, 

regardless of obesity status. Whether EVs are involved in this response remains unknown.  

Although EVs from irradiated mice exacerbates radiation damage, EVs from non-

irradiated donors may be a potential strategy for mitigating the negative effects of radiation on 

hematopoiesis. Important work by Wen, and colleagues (2016) displayed that culture-derived 

MSC-EVs transplanted into irradiated mice can reverse the damaging radiation effects on 

bone marrow stem cells. Specifically, immature hematopoietic cells (lineage-negative; Lin-) 

from irradiated mice were cultured with MSC-EVs before transplantation into irradiated mice. 

Lin- cells cultured with MSC-EVs displayed a significant increase in engraftment compared to 

cells not cultured with EVs. Further, Wen and co-workers (2016) showed that human MSC-
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EVs injected into mice that had been exposed to 0.5 Gy can reverse radiation damage in 

whole bone marrow cells (i.e., Lin+ depleted cells), lymphocyte, monocyte, and granulocyte 

counts. The findings of Wen and co-workers demonstrate that EVs may be used as a 

therapeutic tool to relieve acute radiation injury to the hematopoietic system, and enhance 

stress hematopoiesis. However, the effects of EVs on the long-term effects of radiation and 

recovery of steady-state hematopoiesis remain unknown. 

The implication of obesity on the release and contents of EVs 

 In vivo, the effects of obesity on EVs released by tissues, and cell populations have 

been examined; however, this work is also limited. Togliatti and colleagues (2016) examined 

the therapeutic effect of EVs derived from adipose tissue-derived stem cells (ASCs) from 

individuals with and without obesity. They found that EVs from individuals with obesity had 

impaired pro-angiogenic potential, specifically through the reduced VEGF, MMP-2, and miR-

126 content. The authors also observed that EVs from individuals with obesity were unable to 

induce endothelial cell (EC) migration, and tube-like structure formation (Togliatto et al., 

2016). Lastly, ASC from lean individuals that were cultured under obesogenic conditions, had 

changes in EV cargo. These changes included an impaired EV-mediated pro-angiogenic 

signal activation as well as reduced VEGF, MMP-2, and miR-126 content (Togliatto et al., 

2016). Exosomes from adipose tissue of obese mice have also been examined, and it was 

determined that the exosome can induce insulin resistance, and can act through bone marrow-

derived TLR4 receptor (Deng et al., 2009). Macrophages exposed to obese-derived EVs had 

increased production of the pro-inflammatory cytokines IL-6, and TNF-α, and increased 

migration into adipose tissue, and the liver (Deng et al., 2009). The miRNA profiles of visceral 

adipose tissue-derived exosomes from individuals with obesity contain miRNAs with increased 

capacity to regulate TGF-β, and Wnt/β-catenin signalling pathways compared to lean 

(Ferrante et al., 2015). These pathways are implicated in several obesity-related comorbid 

conditions (Zhang et al., 2016). In a separate study, serum microvesicles were examined from 

a cohort of volunteers of which, ~18% had obesity. The study revealed that there was a 
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positive association with markers of obesity/adiposity, and increase in cystatin C, and CD14 

in EVs (Kranendonk et al., 2014). These proteins have been linked to increasing the risk of 

myocardial infarction, vascular disease mortality, and future vascular events (Kanhai et al., 

2013). So far, limited research suggests that diet/adiposity can have a role in manipulating EV 

function and cargo.  

The effect of exercise on the release, and content of EVs 

Exercise can stimulate the release of proteins, ions, nucleic acids, and polypeptides, 

which control pathways that ultimately result in metabolic, and morphological changes to 

tissue (Coffey ,and Hawley, 2007; Camera et al., 2016). Most of this work has focused on 

factors released from skeletal muscle, with relatively little attention paid to other cellular 

sources of paracrine factor release. Recently, our lab showed that a bout of acute exercise-

induced the release of paracrine factors from MSCs into the HSC niche (Emmons et al., 2016). 

These paracrine factors included granulocyte-colony stimulating factor (G-CSF), and stem cell 

factor (SCF), which are implicated in HSPC maintenance and proliferation (Emmons et al., 

2016). However, how MSC derived EVs are changing with exercise, and their effect in the 

HSC niche has not been examined (Wilhelm et al., 2018). Bei et al. (2017) investigated the 

effects of exercise stress tests on plasma EVs in human subjects as well as EVs from the 

serum from mice that were on a 3-week time progressive swimming protocol. In both humans 

and mice, exercise-induced an increase in the population of EVs compared to rest. Similarly, 

Frühbeis and colleagues (2015) demonstrated that acute exercise can increase the amount 

of circulating EVs retrieved from the plasma immediately after exercise and that the levels 

decrease during recovery. Similarly, Guescini and colleagues (2015) examined EVs from 

plasma after acute exercise in fit men. They profiled microRNAs from EVs which had been 

released by muscle. The authors proposed that the microRNA characterized in these EVs may 

act as a novel method of muscle communication. Interestingly, a study by Nielsen and 

colleagues (2014) demonstrated that miR-146 was down-regulated in the plasma of circulating 

blood after an acute exercise bout in humans. Aoi and co-workers (2013) showed that the 
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miR-486, which is enriched in EVs from muscle, was decreased in response to acute, and 

chronic aerobic exercise. As mentioned earlier, and proposed by the Shi group, miR-486 can 

support erythroid differentiation, indicating that exercise can manipulate EV cargo in a manner 

that is expected to impact haematopoiesis (Shi et al., 2017). Finally, Oliveira et al., 2018 

showed that miR-103a-3p is down-regulated in EVs isolated from the serum of exercised rats 

and is a miRNA that has been linked to the inhibition of proliferation, and osteogenic 

differentiation in adipose-derived stromal cells (Sol Kim et al., 2015). This leads to the 

conclusion that the cargo, more specifically the microRNA of EVs from exercised tissue may 

be altered in a manner, which favour supporting the HSC niche. However, knowledge is limited 

in respect to how bone marrow-derived EVs are changing with exercise, and their effect in the 

HSC niche has not been examined (Wilhelm et al., 2018). 

Statement of Problem and Rationale 

The late effects of radiation are well documented, and existing therapies are limited in 

their capacity to relieve symptoms. In parallel, the population of cancer survivors with obesity 

is also rising. These two factors can be detrimental to the bone marrow and can lead to 

damage to the hematopoietic system. Our work will investigate how exercise training can be 

used as a potential therapeutic option. As our lab has demonstrated, diet and exercise training 

has a significant effect on the paracrine factors produced by MSCs in the bone marrow. As 

described above, EVs participate in the crosstalk between HSCs and their niche, and they 

have been shown to regulate hematopoiesis. However, functional characterization of 

irradiated EVs after an exercise, and diet intervention has not been performed. EV research 

is limited in examining how EVs affect the bone marrow niche with most studies focused on 

EVs, derived in vitro. Our study will be examining EVs collected in vivo and how their cargo is 

changing in response to environmental factors. Since EV cargo has been implicated in HSC 

niche function and activity, it will be important to examine how physiologically relevant host 

factors (i.e., exercise and obesity) alter EVs and their effect on hematopoiesis (Salvucci et al., 

2012; Shi et al., 2017; Davis et al., 2017) If EVs from the HSC niche are being altered in a 
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manner which promotes HSC maintenance, EV cargo may represent a novel therapeutic 

target for improving long-term hematopoiesis following radiation. Thus, the purpose of this 

thesis is to functionally characterize bone marrow-EVs from obese and exercise-trained mice 

following radiation. By identifying these EVs, we thus can develop a greater appreciation, for 

how exercise acts via novel mediators to improve hematopoietic recovery.  

Aims and hypothesis 

Our overall objective is to determine the extent to which obesity-induced alterations in 

bone marrow-EVs are responsible for reduced hematopoiesis in obese mice exposed to 

radiation, and the role of exercise in reversing these effects. We hypothesize that bone 

marrow-EVs from exercise-trained mice will increase HSPC expansion and inhibit obesity-

induced myeloid skewing. We will test this hypothesis by completing the following three 

specific aims: 

1. To compare bone marrow-EVs from irradiated and control mice alter hematopoiesis in 

vitro.  

2. To determine if bone marrow-EV content or composition is altered by exercise, and/or 

obesity following radiation.  

3. To determine if bone marrow-EVs from exercise-trained, and sedentary mice with or 

without obesity exposed to radiation influence HSPC expansion and colony formation 

in vitro.  
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Abstract 

Background: 

Radiation therapy is standard care for most patients with cancer; however, the 

damaging effects of radiation on the hematopoietic system are often dose-limiting. Recent 

work from our lab, in a preclinical model of radiation damage, indicates that endurance 

exercise training can enhance hematopoietic recovery, while obesity can impair it. 

Extracellular vesicles (EVs) have been implicated in regulating hematopoiesis acutely 

following radiation exposure; however, the long-term, radiation-induced changes to EVs, and 

the role of exercise and/or obesity at modulating marrow EVs remains unknown. Thus, the 

purpose of this project was to determine the extent to which obesity and exercise influence 

the regenerative potential of bone marrow-EVs following radiation.  

Method: 

Mice were randomly divided into control (n=20; CON) or high fat diet (n=20; HF) 

groups, then further subdivided into exercise-trained (EX, n=10) or sedentary (SED, n=10). 

Mice underwent whole-body exposure to a 3 Gy dose of gamma-radiation at age 13 weeks 

followed by bone marrow collection at 20 weeks of age. EVs were subsequently isolated from 

the bone marrow by ExoQuick and ultracentrifugation. A non-irradiated, sedentary, control 

group (n=10) was used to determine the effects of radiation alone. Data was evaluated using 

repeated-measures three-factor (diet, exercise, time) and two-factor ANOVA. Data was 

presented as mean ± SEM with p<0.05 considered significant. 

Results: 

 Mice on the HF diet had significantly higher body mass and body fat compared to mice 

on the CON diet (p<0.05). Isolated EVs were between 78 and 195 nm and expressed the EV 

markers Alix, TSG101, and Flotillin by western blot confirming their identity. There was no size 

differences between groups. The concentration of EVs in irradiated mice was significantly 

lower compared to EVs from non-irradiated mice (p<0.01). Radiation, obesity, exercise, or 

their combination had no significant effect on HSPC (Lineage−Sca-1+c-Kit+) content in co-
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culture assays. Conversely, EVs from irradiated mice significantly increased the number of 

CFU-GEMM, CFU-G, and the TOTAL number of colonies compared to EVs from non-

irradiated mice (p<0.01). However, EVs from the CON+SED, CON+EX, HF+SED, and HF+EX 

groups did not have a significant effect on colony formation.  

Conclusion: 

Our findings demonstrate that irradiation can deplete the concentration of bone 

marrow-EVs and that irradiated bone marrow-EVs can increase the total number of myeloid 

colonies in vitro. These findings suggest that radiation induces myelopoiesis via a mechanism 

that includes EVs; however, exercise and obesity induce their effects via a different 

mechanism. 
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Introduction 

The number of long-term cancer survivors continues to increase; however, long-term, 

late effects of cancer therapy reduce healthspan and increase the risk of secondary 

malignancy. Radiation therapy is an effective cancer therapy used on 2/3 of cancer patients 

(Chen and Kuo, 2017). However, radiation induces acute and persistent damage to 

hematopoietic stem/progenitor cells (HSPCs), which can result in long-term 

immunosuppression and the development of radiation-induced hematological cancers (Shao 

et al., 2014). Confounding the effects of therapy are the increase in the number of cancer 

survivors who are obese and physically inactive (Courneya et al., 2008). Obesity increases 

the cycling and myeloid differentiation of HSPCs (Emmons et al., 2017), which increases the 

risk of hematological malignancies (Lichtman, 2010) and contributes to immunosenescence 

via premature exhaustion of the HSPC pool (Salvestrini et al., 2019). As such, the increasing 

number of cancer survivors with obesity creates a critical need to develop a better 

understanding of how obesity influences the late effects of radiation therapy in the bone 

marrow, and to develop effective countermeasures.  

Recent evidence from our lab suggests that exercise training can mitigate several of 

the detrimental effects of obesity on HSPCs following radiation exposure (Emmons et al., 

2019). These effects were coincident with the preservation of the HSPC niche and increased 

expression of hematopoietic growth factors in exercise-trained mice (Emmons et al., 2019). 

However, a complete investigation of exercise-responsive paracrine factors in the bone 

marrow in irradiated mice has not been undertaken.  

EVs, are membrane-bound particles containing proteins, lipids, and miRNA, which are 

released by cells and are involved in local and distant intercellular communication (Aqmasheh 

et al., 2017; Butler et al., 2018). EVs have been shown to play a role in controlling 

hematopoiesis and HSPC maintenance (Chou et al., 2013; Battiwalla and Barrett, 2014; Butler 

et al., 2018), and in vivo and in vitro radiation exposure alters EV cargo (Lehmann et al., 2008; 

Arscott et al., 2013; Jella et al., 2014). Szatmári (2017) showed that injecting irradiated EVs 

into non-irradiated mice induced radiation damage that was comparable to direct radiation and 
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caused a significant reduction in HSPC content (Szatmári et al., 2017). Conversely, Wen and 

colleagues demonstrated that EVs from non-irradiated mesenchymal stem cells could reverse 

the damaging effects of radiation on bone marrow stem cells (Wen et al., 2016). Combined, 

these data suggest that EVs can both transmit and reverse the harmful effects of radiation. 

Interestingly, in genetic and diet-induced models of obesity, EV content is increased in 

peripheral blood (Eguchi et al., 2015; Heinrich et al., 2015; Eguchi et al., 2016) similar the 

effects of acute radiation. Further, EVs derived from obese mice induce increased production 

of the pro-inflammatory cytokines IL-6 and TNF-α (Deng et al., 2009), while the miRNA profiles 

of visceral in vitro cultured adipose tissue-derived EVs from individuals with obesity contain 

cargo that is predicted to regulate key inflammatory and fibrotic signalling pathways (Ferrante 

et al., 2015). These data suggest that obesity may exacerbate the inflammatory effects of 

radiation exposure, in part via increased concentration and altered cargo of EVs. An acute 

bout of exercise has been shown to increase EV content in circulation (Frühbeis et al., 2015; 

Guescini et al., 2015; Bei et al., 2017), and alter EV cargo in a manner that is expected to 

support erythropoiesis (Aoi et al., 2013). It remains unknown; however, whether exercise-

induced EVs directly play a role in hematopoiesis.  

Thus, the purpose of this project is to functionally characterize bone marrow-EVs from 

obese and exercise-trained mice following radiation. By identifying these EVs, we thus can 

understand, how exercise acts via novel mediators to improve hematopoietic recovery. We 

hypothesize that bone marrow-EVs from exercise-trained mice will increase HSPC expansion 

and inhibit obesity-induced myeloid skewing.  

Methods 

Ethical Approval 

Ethical approval was obtained from the University of Ottawa Animal Care Committee. 
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Mice 

A total of 50 male CBA (Jackson Laboratories, Maine, United States) mice were 

maintained in a 12:12h light-dark schedule with food and water provided ad libitum until age 

20 weeks.  

Diet 

At 5 weeks of age, mice were randomly divided into control (n=20; CON) or high-fat 

diet (n=20; HF) groups. The control diet consisted of 10% kcal fat (D10012M, Research Diets, 

New Jersey, United States), while the HF diet was composed of 45% kcal from fat (D12451, 

Research Diets, New Jersey, United States) for 8 weeks to induce obesity as we have 

previously described (Emmons et al., 2019). Mice were maintained on their respective diets 

until sacrifice. Body weight and food intake were measured weekly, and fat and lean mass 

were measured once a month using EchoMRI-900 (EchoMRI LLC, Texas, United States). 

Progressive endurance exercise training program 

We used a progressive endurance exercise treadmill program that had been previously 

observed to expand the HSPC pool and decrease MAT (Baker et al., 2011; De Lisio and 

Parise, 2012; Emmons et al., 2019). At age 9 weeks, mice from CON and HF were sub-divided 

into exercise (EX, n=10) or sedentary (SED, n=10,) groups. EX mice were exercised 3 days 

per week for 11 weeks on a motorized treadmill (Exer 3/6 Columbus Instruments, Ohio, United 

States ). Each training session consisted of: (1) A 10-minute warm-up at a speed which began 

at 8 m/minutes, and increased to 10 m/minutes after 4 weeks, (2) A training period that 

progressively increased in duration, and speed from 10 m/minutes for 25 minutes to a 

maximum of 16 m/minutes for 45 minutes , and (3) a 5-minute cool down at a speed of 8 

m/min.  Exercise sessions occurred at the same time of day, and mice were encouraged to 

run by stimulation with bristles of a paintbrush as we have found this method to be more 

effective and humane than electric shock. Non-exercised mice were exposed to treadmill 

noise, placed in a mock treadmill, and manually manipulated in the same manner/time as 

exercise-trained mice to control for any stress associated with treadmill exercise. One 
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CON+SED mouse was removed from the protocol, as it suffered an injury during the 8th week 

of exercise. Mice continued in their intervention groups after radiation exposure, and until 

sacrifice. 

Total body Irradiation 

At 13 weeks of age, all mice underwent whole-body exposure to a 3 Gy dose of 

gamma-radiation. Radiation was administered as previously described with minor 

modifications (De Lisio et al., 2013, 2011; De Lisio and Parise, 2012; Emmons et al., 2019). A 

uniform dose distribution across the radiation field was applied using the X-Rad 320 biological 

irradiator (Precision X-Ray, Connecticut, United States). Following total body irradiation, mice 

were provided antibiotic water until sacrifice.  A non-irradiated group was also included in our 

study. This cohort arrived in the facility at age 10 weeks and was maintained on the control 

diet until sacrifice. 

Euthanasia, and bone marrow supernatant collection 

At 20 weeks of age, mice were sacrificed by CO2 asphyxiation, followed by cervical 

dislocation. Both femurs and tibiae were excised and freed of muscle and fat. Femurs and 

tibiae were cut at each end, and bones were subsequently flushed with ice-cold phosphate-

buffered saline. Flushed marrow was centrifuged at 400g at 4oC for 5 minutes to separate the 

cellular fraction. The supernatant from the flushed bone samples was collected, snap-frozen, 

and stored at -80oC. 

Isolation of extracellular vesicles  

 EVs were isolated from the bone marrow supernatant using the ExoQuick-TC® ULTRA 

for Tissue Culture Media (System Biosciences, California, United States) according to the 

manufacturer’s protocol, with minor modifications. The supernatant was initially centrifuged at 

3,000g for 15 minutes at 4°C to remove cellular debris. The supernatant was then added to 

200 µL of ExoQuick-TC solution and incubated overnight on ice at 4°C. After incubation, the 

solution was centrifugation at 3,000g for 10 minutes at 4°C. The EV pellet was then 

resuspended in 200 µl of Buffer B and stored at -80°C until future application.  
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Additionally, EVs were isolated from the bone marrow supernatant using differential 

ultracentrifugation based on the protocol adapted from Lässer (2014). Bone marrow 

supernatant was thawed and centrifuged at 2,000g for 20 minutes at 4°C. The supernatant 

was then transferred to a new tube and centrifuged for 40 minutes at 15,000g at 4°C. The 

supernatant was then spun for 90 minutes at 100,000g at 4°C. The pellet was then 

resuspended with 100 μL of sterile 1XPBS. The supernatant from the final spin was also 

saved. Exosome depleted FBS was prepared through ultracentrifugation at 100,000g for 18 

hours. 

Western blot 

 EVs were lysed in RIPA lysis buffer containing protease inhibitor (Roche, Basel, 

Switzerland), and protein concentration was evaluated using the Bradford protein assay kit 

(Thermo Fisher Scientific, Massachusetts, United States). Equal amounts of protein were 

loaded, and electrophoresed on a 10% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) 

gel, and transferred to PVDF membranes (Bio-Rad, California, United States). Murine bone 

marrow cell lysates were used as a control. Primary antibodies against rabbit anti-Alix (Sigma-

Aldrich, Missouri, United States), rabbit anti-flotillin-2 (Cell Signaling, Massachusetts, United 

States), and rabbit anti-Tsg101 (Cell Signaling, Massachusetts, United States) were used at 

1:1000 in 5% milk. Membranes were incubated at room temperature for 30 minutes, followed 

by a 15-minute incubation with mouse anti-rabbit horseradish peroxidase-conjugated 

secondary antibody (1:1000, Cell Signaling, Massachusetts, United States). Membranes were 

incubated with the “Pierce™ ECL Western Blotting Substrate” kit (Thermo Fisher Scientific, 

Massachusetts, United States), and proteins were visualized using the ChemiDoc Imaging 

System (Bio-Rad, California, United States).  

Nanoparticle-tracking analysis 

Isolated EVs were applied to the ZetaView (Particle Metrix GmbH, Meerbusch, 

Germany), which identifies the number and size distribution of vesicles via light-scattering. 

Isolated EVs from the experimental groups were thawed and diluted in PBS, specifically at 
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1:250 or 1:500. These dilutions generated concentrations of 106–109 particle/ml, which is the 

working range of the instrument. EV mean size and concentration were analysed using the  

ZetaView software (version 8.02.28, Meerbusch, Germany) using 11 camera positions, a 2-

second video length, and a camera frame rate of 30 fps at 21°C. 

Hematopoietic Stem/Progenitor Cell Isolation 

 Bone marrow-HSPC were isolated from 9 weeks old, male, C57BL/6 mice. Mouse 

euthanasia and bone marrow cell fraction were isolated as described above. Marrow cells 

were incubated with the following antibodies: anti–Sca-1 (1:200, Biosciences, California, 

United States), anti–c-kit (1:200 Biosciences, California, United States) and lineage cocktail 

(1:200) (Ter119, Mac1, Gr1, B220, CD4, and CD8 Biosciences, California, United States). 

Viability was determined via Zombie Yellow Viability dye (1:200, BioLegend, California, 

United States). Cell samples were then incubated on ice for one hour and resuspended with 

Streptavidin-FITC (1:800 Biosciences, California, United States) for one hour on ice. HSPC 

were sorted using the BeckmanCoulter MoFlo XDP (California, United States) into Iscove’s 

Modified Dulbecco’s Medium (IMDM). Compensation and gating strategies were derived 

from unstained and single stained controls. 

Coculture Assay 

1500 bone marrow-HSPCs were cultured per well in a 48-well plate for 48 hours at 

37°C and 5% CO2 in StemSpan SFEM Medium (Stemcell Technologies, Vancouver Canada) 

supplemented with 15% vesicle depleted FBS, 1% penicillin/streptomycin, Ms Recom SCF 

(Stemcell Technologies, Vancouver Canada), 100 ng/mL, Ms Recom TPO (Stemcell 

Technologies, Vancouver Canada), 100 ng/mL and Ms Recom Flt3/Flk-2 Ligand (Stemcell 

Technologies, Vancouver Canada), 100 ng/mL. 100 μL of either the EVs isolated from the 

ExoQuick kit, ultracentrifugation, the supernatant from ultracentrifugation or non-irradiated 

EVs were supplemented to the media for the coculture assays. Control cultures were HSPCs 

cultured without EV supplementation with either 15% non-vesicle depleted FBS supplemented 

growth media or with 15% vesicle depleted FBS. 
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Hematopoietic stem/progenitor cell quantification 

After a 48 hour coculture, cells were retrieved from the culture plate and were prepared 

for flow cytometry analysis. Cells were incubated with the following antibodies: anti–Sca-1 

(1:200, Biosciences, California, United States), anti–c-kit (1:200 Biosciences, California, 

United States) and lineage cocktail (1:200) (Ter119, Mac1, Gr1, B220, CD4, and CD8 

Biosciences, California, United States). Viability was determined via Zombie Yellow Viability 

dye (1:200, BioLegend, California, United States). Cell samples were then incubated on ice 

for one hour and resuspended with Streptavidin-FITC (1:800 Biosciences, California, United 

States) for one hour on ice. HSPCs were quantified by using the Attune NxT Flow Cytometer 

(Life Technologies, California, United States). Unstained and fluorescence minus one were 

used for compensation and gating. Investigators were blinded to groups during quantification. 

Colony-forming assay 

After the 48 hour coculture with EVs, cells in suspension were retrieved from the 

culture plate, and cells were counted using the Countess (Thermofisher, Massachusetts, 

United States. 1000 cells were suspended in MethoCult™ GF M3434 (Stemcell Technologies, 

Vancouver Canada) medium then plated in duplicate for colony-forming unit assays. After 14 

days of culture, colonies were examined and imaged using the EVOS XL Core Configured 

Microscope (Thermofisher, Massachusetts, United States). Colonies were counted and 

labelled according to the MethoCult™ GF M3434 manual. Investigators were blinded to groups 

during quantification. 

EV Uptake 

 EVs were labelled using the PKH67 Green Fluorescent Cell Linker Kit for General Cell 

Membrane Labeling (Sigma-Aldrich, Missouri, United States) according to the manufacturer’s 

instructions, with minor adjustments. Labelled EVs were combined with sorted HSPCs and 

uptake was visualized using the Celldiscoverer7 (ZEISS, Oberkochen, Germany) with images 

taken within the first hour of incubation. 
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Statistical analysis 

Body weight, composition, food intake, and particle size range were analyzed via a 

repeated-measures three-factor (diet, exercise, time) ANOVA. Comparison of cell quantities 

in irradiated against non-irradiated EVs was analyzed by an unpaired t-test. All other data 

were evaluated by two-factor ANOVA and Tukey’s post-hoc test using GraphPad Prism 8 

(GraphPad Software). Data were presented as mean ± SEM with p<0.05 considered 

significant. 

Results 

High fat diet-induced changes in body weight and composition and altered food 

consumption  

 A schematic of the study is presented in Figure 1a. Body fat percentage was 

significantly increased in both HF groups compared to both CON groups from age eight to 17 

weeks with no effect of exercise (p<0.05, Figure 1b). Lean body mass of CON+SED mice at 

age nine weeks was significantly less than both HF groups, and lean body mass of CON+EX 

mice at age 13 weeks was significantly less than both HF groups (p<0.05, Figure 1c). From 

age eight weeks old until age 20 weeks, CON+EX and CON+SED mice weighed significantly 

less compared to mice that were HF+SED or HF+EX, respectively (p<0.05, Figure 1d). Food 

intake and caloric consumption were significantly increased in the HF group compared to CON 

(p<0.0001 diet main effect, Figure 1e, and f). 

Characterization of bone marrow extracellular vesicles  

 Bone marrow-EVs isolated by ultracentrifugation (UC) and ExoQuick (EQ) expressed 

Alix, Flotillin, and TSG101, which are three markers characteristic of EVs (Figure 2a). There 

was no significant difference in the mean size of EVs between irradiated and non-irradiated 

mice (Figure 2b). However, the concentration of bone marrow-EVs was significantly lower 

from irradiated mice (Figure 2c, P<0.001). Neither the mean size (Figure 2d) nor quantity 

(Figure 2e) of EVs was different between diet or exercise conditions. EVs from the bone 

marrow of irradiated mice under the diet and exercise conditions ranged in size from 78 to 195 
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nm, which corresponds to the expected sizes for EVs (Figure 2f). We confirmed that bone 

marrow-EVs could be taken up by HSPCs, which was clearly shown by green dye within 

HSPCs (Figure 2g).   

Irradiated bone marrow-EVs did not negatively impact immature hematopoietic cells or 

HSPCs in vitro 

Bone marrow-EVs from irradiated and non-irradiated mice were cocultured with 

HSPCs for 48 hours, then immature hematopoietic cells (Lin-) (Figure 3a) and HSPCs (Figure 

3b) were quantified by flow cytometry. There was no significant difference in the quantity of 

Lin- cells or HSPCs when treated with EVs from irradiated mice compared to non-irradiated 

EVs.  

EVs from obese and or exercise-trained mice do not alter the content of immature 

hematopoietic cells or HSPCs in vitro 

 Bone marrow-EVs isolated using the ExoQuick-TC kit (EQ), ultracentrifugation (UC) 

protocol, and supernatant (SU) from the final spin from the ultracentrifugation protocol; from 

the four experimental groups were cocultured with HSPCs for 48 hours. The number of Lin- 

cells (Figure 4a) and HSPCs (Figure 4b) was not affected by bone marrow EQ-EVs from the 

exercise or diet intervention. The number of Lin- cells were not significantly affected by U-EVs 

from the exercise or diet intervention (Figure 4c); however, the number of HSPCs 

demonstrated a trend for a significance (P=0.064) when cultured with U-EVs from exercise-

trained mice with no effect of diet (Figure 4d). Lastly, the number of Lin- (Figure 4e) and HSPCs 

(Figure 4f) was not affected by bone marrow SU. 

Irradiated bone marrow-EVs promote myeloid lineage colony formation 

To determine if irradiated bone marrow-EVs altered HSPC colony formation compared 

to non-irradiated EVs, bone marrow-EVs from irradiated and non-irradiated mice were 

cocultured with HSPCs for 48 hours, then cells were subsequently used for colony-forming 

unit assays. Colony-forming unit-granulocyte, erythrocyte, macrophage, megakaryocyte 

(CFU-GEMM) colonies were significantly increased when cultured with irradiated EVs 
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compared to non-irradiated EVs (P<0.01; Figure 5a). CFU-granulocyte, macrophage (CFU-

GM) were not altered by irradiated EVs (Figure 5b). There was a significant (P<0.05) increase 

in the number of CFU-granulocyte (CFU-G) colonies, with exposure to irradiated bone marrow-

EVs (Figure 5c).  CFU-macrophage (CFU-M) was also not altered by irradiated EVs (Figure 

5d). While the number of burst-forming unit-erythroid (BFU-E) colonies displayed a trend for a 

significance (P=0.17) in the radiated group (Figure 5e). Irradiated EVs also significantly 

(P<0.05) increased the number of CFU-TOTAL (CFU-T) colonies compared to non-irradiated 

EVs (Figure 5f). 

No difference in hematopoietic progenitor colony-forming units by exposure to bone 

marrow-EVs from obese and/or exercise-trained mice 

 HSPCs were initially cocultured with EVs from the four experimental groups for 48 

hours then used for CFU assays as described above. There was no difference in colony 

formation between HSPCs co-cultured with bone marrow-EVs derived from the four different 

groups (Figure 6a-f). 

Discussion 

Our overall objective was to determine the extent to which long-term changes in 

hematopoietic regulation of bone marrow-EVs are induced by radiation, and whether obesity- 

and/or exercise-induced alterations in bone marrow-EVs contribute to alterations in 

hematopoiesis following radiation. Our results demonstrate that radiation decreased the 

concentration of bone marrow-EVs, and bone marrow-EVs from irradiated mice increase 

myeloid lineage colony formation in vitro; however, the effects of radiation are not altered by 

exercise, obesity, or their combination. Together, these data suggest that irradiation increases 

bone marrow-EVs involved in myelopoiesis, and that mechanisms not related to EVs explain 

the previously identified differential effects of exercise and obesity on hematopoiesis (Emmons 

et al., 2019).   

 Ionizing radiation has been shown to severely damage HSCs, and impair their ability 

to self-renew, and differentiate (Macià i Garau et al., 2011; Singh and Seed, 2017). Radiation 
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exposure has also been demonstrated to significantly influence intercellular communication 

(Jelonek et al., 2016). Irradiated bone marrow-EVs in the context of exercise and diet have 

yet to be characterized. In the present study, particles were first characterized through the 

presence of cytosolic proteins: TSG101, Alix and Flotillin; which were all found to be present 

in ExoQuick and ultracentrifugation isolated EVs. The mean size and range of measured 

particles fell within the range in which EVs are known to exist (Théry et al., 2018). EVs were 

also fluorescently labelled and were observed to be taken up by HSPCs. Thus, our results 

demonstrate the successful isolation of EVs from murine bone marrow through validation by 

western blot, nanoparticle tracking analysis (NTA), and lipid staining and uptake (Stik et al., 

2017; Szatmári et al., 2017; Théry et al., 2018). Interestingly the concentration of irradiated 

bone marrow-EVs was significantly less compared to non-irradiated bone marrow-EVs. 

Previous studies have shown that irradiation can increase EV release from cancer and normal 

cell lines in vitro (Lehmann et al., 2008; Arscott et al., 2013; Jella et al., 2014; Al-Mayah et al., 

2015). However, these studies measured EV content from culture shortly after or within 

several days post-radiation. These studies also applied radiation at a higher dosage and EVs 

were produced from cells in vitro and from non-bone marrow cells and tissues. These 

differences may explain the discrepancies. 

Both exercise training and obesity have been shown to confer an effect on 

hematopoiesis after radiation exposure. Emmons et al. used a proteomics approach to 

investigate the effects of exercise training and obesity on changes to bone marrow cytokines 

following radiation. Those cytokine data demonstrated that a progressive treadmill exercise 

program induces a prohematopoietic, anti-inflammatory environment within the bone marrow 

after radiation exposure, whereas obesity is associated with higher levels of factors that inhibit 

hematopoiesis (Emmons et al., 2019). Barone and colleagues have demonstrated an increase 

in EVs in the peripheral blood after a bout of acute exercise (Barone et al., 2016). Similarly, 

after three weeks of swimming, mice showed increased levels of EVs in the peripheral blood 

and were more resistant against cardiac ischemia/reperfusion injury (Bei et al., 2017). 

Exercise is hypothesized to stimulated EV release from platelets, endothelial cells, and 
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leukocytes and confer benefits to distal organs and resident tissues, including the bone 

marrow (Bei et al., 2017; Szatmári et al., 2017). However, the effects of exercise and diet after 

exposure to radiation has not been studied in the context of bone marrow-EVs to date. The 

effects of radiation on bone marrow-EVs have previously been documented by in vivo work 

by Szatmári and colleagues. Bone marrow-EVs injected into non-irradiated mice significantly 

depleted the number of HSPCs with no effect seen in either lymphoid or myeloid progenitor 

populations (Szatmári et al., 2017). To determine if the effects of irradiated EVs are direct on 

HSPCs or exert their effects indirectly, we used an in vitro approach where irradiated EVs 

were directly applied to isolated HSPCs. Using this reductionist approach, we determined that 

exposure to irradiated EVs did not alter the number of HSPCs, suggesting that the in vivo 

effects of irradiated EVs may be due to indirect effects on other cells in the HSPC niche.  

Wen and colleagues showed that co-culture of irradiated whole bone marrow cells with 

murine MSC-EVs led to a significant expansion of bone marrow cells and promoted colony 

formation of irradiated bone marrow cells (Wen et al., 2016). Our results demonstrated that 

irradiated EVs promote the expansion of CFU-GEMM (common myeloid progenitors), which 

are primitive blood-forming cells and can differentiate into macrophages, neutrophils, and 

platelets. The number of CFU-G (granulocyte progenitor) also significantly increased when 

exposed to irradiated bone marrow-EVs. CFU-G differentiate into neutrophils, and preclinical 

studies have proposed that neutrophils can have both pro- and anti-tumor effects (Wisdom et 

al., 2019). Previous in vivo work indicated that injecting irradiated EVs into non-irradiated mice 

did not have an effect on the number of lymphoid, myeloid, megakaryocyte, and erythroid 

progenitors in the bone marrow (Szatmári et al., 2017). One reason we may have seen 

myeloid skewing in our study and Szatmári and colleagues did not, could be because of the 

dose of radiation. Szatmári and colleagues applied 2 Gy of radiation to mice compared to our 

3 Gy. Changes to EV activity after radiation exposure could be dose-dependent. Another 

potential reason Szatmári and colleagues did not see a change, could be because their focus 

on hematopoietic progenitor cells 24 hours after irradiation. Compared to our work, where we 

waited 48 hours after co-culture. It is possible that there is a delay in the EVs ability to convey 



42 
 

its effects on marrow cells. Our findings suggest that radiation may be priming bone marrow-

EVs in a manner that allows the expansion of these myeloid progenitors. In the disease state, 

EVs could play a part in maintaining a pathogenic hematopoietic niche. Particularly, by 

maintaining cells which produce pro-inflammatory cytokines and growth factors, as an 

environment rich in inflammatory cells and growth factors, certainly potentiates and/or 

promotes neoplastic risk (Coussens and Werb, 2002). 

Emmons et al. demonstrated that there were significantly more common lymphoid 

progenitors (CLP) in exercise-trained mice and there were significantly fewer CLP in obese 

mice (Emmons et al., 2019). While there was no difference in the number of common myeloid 

(CMP) progenitors in either diet or exercise condition (Emmons et al., 2019).  Our data also 

demonstrated that neither exercise nor diet had a significant effect on myeloid colony 

differentiation. This result is in line with what Emmons et al. demonstrated with CMP 

populations from irradiated bone marrow (Emmons et al., 2019) 

In conclusion, our results demonstrate that bone marrow-EVs derived from exercise-

trained mice do not increase the number of HSPC in vitro. Irradiated bone marrow-EVs 

increase the population of myeloid lineage colonies in vitro, which is not reversed by exercised 

or exacerbated by HF diet. Thus, the effects of irradiated EVs from exercised or HF mice on 

HSPCs are conferred via alternative mechanisms. Our previous work demonstrated that 

exercise training partially restores the negative effects of obesity on HSPC and their niche 

after radiation exposure (Emmons et al., 2019). The present research shows that this effect is 

not due to EVs, but could be due to changes to cell content, or growth factors or cytokines.  
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Figure captions and figures 

Figure 1. High-fat diet induces an obesity phenotype which is not reversed by exercise. 

(a) A schematic of the study timeline. Body fat percentage (b), absolute lean body mass (c) 

and mouse body weight (d), measured throughout the life of the mice. Mouse food intake 

measured per gram (e) and calories (f) throughout the life of the mice. The dotted line denotes 

the age mice were irradiated. Data presented as mean ± SEM. *p < 0.05 significant difference 

between CON + EX compared with HF + SED and HF + EX. β p< 0.05 significant difference 

of CON + SED compared with HF + SED and HF + EX. n=9 CON+SED, n=10 CON+EX, n=10 

HF+SED, n=10 HF+EX.  

Figure 2. Characterization of bone marrow extracellular vesicles. Western blot analysis 

for Alix, Flotillin, and TSG101 (a) of EVs isolated using the ExoQuick-TC from murine bone 

marrow. M=Molecular weight marker, CL=Cell lysate, UC=EVs isolated by ultracentrifugation, 

EQ= EVs isolated by ExoQuick. Using NTA, the mean size of particle was compared between 

CON and IR measured from each group (b) and the concentration of particles (c). There were 

significantly fewer particles from IR mice (**P<0.001). Using NTA, the mean size of particle 

was measured from each group (d) and the concentration of particles (e). Range of particle 

sizes measured using nanoparticle tracking analysis (f). Uptake of PKH67 stained bone 

marrow-EVs into HSPCs compared to unstained EVs, imaged by Celldiscoverer 7 (g). Data 

presented as mean ± SEM. *p <0.05 indicating a main effect of exercise. **p<0.01. n=10 CON, 

n=9 CON=SED, n=9 CON+SED, n=10 CON+EX, n=10 HF+SED, n=10 HF+EX. 

Figure 3. Radiated bone marrow-EVs did not impact hematopoietic stem/progenitor or 

immature hematopoietic cell content. Bone marrow-EVs from irradiated and non-irradiated 

mice were cocultured with fluorescence-activated cell sorted (FACS) murine HSPCs for 48 

hours. After this 48hour period cells were quantified via flow cytometry. Quantification of viable 

(a), Lin- and HSPCs (b). There was no significant change in Lin- or HSPC populations. Data 

presented as mean ± SEM. n=10 CON, n=9 IR  

Figure 4. Bone marrow-EVs from exercise-trained or obese mice following radiation do 

not alter hematopoietic stem/progenitor or immature hematopoietic cell content. Bone 
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marrow-EVs isolated by ExoQuick or ultracentrifugation and supernatant from 

ultracentrifugation from the experimental groups were cocultured with FACS murine HSPCs 

for 48hrs. After these 48 hours, cells were quantified via flow cytometry. Source of EVs 

retrieved by ExoQuick (EQ), ultracentrifugation (U) and supernatant from ultracentrifugation 

(SU). Quantification of viable Lin- (a,c,e) and HSPCs (b,d,f). Lin- from U cultures showed a 

trend towards significance at P=0.13 through lifestyle and Lin- from SU cultures also displayed 

a trend towards significance above at P=0.15 through diet. Lastly, HSPCs cultured with U 

approached significance at P=0.064 with this being related to lifestyle. Data presented as 

mean ± SEM. n=9 CON+SED(EQ), n=10 CON+EX (EQ), n=10 HF+SED (EQ), n=10 

HF+EX(EQ), n=4 CON+SED(U,SU), n=4 CON+EX (U,SU), n=4 HF+SED (U,SU), n=4 

HF+EX(U,SU).  

Figure 5. Irradiated bone marrow-EVs promote the expansion of myeloid lineage 

colonies. HSPCs from ExoQuick isolated bone marrow-EV coculture were plated in 

methylcellulose at 1,000 cells/ml, and total colony count, and colony type scoring were done 

after 14 days of culture. Progenitor cell populations were identified and enumerated. CFU-

GEMM (a), CFU-GM (b), CFU-G (c), CFU-M  (d), BFU-E (e) AND TOTAL (f). Data presented 

as mean ± SEM. n=5 CON, n=5 IR CFU-GEMM (**P<0.001), CFU-G (*P<0.05) and TOTAL 

were significantly increased in irradiated groups, while BFU-E displayed a trend towards 

significance (P=0.17) to increase and CFU-GM and CFUM did not increase. 

Figure 6. Myeloid progenitor cell populations are not influenced by bone marrow-EVs 

from exercise or high-fat diet mice. HSPC from ExoQuick isolated BONE MARROW-EV 

coculture were plated in methylcellulose at 1,000 cells/ml, and total colony count, and colony 

type scoring were done after 14 days of culture. Progenitor cell populations were identified 

and enumerated. CFU-granulocyte, erythrocyte, macrophage, megakaryocyte (CFU-GEMM) 

(a), granulocyte and/or macrophage progenitor cells (CFU-GM) (b), CFU-granulocyte   (CFU-

G) (c), CFU-macrophage (CFU-M) (d), b-erythroid (BFU-E) (e) and TOTAL (f). Data presented 

as mean ± SEM. n=5 CON+SED, n=6 CON+EX, n=6 HF+SED, n=6 HF+EX 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Chater 3 - Global Discussion 

Exposure to radiation at high or low doses can be detrimental to an individual’s health. 

One common source of radiation exposure is through radiation therapy, and it is estimated 

that 2/3 of cancer treatment plans implement radiation therapy (Chen and Kuo, 2017). With a 

rise of cancer survivors, the long-term effects of radiation exposure on healthy tissues are 

becoming a clinical concern (Bryant et al., 2017). In parallel, the number of cancer survivors 

who are also obese is rising (Courneya et al., 2008). The bone marrow is especially 

radiosensitive, and obesity is associated with detrimental changes within the marrow. Our lab 

demonstrated that exercise training can reverse several of the detrimental effects of obesity 

on bone marrow stem/stromal cell populations following radiation exposure (Emmons et al., 

2019). Using a proteomic approach, we demonstrated that exercise training is associated with 

a prohematopoietic, anti-inflammatory environment within the bone marrow after radiation 

exposure, whereas obesity is associated with higher levels of factors that inhibit 

hematopoiesis. One mode of cellular communication that has not been examined in the 

context of exercise and obesity after radiation exposure is extracellular vesicles (EVs). Thus, 

the purpose of this research was to functionally characterize bone marrow-EVs from irradiated 

mice and determine the effects of obese and exercise training on bone marrow-EV function 

following radiation. Our results demonstrate that radiation decreased the concentration of 

bone marrow-EVs, and bone marrow-EVs from irradiated mice increase myeloid lineage 

colony formation in vitro. However, the effects of radiation on bone marrow-EVs are not altered 

by exercise, obesity, or their combination. Together, these data suggest that irradiation alters 

bone marrow-EVs in a manner that promotes myelopoiesis, and that mechanisms not related 

to EVs explain the previously identified differential effects of exercise and obesity on 

hematopoiesis (Emmons et al., 2019). 

EVs are nano-sized particles between 30–1000nm that are secreted by various cells 

and are found abundantly in tissues. Due to their small size EV detection and classification is 

challenging. The commonly used protocol for isolation of exosomes is ultracentrifugation (UC), 

although, in recent years, precipitation solutions such as the line of ExoQuick (EQ) kits have 



58 
 

been utilized to precipitate particles in solution. In this research, we isolated EVs using both 

methods to see if this would affect the quantity, size, and activity of isolated particles. Using 

the ExoQuick-TC ULTRA kit, we acquired a higher concentration of particles compared to 

ultracentrifugation (P< 0.05) (S4), except for EVs from the HF-SED group. Our results are 

consistent with those of Tang and colleagues (Tang et al., 2017). Their analysis showed that 

the concentration of particles obtained using ultracentrifugation was lower than those of the 

commercial kit (ExoQuick). This lower yield may be caused by vesicle damaged by repeated 

ultracentrifugation, which causes low particle recovery (Tang et al., 2017). Conversely, 

isolation by ExoQuick shows higher particle recovery, potentially due to a lack of separation 

of high-density protein aggregates. The average size of particles was not significantly bigger 

using the ultracentrifugation method (S5). This outcome is opposite to results seen by Helwa 

and colleagues, where EVs isolated from ultracentrifugation had a significantly greater 

diameter than the ExoQuick (Helwa et al., 2017). It has been suggested, that centrifuging at 

such high speeds can lead to the fusion of particles with contaminants and other proteins, 

affecting the physical properties of the exosomes. Coculturing with EVs from ExoQuick or 

ultracentrifugation did not have a significant effect within groups (Figure 4). However, when 

comparing the number of HSPCs from cocultures with EVs derived from ExoQuick or 

ultracentrifugation there was a significant reduction (p<0.05) except for the CON+SED EVs. 

This decrease may exist because with ExoQuick isolation there is a possibility that the kit will 

precipitate non-exosome nanoparticles, such as serum protein aggregates (Alvarez et al., 

2012). These aggregates may support HSPCs in culture. Ultracentrifugation can cause a loss 

of exosomes from the sample, therefore fewer particles are in contact with HSPCs and culture 

support can be reduced. 

Our results demonstrated that at seven weeks post-radiation, mice had significantly 

depressed bone marrow-EV concentration compared to non-irradiated. Research has shown 

that irradiation can increase EV release from cancer and normal cell lines in vitro  (Lehmann 

et al., 2008; Arscott et al., 2013; Jella et al., 2014; Al-Mayah et al., 2015). However, these 

studies measured EV content shortly after radiation. These studies also applied radiation at a 
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higher dosage, EVs were produced from cells in vitro, and from non-bone marrow cells and 

tissues. These differences may explain why the studies showed an increase in EVs after 

radiation. In the present study, we retrieved bone marrow-EVs seven weeks after radiation. 

Waiting this length of time may cause changes to the cell’s ability to produce, package, and/or 

release EVs. One proposed cause of the increase of EVs after radiation is the activation of 

stress-inducible pathways of exosome secretion. Radiation exposure may increase the 

expression of the Tumor Suppressor-Activated Pathway 6 (TSAP6) protein, which has been 

implicated in enhancing EV production (Yu et al., 2006). In the context of our study, this 

pathway may have been down-regulated, have been silenced or associated pathways 

connected to TSAP6 production may have altered. 

Our initial CFU assay, compared irradiated and non-irradiated bone marrow-EVs ability 

to influence HSPCs function to differentiate down specific myeloid pathways. Our results 

showed that irradiated EVs protected CFU-GEMM and CFU-G colonies. In a study by 

Goloviznina and colleagues, they showed that murine HSPCs exposed to MSC-derived EVs 

in vitro favoured myeloid progenitor expansion and skewed hematopoietic repopulation 

potential (Goloviznina et al., 2016). They demonstrated that EV exposure results in the 

increased formation of CFU-M (monocyte colony-forming unit) and CFU-G (granulocyte 

colony-forming unit). This bias towards myeloid expansion was due to EVs binding to toll-like 

receptor 4 (TLR4) on HSPCs and triggering downstream NF-ߢB signalling. Activation of this 

pathway causes the cell to enter the G1 phase of the cell cycle, followed by myeloid expansion. 

Potentially, in an irradiated mouse, cargo that activates TLR4 ligands is upregulated in bone 

marrow-EV. One ligand in particular, which activates TLR4 is ceramide (Oblak and Jerala, 

2011). Ceramide is one of the lipids critical for exosome formation and is also enriched in 

these EVs (Elsherbini and Bieberich, 2018).  

Our work demonstrated that irradiated bone marrow-EV retrieved in vivo, can influence 

the differentiation of myeloid progenitor cells and that exercise training cannot reduce this 

effect via EVs. However, we were not able to characterize the cargo of bone marrow-EVs to 

reveal how they regulate myeloid differentiation. While we previously demonstrated that 
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exercise training increases cytokines that are associated with a prohematopoietic, anti-

inflammatory environment within the bone marrow after radiation exposure (Emmons et al., 

2019), the present study suggests that these effects are not induced via EVs but likely through 

other factors. We also did not include a CON+EX, HF+SED, and HF+EX groups that did not 

undergo radiation, limiting our ability to characterize how exercise can influence bone marrow-

EVs ability to regulate hematopoiesis independent of radiation. The present work used a 

reductionist approach to examine the direct effects of bone marrow-EVs on HSPCs in vitro, 

which removes the influence of other bone marrow cell populations and factors. Future studies 

should examine the effect of exercise training on bone marrow-EVs applied in vivo, 

characterization of exercise-trained bone marrow-EV cargo post-irradiation, the inclusion of 

experimental groups that do not undergo radiation, and examining pathways in EV secretion 

and composition post-radiation.  

Together, our results reveal that neither exercise, obesity, nor their combination alters 

bone marrow-EVs post-radiation in a manner that regulates HSPC fate directly. Rather the 

conducive environment for hematopoiesis that exercise provides is likely through other growth 

factors and cytokines. Lastly, it was demonstrated that irradiated bone marrow-EVs can 

expand myeloid colonies in vitro. This result demonstrates that radiation exposure could 

promote myeloid skewing through bone marrow-EVs. This skewing may exhaust HSPCs and 

lead to the development of a pro-inflammatory environment.  
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Appendix 

 
Appendix A - Supplementary Figures 
 
S1. Nanoparticle tracking analysis of EVs 
Nanoparticle tracking analysis of flushed bone marrow-EVs from CBA mice. Nanoparticle 
tracking analysis was used to measure the size of the particles, specifically using the ZetaView 
ParticleMetrix system. This apparatus quantifies vesicles at 11 camera positions. Histogram 
depicting the size range of the particles (S1a). Representative video of particles within the 
ZetaView (S1b). 
 
S2. Flow Plot 
Representative flow plot for HSPC populations. 
 
S3. Photographs of Mouse Hematopoietic CFUs 
The photographs of the classes of mouse hematopoietic progenitor cells detected using 
MethoCult™ media are shown. Colony-forming unit-granulocyte, erythroid, macrophage, 
megakaryocyte (CFU-GEMM) (a), colony-forming unit-granulocyte, macrophage (CFU-GM) 
(b), colony-forming unit-granulocyte (CFU-G) (c), colony-forming unit-macrophage (CFU-M) 
(d) and Burst-forming unit-erythroid (BFU-E) (e).  
 
S4. Comparison of particle concentration between EVs isolated via ExoQuick and 
Ultracentrifugation  
Irradiated EVs isolated via Exoquick (EQ) were compared to EVs isolated by 
ultracentrifugation (UC) within each group. Comparisons were conducted on particle 
concentration (particles/mL). The concentration of particles isolated from EQ compared to UC 
was significantly higher within CON-SED (a), CON-EX (b) and HF-EX (c) groups (P<0.05). 
The concentration was not significantly different within the HF-SED group. Data presented as 
mean ± SEM. n=9 CON+SED(EQ), n=10 CON+EX (EQ), n=10 HF+SED (EQ), n=10 
HF+EX(EQ), n=4 CON+SED(UC), n=4 CON+EX (UC), n=4 HF+SED (UC), n=4 HF+EX(UC). 
*p <0.05, **p<0.01, ****p<0.0001. 
 

S5. Comparison of mean size between EVs isolated via ExoQuick and 
Ultracentrifugation 
Irradiated EVs isolated via Exoquick (EQ) were compared to EVs isolated by 
ultracentrifugation (UC) within each group. Comparisons were conducted on particle mean 
size (nm). The size of particles isolated from EQ compared to UC was not significantly different 
within any of the groups(a-d). Data presented as mean ± SEM. n=9 CON+SED(EQ), n=10 
CON+EX (EQ), n=10 HF+SED (EQ), n=10 HF+EX(EQ), n=4 CON+SED(UC), n=4 CON+EX 
(UC), n=4 HF+SED (UC), n=4 HF+EX(UC).  
 
S6. Comparison of HSPC count between EVs isolated via ExoQuick and 
Ultracentrifugation 
Bone marrow-EVs were isolated via Exoquick (EQ) or ultracentrifugation (UC) and cocultured 
with FACS murine HSPC cells for 48hours. After this 48hour period, cells were quantified via 
flow cytometry. Comparison of the number of HSPC cells after using EQ or UC EVs. The 
number of HSPC cells using EQ EVs was significantly higher compared to UC within CON-EX 
(b), HF-SED (c) and HF-EX (d). Data presented as mean ± SEM. n=9 CON+SED(EQ), n=10 
CON+EX (EQ), n=10 HF+SED (EQ), n=10 HF+EX(EQ), n=4 CON+SED(UC), n=4 CON+EX 
(UC), n=4 HF+SED (UC), n=4 HF+EX(UC). *p <0.05 
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S7. Irradiation does not promote a sustained modification of body weight nor an 
increase in body fat. (a) Mouse body weight. Mouse food intake measured per gram (b) and 
calories (c) throughout the life of the mice. (d) Body fat percentage (e) and absolute lean body 
mass. Data presented as mean ± SEM. *p < 0.05 significant difference between CON 
compared IR. **** p< 0.0001 significant difference of CON compared IR. n=9 CON, n=10 IR 
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Figure S2 
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Figure S3 
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Figure S4 
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Figure S5 

 
  

EQ UC
0

50

100

150

200

CON-SED

EQ UC
0

50

100

150

200

CON-EX

EQ UC
0

50

100

150

200

HF-SED

Si
ze

(n
m

)

a 
b 

c d 



72 
 

Figure S6 
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Figure S7 
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Appendix B – Diet Composition 
 
Table 1. Formulation of the D10012M diet 

Class description Ingredients Grams Kcal 
Protein Casein, Lactic, 30 Mesh 140.00 g 560 
Protein L-Cystine 1.80 g 7.2 

Carbohydrate Corn Starch 495.69 g 1983 
Carbohydrate Maltodextrin 10 125.00 g 500 
Carbohydrate Sucrose, Fine Granulated 100.00 g 400 

Fibre Solka Floc, FCC200 50.00 g 0 
Fat Soybean Oil, USP 40.00 g 360 

Mineral S10022M 35.00 g 0 
Vitamin V10037 10.00 g 40 
Vitamin Choline Bitartrate 2.50 g 0 

Anti-oxidant tert-Butylhydroquinone 0.008 g 0 
Total  1000 3850 

 
Table 2. Caloric information of the D10012M diet 

Class description gm% kcal% 
Protein: 14.2 14.7 

Fat: 4 9.4 
Carbohydrate: 73.1 75.9 

Total  100 
Kcal/gm 3.85  

 
Table 3. Formulation of the D12451 diet 

Class description Ingredients Grams Kcal 
Protein Casein, Lactic, 30 Mesh 200.00 g 800 
Protein L-Cystine 3.00 g 12 

Carbohydrate Sucrose, Fine Granulated 172.80 g 691 
Carbohydrate Maltodextrin 10 100.00 g 400 
Carbohydrate Corn Starch 72.80 g 291 

Fiber Solka Floc, FCC200 50.00 g 0 
Fat Lard 177.50 g 1598 
Fat Soybean Oil, USP 25.00 g 225 

Mineral S10026B 10.00 g 0 
Mineral DiCalcium Phosphate 13 0 
Mineral Calcium Carbonate 5.5 0 
Mineral Potassium Citrate, 1 H2O 16.5 0 
Vitamin Choline Bitartrate 2.00 g 0 
Vitamin V10001C 10.00 g 40 

Dye Dye, Red FD&C #40, Alum. 
Lake 35-42% 

0.05 g  

Total:  858.15 g 4057 
 
Table 4. Caloric information of the D12451 diet 

Class description gm% kcal% 
Protein: 24 20 

Fat: 24 45 
Carbohydrate: 41 35 

Total  100 
Kcal/gm 4.73  
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Appendix C – Protocols used in Thesis 
 
Acquisition of bone marrow supernatant for EV isolation 
 
1. Sacrifice mouse by using CO2 and dislocation. Note time of death 
2. Spray or dunk mouse with 70% ethanol 
3. Dissect mouse and remove bottom half of fur and skin 
4. Obtain Femurs and Tibias 
5. Remove all non-adherent tissues and store in ice cold PBS, 4mLs in 5mL tube. (Entire 

length incl. head of femur) from both sides. Remove any attached muscle (via gentle 
Kim-wipe rubbing). Place bones into 2mL of PBS solution in a 65 mm dish and place 
on ice 

6. Flush bone marrow with 500uL 1xPBS buffer (into a 1.5mL centrifuge tube) until bone 
is white (no red inside bone) - ~2-4 flushes total 

7. Spin at 400g at 4°C for 5mins 
8. Save supernatant in a new 1.5mL centrifuge tube and flash freeze using liquid nitrogen 
9. Store in -80°C freezer 
 
Isolation of extracellular vesicles by ExoQuick-TC 
 
1. With flushed bone marrow supernatant, centrifuge at 3,000gfor 15 minutes at 4°C 
2. Transfer the supernatant to a new tube 
3. Add the appropriate volume of ExoQuick-TC to the supernatant  

a. For every 500μL of supernatant add 100µL  ExoQuick-TC  
4. Mix well by inverting or flicking the tube 
5. Incubate on ice for at least 12hrs or overnight at 4°C. The tubes do not need to be 

rotated during the incubation period.  
6. Centrifuge the ExoQuick-TC/biofluid mixture at 3,000gfor 10 minutes at 4°C 
7. EVs may appear as a beige or white pellet at the bottom of the tube 
8. Carefully aspirate off the supernatant. Spin down any residual ExoQuick solution and 

remove all traces of fluid by aspiration 
9. Do not to disturb the precipitated EVs in the pellet 
10. Resuspend the pellet in 200 µl of Buffer B 
 
Isolation of extracellular vesicles by Ultracentrifugation 
 
1. Supernatant from flushed bone marrow is centrifuged at 2,000gfor 20 min at 4°C  
2. After 2,000g spin, supernatant was then transferred to new tube, and centrifuged 40 

min at 15,000gat 4°C 
3. After 15,000g spin, supernatant transferred to a new tube and spun for 90 min at 

100,000gat 4°C 
4. Pellets was resuspended with 100 μL of sterile 1XPBS 
5. Supernatant from final spin was saved 
 
EV Depletion from FBS by Ultracentrifugation 
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1. Warm up ultracentrifugation machine for 1 hour before using 
2. Fill designated ultracentrifuge tube with 3mL of FBS 

o Ensure proper balance in rotor 
o Typically fill 6 tubes, to acquire 18mL at end  

3. Set machine for 100,000g for 18 hours at 4°C 
4. After an hour has passed, ensure centrifuge is still spinning 

o If not warmed up, machine will stop within an hour 
o Must restart if this occurs 

5. Next day, retrieve supernatant  
6. Do not disturb the pellet 

o Pellet has appearance of brown jelly like material 
7. Filter collected supernatant with a 0.2µm filter 
8. FBS can be stored for 1 week at 4°C 
 
EV Protein Analysis 
Extraction of Protein from EVs 
1. Dilute concentrated Biorad reagent 1:5 in PBS bring to room temperature in the dark 
2. Prepare standards and blank  

a. Serial dilution of 2µg/µL BSA stock in PBS  
b. Concentrations: 0, 0.125, 0.25, 0.5, 1, 2 

3. Apply equal volume of RIPA buffer supplemented with protease inhibitor  
a. If sample is 100uL add 100uL of RIPA 

4. Pipette 5uL of each sample or standard into a 96 well plate  
5. Pipette 250µL of 1:5 Biorad reagent into wells  

a. Pop bubbles 
6. Place plate in plate reader  
7. Open Gen5 software and select “BRAD” program 
 
Western Blot 
Day 1:   
1. Retrieve samples from -800C; thaw on ice 
2. Aliquot sample into pcr tubes 
3. Add 7.5uL of loading dye 
4. Get ladder from freezer and thaw  
5. Load sample into wells 
6. Set frames and cassette with short plate facing inwards; remove comb   
7. Transfer assemblies to take with red facing the red (+) electrode   
8. Fill assembly with 1x Running Buffer; pipette in and out of wells to clean; check for 

leaks   
9. Load samples; standard; and ladder   

a. 10uL ladder   
b. see WB excel document for samples and standard volumes to load   
10. Fill tank with remaining 1x RB to 4 gels line   
11. Set voltage to 90V for 30min @ room temp  then set for 120V for 2hours 

a. Turn on; look for bubbles   
12. Cut membrane (PVDF) the size of filter paper; activate with methanol for 5mins on 

shaker- wash approximately 10 times with ddH2O (or until no bubbles appear on the 
methanol)   
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13. Make water table; prep gel blot assembly- wet each layer with 1x TB  
a. Black cassette face; sponge; filter paper; gel; membrane; filter paper; sponge; 
clear cassette face   

14. Once step 9 is complete- remove glass plates; carefully remove short glass; remove 
stacking gel from top; cut the corner with the ladder *keep track of gels  

15. Place the gel on the filter paper; then membrane directly on top; use roller to remove 
air bubbles once you’ve added filter paper and sponge   

16. Black side of cassette to black (-) electrode of tank   
*move to cold room*  

17. Fill tank with 1x TB to the blotting line   
18. Run at 120V for 60 min at 40C   
19. Disassemble gel; remove membrane; cut the membrane in the same corner as the gel   
20. Rinse membrane with dH2O 
21. Place in Ponceau buffer for 5 minutes  
22. Visualize membrane 
23. Rinse Ponceau off with water (3minuts x 4) 
24. Block with 5% milk for 60min room temperature  on shaker 
25. 10Ab: follow manufacturers antibody directions and dilutions depending on the specific 

sample/proteins – in block; incubate overnight in cold room (40C) on shaker  
a. Flotillin 1:1000 in %5 BSA in TBST 
b. Alix 1:1000 in %5 BSA in TBST 
Day 2: 
1. Remove 10Ab 
2. Wash 5x3min in 1x TBST . Place on shaker each time 
3. 20 HRP conjugated Ab was diluted at 1:10000 in 5% milk. Membrane was incubated 

for 1hourat room temp   
4. Wash 5x3min in 1x TBST  
5. ECL detection: use equal amounts of both solutions in kit – 5 mins   
6. Remove from ECL and blot on kim wipe – place in plastic sleeve   
7. Image on BioRad  
a. Colorimetric – auto   
b. Chemiluminescence – auto  
 
Removal of Primary: 
1. Wash Flottilin membrane with TBST 3x3mimutes 
2. The add 7mL of stripping buffer. Place on shaker for 20minutes at room temperature 
3. Wash membrane with TBST 3x3mimutes 
4. Apply 20 HRP conjugated Ab was diluted at 1:10000 in 5% milk. To ensure no residual 

primary 
5. Wash 5x3min in 1x TBST  
6. ECL detection: use equal amounts of both solutions in kit – 5 mins   
7. Remove from ECL and blot on kim wipe – place in plastic sleeve   
8. Image on BioRad  

1. Colorimetric – auto   
2. Chemiluminescence – auto  

9. After imaging block with 5% milk for 60min room temperature  on shaker 
10. 10Ab: follow manufacturers antibody directions and dilutions depending on the specific 
sample/proteins – in block; incubate overnight in cold room (40C) on shaker  
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1. TSG101 1:1000 in %5 BSA in TBST 
Day 3: 
1. Remove 10Ab 
2. Wash 5x3min in 1x TBST . Place on shaker each time 
3. 20 HRP conjugated Ab was diluted at 1:10000 in 5% milk. Membrane was incubated 

for 1hourat room temp   
4. Wash 5x3min in 1x TBST  
5. ECL detection: use equal amounts of both solutions in kit – 5 mins   
6. Remove from ECL and blot on kim wipe – place in plastic sleeve   
7. Image on BioRad  

a. Colorimetric – auto   
b. Chemiluminescence – auto  

 
Preparation of EV samples for Nanoparticle-tracking analysis 
1. Turn on Zetaview machine first. Allow to warm up for 5 minutes 
2. Open Zetaview software 
3. Press cancel on first pop up 
4. Wash system using ddH2O 

a. Use 10mL syringe to push water through 
b. Aim for less than 10 particles 

5. Click cell quality check  
6. Focus machine: by injecting bead sample 1mL 

a. Inject 700µL 
7. Set exposure value. Samples from animal is 80-92 
8. Clear system with ddH2O 
9. Inject 700µL of sample 

a. Depending on sample, ensure to dilute no less than 1:100 
b. Remember to incorporate this value when calculating final concentration 

10. Analyze sample 
11. Select file location to be saved 
12. Select the default SOP 
13. Frame rate “15” for measuring microvesicle and “30” for exosome 
14. Ensure the exposure value is correct 
15. Then click analyse 
16. Wash machine with ddH2O between every sample 
 
Hematopoietic Stem Progenitor Cell Isolation 
Mouse Dissection to obtain Bone Marrow Cells 
1. Sacrifice mouse by using CO2 and dislocation. Note time of death 
2. Spray or dunk mouse with 70% ethanol 
3. Dissect mouse and remove bottom half of fur and skin 
4. Obtain Femurs and Tibias 
5. Remove all non-adherent tissues and store in ice cold PBS, 4mLs in 5mL tube. (Entire 

length incl. head of femur) from both sides. Remove any attached muscle (via gentle 
Kim-wipe rubbing). Place bones into 2mL of PBS solution in a 65 mm dish and place 
on ice 

6. Flush bone marrow with 500uL 5%FBS buffer until bone is white (no red inside bone) 
- ~2-4 flushes total 
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Preparation of cells for FACS or Flow Analysis (LSK Stain)  
1. Aliquot samples into respective tubes (Table 1) 
2. Spin down sample – 400g x 4°C x 5mins 
3. Remove supernatant. Re-suspend cell in appropriate cocktail (see Table 1) 
4. Incubate on ice for 1hourin dark 
5. Quench with 1mL of PBS 
6. Spin at 400g x 4°C x 5mins 
7. Remove supernatant. Re-suspend in 200uL of diluted streptavidin-FITC 
8. Incubate on ice for 1hourin dark 
9. Quench with 1mL of PBS 
10. Spin at 400g x 4°C x 5mins 
11. Remove supernatant. Re-suspend cells in 2mL 5%FBS  
12. Filter cells through a 50um filter into a 5ml round-bottom polypropylene tube (Falcon 
352063) 
13. Place samples on ice and cover samples to keep in dark 
14. Bring samples to FACS or Flow machine to be sorted 
**Bring extra 5%FBS to dilute sample if sample is found to be to concentrated** 
 
Sample tubes to be prepared 
Sample Name                               Dilution (In 5% FBS) 
Unstained N/A 
Lineage – Single (1uL of each AB) 1:200  
Sca 1 – Single                                     1:200 
Ckit – Single                                     1:200 
Streptavidin-FITC                         1:800 
Live/Dead (100uL per sample)  1:300 
Full Stain                                     1:200 (per ab) 
  
Coculture Assay 
Culture Media 
StemSpan SFEM Medium (STEMCELL Technologies)  
15% vesicle depleted FBS 
1% penicillin/streptomycin 
Ms Recom SCF 100 ng/mL 
Ms Recom TPO 100 ng/mL 
Ms Recom Flt3/Flk-2 Ligand 100 ng/mL 
 
LSK Cell Culture 
1. Sort HSPC cells into tubes filled with 3mL of culture media + 1% Pen/Strep 
2. Plate 1500 HSPC cells into 48 well plate 
3. Add 100µL EVs to each well 
4. Top up well to 1mL with culture media 
5. Culture for 48hours at 37°C 5% CO2 
 
Cell Harvest 
1. After 48hour culture, retrieve suspended cells from wells, and aliquot in respective 1
 5mL tube  
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2. Rinse each well with 1mL of StemSpan SFEM Medium 
3. Centrifuge cells at 400g for 5-10 min at 4°C 
4. Prepare cells according to “Preparation of cells for FACS (LSK Stain)”  
 
Colony-forming assay 
1. After 48hour culture, retrieve suspended cells from wells, and aliquot in respective 
15mL tube  
2. Rinse each well with 1mL of StemSpan SFEM Medium 
3. Centrifuge cells at 400g for 5-10 min at 4°C 
4. Count cells using CellCountess 

o 10uL of Cell + 10uL tryphan blue. Mix 
o Dispence 10uL into the CellCountess slide 
o Let slide settle for 30 seconds 
o Insert into countess 
o (Dilute cell sample if concentrated) 

5. Keeps cells on ice 
6. Thaw the required number of pre-aliquoted tubes of complete MethoCult™ medium at 

room temperature (15 - 25°C) or overnight at 2 - 8°C 
7. Prepare culture dishes by placing 2 x 35 mm culture dishes with lids inside a 100 mm 

Petri dish with a lid. Add a third 35 mm culture dish without a lid as a water dish. This 
set of dishes is sufficient for one duplicate assay 

8. Dilute the cells with IMDM + 2% FBS (or IMDM supplemented with 0.1% BSA for 
serum-free conditions) to 10X the final concentration(s) required for plating. We will be 
plating 1000 cells 

Example: To achieve a final plating concentration of 1 x 103 cells per dish, prepare a cell 
suspension of 1 x 104cells per mL. When it is difficult to anticipate the correct plating cell 
concentration, use 2 or more cell concentrations that differ by 2- to 3-fold. Example: 2 x 103 
cells per dish and 1 x 103 cells per dish. 
 
9. For a duplicate assay, ADD 0.3 mL of diluted cells to a pre-aliquoted 3 mL MethoCult™ 

tube. For a triplicate assay, add 0.4 mL of diluted cells to a 4 mL MethoCult™ tube.This 
1:10 (v/v) ratio of cells:medium gives the correct viscosity to ensure optimal CFU 
growth and morphology. 

10. Vortex the tube vigorously to mix the contents thoroughly 
11. Let the tube stand for at least 5 minutes to allow the bubbles to rise to the top 
12. To dispense the MethoCult™ mixture containing cells into culture dishes, attach a 

sterile 16 gauge Blunt-End Needle to a sterile 3 mL luer lock syringe  
Note: For each tube plated, use a new sterile disposable 3 mL syringe fitted with a new 
16 gauge 
Blunt-End Needle to prevent contamination between samples 
Note: Do not use pipettes to dispense methylcellulose as the volume dispensed will 
not be accurate. Syringes and large bore blunt-end needles should be used for 
accurate dispensing of viscous methylcellulose medium and to prevent needle-stick 
injuries 

 
13. To expel the air from the syringe, place the needle below the surface of the solution 

and draw up approximately 1 mL. Gently depress the plunger and expel medium 
completely. Repeat until no air space is visible 
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14. Draw up the MethoCult™ mixture containing cells into the syringe and dispense a 
volume of 1.1 mL into each 35 mm dish as follows: 
While holding the syringe containing the MethoCult™ and cells in one hand, remove 
the lid of a 35 mm dish with the opposite hand. Position the syringe over the center of 
the dish without touching the syringe to the dish. Dispense 1.1 mL and replace the lid 

 
Note: Do not expel the medium to the “0” mark on the syringe when dispensing. For 
example, measure from 1.5 mL to 0.4 mL rather than 1.1 mL to 0 mL. 

15. Distribute the medium evenly across the surface of each 35 mm dish by gently tilting 
and rotating the dish to allow the medium to attach to the wall of the dish on all sides  
Note: If any medium contacts the lid of the 35 mm dish while distributing the medium 
across the surface of the dish, replace the lid to minimize the risk of contamination 

 
16. Place the culture dishes into the outer dish (e.g. 100 mm Petri dish, 245 mm square 

dish or other cultureware of an appropriate size with a loose-fitting lid). Add 
approximately 3 mL of sterile water to the uncovered 35 mm dish(es).  
Note: Using a 100 mm Petri dish with lid (or other cultureware with a loose-fitting lid) 
and water dish(es) helps maintain humidity and minimize contamination during culture 
and handling  

17. Incubate at 37°C, in 5% CO2 with ≥ 95% humidity. Incubation times are dependent on 
the MethoCult™ medium formulation. MethoCult™ GF M3434 7-10 Days for  Note: 
Proper culture conditions are critical for optimal CFU growth. Use of water-jacketed 
incubators with water pan in chamber and routine monitoring of temperature and CO2 
levels is recommended. A suitable additive (i.e. copper sulfate crystals) can be added 
to the water pan to inhibit microbial growth. 

18. If cultures cannot be counted after the recommended incubation time, refill water 
dishes, if required, and transfer cultures to an incubator maintained at 33°C in 5% CO2 
with ≥ 95% humidity. Colony growth will be slowed; count as soon as possible, 
preferably within 1 week 
Note: Most CFUs will have reached a maximal size (cells per colony) by the 
recommended incubation time. The lower incubation temperature will not completely 
inhibit proliferation or prevent cell death but will assist in maintaining colony 
morphology. 

 
EV Uptake 
Labelling EVs with PKH67 
1. Obtain isolated extracellular vesicles, obtained from specific isolation technique 

(ExoQuick or Ultracentrifugation) 
2. 100uL of Diluent C is added to the extracellular vesicles 
3. In a separate microcentrifuge tube, 1μl of PKH67 dye is added to 100uL of Diluent C 
4. Add extracellular vesicles + Diluent C solution to the Diluent C + PKH67 solution 
5. Mix thoroughly with gentle pipetting (up and down) 
6. Incubate at room temperature for 4mins. No more than 5 minutes 
7. Add 100uL of 10% exosome-depleted fetal bovine serum in DMEM OR IMDM to bind 

the excess dye 
8. Conduct ultracentrifugation for  at 1hour@ 100,000g@ 4°C 
9. Remove supernatant. Resuspend with 1mL of 1XPBS and spin at 1hour@ 100,000g@ 

4°C 
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10. Remove supernatant. Resuspend with 1mL of 1XPBS and spin at 1hour@ 100,000g@ 
4°C 

11. Resuspend in 100µL of PBS 
12. Stained extracellular vesicles can now be used for co-culture 

*Avoid long-term storage of stained extracellular vesicles*  
*Store at -20°C or 2-8°C on ice, no longer than 24hrs* 
Co-Culture ofHSPCwith Labelled EVs  

1. LSK cell which had been stained as previously mentioned, were FACS sorted 
2. Subsequently, after sorting,1500 HSPC cells were plated in a 48-well plate 

supplemented with StemSpan SFEM Medium (STEMCELL Technologies) 
supplemented with 15% vesicle depleted FBS, 1% penicillin/streptomycin, Ms Recom 
SCF, 100 ng/mL, Ms Recom TPO, 100 ng/mL and Ms Recom Flt3/Flk-2 Ligand, 100 
ng/mL. 

3. The cells were placed in the incubator for two hours, at 37°C and 5% CO2 
4. 100µL of PKH67 stained EVs were combined with HSPC cells after two hours 
5. Uptake was visualized using the Celldiscoverer 7 and images were taken within the 

first hour 
 

 


