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Abstract 
Background: Mesenchymal stromal cells (MSCs) possess immunosuppressive properties and are 

a promising candidate for treatment of immune mediated diseases. Previous work from our 

laboratory demonstrated that the inhibitory effects of MSCs on T cells decline with advancing age 

and co-morbidities including atherosclerosis and diabetes. The mechanisms underlying these age-

associated changes remain undefined. We hypothesize that age and chronic inflammation alters 

the secretome of MSCs, specifically the quantity and cargo of exosomes, which may be responsible 

for the decline of their immunosuppressive effects.  

Methods: MSCs, defined according to the International Society of Cellular Therapy, were isolated 

from adipose tissue of pediatric (PED) (15.9 ± 1.6 years, n=10), osteoarthritis (OA) (62.8±8.7 

years, n=6) and atherosclerosis patients (ATH) (62.8±8.7 years, n=9). Extracellular vesicles (EVs) 

were harvested from resting and IFN-γ/TNF-α primed MSC CM by ultracentrifugation to enrich 

for exosomes. We quantified the size, distribution, and yield of EVs using nanoparticle tracking 

analysis and evaluated the cargo of the vesicles using mass spectrometry. The immunopotency of 

MSC exosomes was assessed in an in vitro assay that measured allogeneic MSC-mediated 

suppression of CD4+ T cells activated with anti-CD3/CD28 coated beads. The expression of genes 

involved in vesiculation (‘vesiculome’) were measured using RT-qPCR. 

Results: MSCs produced higher amounts of exosomes containing the anti-inflammatory protein 

TSG-6 upon licensing, and these vesicles were capable of inhibiting T cell proliferation in vitro. 

Licensing upregulated the expression of Rab GTPases (RAB5A, RAB31, RAB27B), tetraspanins 

(CD63, CD82) and the ESCRT-III component CHMP4B. Licensed MSCs obtained from adult 

donors (i.e., ATH and OA) produced lower amounts of exosomes compared to MSCs from young 
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healthy donors (i.e., PED). TSG-6 content in ATH MSC exosomes were also lower compared to 

PED. Analysis of the MSC vesiculome showed lower expression of TSG101 and RAB27B in ATH 

MSCs suggesting defects in intraluminal vesicle formation and exosome release.  

Conclusion:  In response to activation (i.e., when exposed to an inflammatory environment), 

MSCs produce exosomes capable of inhibiting T cell proliferation. Donor age and disease status, 

specifically ATH, an age-related disease associated with chronic low-grade inflammation, reduces 

MSC exosome production and decreases their ability to suppress inflammation. Interventions 

aimed at improving exosome biogenesis may enhance the therapeutic effects of MSCs obtained 

from adult/elderly and ATH patients.  
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Résumé 

Contexte: Les cellules stromales mésenchymateuses (CSM) possèdent des propriétés 

immunosuppressives et sont un candidat prometteur pour le traitement des maladies 

inflammatoires à médiation immunitaire. Les travaux de recherches précédant de notre laboratoire 

ont démontré que les effets inhibiteurs des CSM sur les lymphocytes T diminuent avec l'âge et les 

comorbidités tel que l'athérosclérose et le diabète. Les mécanismes associés à ces changements 

avec l'âge restent indéfinis. Nous émettons l'hypothèse que l'âge et l'inflammation chronique 

modifie le sécrétome des CSM, en particulier la quantité et la cargaison des exosomes de CSM, 

qui peuvent être responsables de la diminution des effets immunosuppresseurs des CSM. 

 

Méthodes: Les CSM, définies selon la Société Internationale de Thérapie Cellulaire, ont été 

isolées à partir de tissu adipeux pédiatrique (PED) (15.9 ± 1,6 ans, n = 10), l’ostéoarthrite (OA) 

(62,8 ± 8,7 ans, n = 6) et patients atteints d'athérosclérose (ATH) (62,8 ± 8,7 ans, n = 9). Les 

vésicules extracellulaires (VE) ont été récoltées par ultracentrifugation à partir de CSM activée par 

IFN-y / TNF-α pour enrichir les exosomes. Nous avons quantifié la taille, la distribution et le 

rendement des VE en utilisant l'analyse de suivi individuel des nanoparticules et nous avons évalué 

la cargaison des vésicules en utilisant la spectrométrie de masse. L'immunosuppression des 

exosomes de CSM a été évaluée dans un essai in vitro qui a mesuré la suppression de prolifération 

des cellules T CD4+ activées avec des billes revêtues d'anticorps anti-CD3/CD28 médiée par CSM 

allogène. L'expression des gènes impliqués dans la vésiculation («vésiculome») a été mesurée à 

l'aide de PCR en temps réelle. 
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Résultats: Les CSM ont produit des quantités plus élevées d'exosomes contenant la protéine anti-

inflammatoire TSG-6 lors de l’activation, et ces vésicules étaient capables d'inhiber la prolifération 

des lymphocytes T in vitro. L'activation a augmenté l'expression des GTPases Rab (RAB5A, 

RAB31, RAB27B), des tétraspanines (CD63, CD82) et la composante CHMP4B de ESCRT-III. 

Les CSM activées obtenues des donneurs adultes (c'est-à-dire OA et ATH) ont produit moins 

d'exosomes que les CSM provenant de jeunes donneurs sains (c'est-à-dire PED). La teneur en 

TSG-6 des exosomes ATH CSM était également inférieure à celle de la PED. L'analyse du 

vésiculome des CSM montrent une expression plus faible de TSG101 et RAB27B dans les CSM 

ATH suggérant des défauts dans la formation de vésicules intraluminales et la libération 

d'exosomes. 

 

Conclusion: En réponse à l'activation (c'est-à-dire lorsqu'ils sont exposés à un environnement 

inflammatoire), les CSM produisent des exosomes capables d'inhiber la prolifération des cellules 

T. L'âge des donneurs et l’état de la maladie en particulier l'ATH, une maladie liée à l'âge associée 

à une inflammation chronique de basse intensité, réduit la production d'exosomes des CSM, ce qui 

diminue leur capacité à supprimer l'inflammation. Les interventions visant à améliorer la biogenèse 

de l'exosome peuvent améliorer les effets thérapeutiques des CSM obtenues chez des patients âgés 

et des patients atteints d’ATH. 
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Chapter 1. Background 
 
Section 1: Mesenchymal Stromal Cells (MSCs): Key Players in Immune Tolerance 

1.1.1 MSCs: Definition and Biological Significance 

MSCs are non-hematopoietic plastic-adherent cells most commonly isolated from the bone 

marrow (BM) and adipose tissue. They are also present in most other adult tissues, feto-maternal 

interface tissues (i.e., amniotic fluid, amniotic membrane, umbilical cord, placenta); and 

embryonic-fetal tissues [1-6]. MSCs were initially called ‘mesenchymal stem cells’. However, a 

lack of evidence demonstrating the self-renewal capacity of MSCs in vivo (a defining feature of 

stem cells) lead to the current term ‘multipotent mesenchymal stromal cells’ by the International 

Society for Cellular Therapy (ISCT) [7]. Multipotency refers to the ability of MSCs to differentiate 

in vitro into multiple mesodermal lineages including osteoblasts, chondroblasts and adipocytes, 

which generate bone, cartilage and fat respectively [8]. The term ‘mesenchymal’ alludes to the 

origin of this cell type, the mesenchyme, a crucial tissue that forms most of the connective tissues 

in the body during embryonic development. Although the mesenchyme does not exist after 

development, MSCs persist throughout the body to maintain and repair tissues. MSCs are called 

‘stromal cells’ because they are found in the stromal compartment of resident tissues [7].  

MSCs have a broad range of functions, including: attenuation of tissue injury [9], inhibition 

of fibrotic remodeling [10], angiogenesis [11], reduction of oxidative stress [12] and modulation 

of the innate (i.e., dendritic cells [DCs], neutrophils, macrophages and natural killer [NK] cells) 

and adaptive (i.e., T and B cells) arms of the immune system [13-19]. These functional properties 

provide the rationale for using MSCs for the treatment of tissue injury and inflammatory 

conditions. A proof of concept demonstrating the therapeutic value of MSCs was reported in 2004, 

describing the successful treatment of a patient with grade IV acute graft-versus-host disease 
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(GVHD) [20]. This case lead to the use of MSCs in clinical trials. Currently, there are over 800 

trials evaluating the therapeutic efficacy of MSCs 

(https://clinicaltrials.gov/ct2/results/details?term=mesenchymal), making MSCs the most 

commonly studied cell type for therapy. Notably, many of these trials have yielded suboptimal 

outcomes and several have failed to meet their primary endpoint of efficacy. In order to reliably 

assess the therapeutic effects of MSCs and advance MSC-based therapies beyond the experimental 

phase, two important challenges need to be resolved: (1) standardizing cell isolation (Section 1.1.2 

– Standardization and Heterogeneity of MSCs), and (2) increasing the effectiveness (potency) of 

MSCs by defining metrics to predict the therapeutic effects of these cells (Section 1.1.3 – 

Elucidation of MSC Effects) [21, 22]. 

1.1.2 Standardization and Heterogeneity of MSCs 

The cell preparations administered to patients in different clinical trials vary widely in their 

preparation and characteristics, and this may explain the inconsistent results in the therapeutic 

efficacy of MSCs. This is, in part, due to the lack of specific markers to identify MSCs. To address 

this issue, the ISCT proposed three minimal criteria to define MSCs and thus standardize the work 

between researchers in this field [1]. The three criteria defining MSCs are: (1) ability to adhere to 

plastic under standard culture conditions; (2) surface expression of MSC markers (CD90, CD73, 

and CD105), and absence of leukocyte (CD45), hematopoietic progenitor (CD34), monocyte 

(CD14 or CD11b), B cell (CD19 or CD79) and activation (HLA-DR) markers; and (3) capacity to 

differentiate to osteoblasts, chondrocytes and adipocytes (demonstrated by staining of MSCs 

cultured in vitro) [1]. Following these recommendations, the MSCs used in my experiments fulfill 

the ISCT minimal criteria (Figure 1).  

 There are several factors that can lead to heterogeneity in the preparation of MSCs [23]:  
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1) Tissue Source: MSCs obtained from different tissue sources vary in their proliferative 

capacity.  Therefore, it cannot be assumed that all tissue-derived MSCs will display 

equivalent functional properties [23]. BM and adipose tissue are the two most commonly 

used sources of MSCs in ongoing clinical trials. Because adipose derived human MSCs 

(aMSCs) are more abundant, can be expanded to larger numbers, and can be obtained 

through less invasive procedures compared to BM, all of my experiments use MSCs 

obtained from subcutaneous adipose tissue [3, 24-26].  

2) Donor Selection: The donor from whom the MSCs are derived has been shown to affect 

the immunomodulatory properties of the cells, thus influencing their therapeutic potential. 

Our laboratory previously reported that age and age-associated chronic inflammatory 

conditions, such as type 2 diabetes (T2D) and atherosclerosis (ATH), affect the 

immunoregulatory function of MSCs [27]. To assess the age and disease-associated 

changes underlying the reduced immunosuppressive abilities of MSCs, I have compared 

MSCs from three patient populations:  

1- Young healthy individuals (PED, n=10; age 15.9 ± 1.6 years) undergoing 

programmed orthopedic surgery. Indications for surgery in these patients 

included: ligament reconstruction and excision of benign tumors.  

2- Adults without systemic inflammatory diseases (OA, n=6; age 62.8 ± 8.7 years) 

undergoing programmed orthopedic surgery. The indication for surgery in 

these patients was osteoarthritis and the type of surgery was hip or knee joint 

replacement.  

3- Adults with a systemic inflammatory disease (ATH, n=9, age 65.2 ± 11.9 years) 

undergoing programmed cardiovascular surgery. The indication for surgery in 
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these patients was coronary artery disease and the type of surgery was 

coronary artery bypass graft (CABG).  

The selection of these three patient populations allows the comparison of the effect of age 

in MSC-exosomes (PED vs OA); as well as the effect of chronic inflammation on MSC-

exosomes (OA vs ATH age-matched). We acknowledge that the ideal comparator group 

for the effect of age in PED MSCs would have been healthy individuals undergoing 

surgeries for similar indications than the PED group. However, practically those patients 

would have been younger and not age-matched to the ATH group. Of relevance, patients 

with OA have degenerative joint disease without evidence of systemic inflammation. The 

demographic characteristics of the MSCs donors of my experiments are summarized in 

Table 1. 

3) Cell Culture Techniques: The conditions used during the expansion of MSCs in vitro can 

affect cellular function.  These extrinsic factors include: basal medium (e.g., glucose 

content) [28]; growth supplements (e.g., serum, growth factors) [29, 30]; environment (e.g., 

density, hypoxia, mechanical strain) [31-33]; and passage number [34]. In my experiments, 

these conditions were carefully optimized and controlled to limit the impact of ex vivo 

culture on MSC function (Section 2.1.2 – Isolation and Expansion of aMSCs).  

1.1.3 Elucidation of MSC Effects  

The effective translation of MSCs into clinical care requires functional predictors of the 

effects of MSCs and an understanding of their mechanisms of action. T cell suppression assays are 

considered a reproducible surrogate measure of the immunomodulatory capacity of MSCs [35]. T 

cells play a key role in inflammation, therefore suppressing inappropriate T cell activity is crucial 
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to restoring immune tolerance and tissue homeostasis. Our laboratory uses an in vitro potency 

assay that evaluates T cell proliferation as a readout of MSC suppressive ability [27, 36]. We have 

taken into consideration several aspects suggested by the ISCT during the design of the potency 

assay [23, 37]. For instance, we utilize monocyte-depleted peripheral blood mononuclear cells 

(PBMCs) obtained from a single healthy donor to limit the inter-donor variability which can affect 

the reproducibility of the potency assay [27]. The PBMCs are also depleted of monocytes because 

differences in monocyte content between PBMC preparations can cause inter-assay variability. 

Moreover, in the assay, the PBMCs are stained with carboxyfluorescein diacetate succinimidyl 

ester (CFSE) and the T cells within the PBMCs are stimulated to proliferate with anti-CD3/CD28-

coated beads (ratio: 1 bead: 1 PBMC). These beads activate T lymphocytes in a physiologically 

relevant manner similar to antigen-presenting cells. The final read-out of the assay is the 

proliferation of viable CD4+ T cells after a 4 day co-culture with MSCs or cell culture supernatant 

(i.e., MSC conditioned media or ‘MSC CM’) (Section 2.1.6 – MSC CM Preparation), which is 

assessed by measuring cell division (flow cytometry) [38].  

In vitro potency assays, such as ours, have shown that both cell contact-dependent and -

independent mechanisms contribute to the immunosuppressive effects of MSCs. In my 

experiments, we focused on contact-independent effects (contact-independent mechanisms are 

summarized in Table 2). Di Nicola and colleagues were the first to show that the inhibitory effects 

are greatest when MSCs and T cells are in direct contact, but MSCs still suppress T cell 

proliferation in the absence of cell contact (i.e., using a transwell system) [28]. Using neutralizing 

antibodies, they demonstrated that transforming growth factor beta (TGF-β) and hepatocyte 

growth factor (HGF) released by MSCs inhibit T cells synergistically [17]. Subsequently, Djouad 

et al. reported that the supernatant collected from MSC and T cell co-cultures, but not from MSCs 
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alone, is capable of suppressing T cell proliferation. These findings suggest that MSCs are not 

constitutively immunosuppressive, and that this property is triggered in response to specific stimuli 

(i.e., MSC licensing) [39]. In my project, we investigate the effect of MSC licensing on the secretion 

of factors involved in T cell suppression, in particular exosomes.  

1.1.4 The Importance of Licensing MSCs 

MSCs polarize towards enhanced inhibitory functionality upon exposure to various pro-

inflammatory cytokines, such as interferon (IFN)-γ, tumor necrosis factor (TNF)-α, IL-1α or IL-

1β. This process is known as ‘MSC licensing’ or also as ‘MSC priming’ in the literature; thus, 

these terms are used interchangeably in this thesis. IFN-γ, one of the first cytokines to be released 

by T cells upon activation and an important driver of the expansion of surrounding lymphocytes, 

is key for MSC licensing. IFN-γ enhances the suppressive ability of MSCs by inducing the 

expression and/or secretion of immunomodulatory factors, including indoleamine 2,3 dioxygenase 

(IDO), prostaglandin E2 (PGE2), HGF, IL-10 and TGF-β1 [40, 41]. TNF-α is another pro-

inflammatory cytokine that influences the suppressive ability of MSCs. TNF-α is synthesized by 

macrophages and is involved in the acute phase of systemic inflammation. This cytokine increases 

the expression of chemokine receptors on MSCs, resulting in enhanced migration towards 

chemokine attractants. MSC homing efficiency has been shown to be improved by TNF-α 

licensing prior to transplantation [42]. In addition to enhancing the migratory capacity of MSCs, 

TNF-α licensing increases the release of TNF-α-induced protein 6 (TSG-6). This secreted 

glycoprotein induces anti-inflammatory M2 macrophages and reduces T cell proliferation [43-45]. 

Compared to priming with IFN-γ or TNF-α alone, priming MSCs with a combination of these two 

cytokines greatly enhances the inhibitory effects of MSCs through the production of 

immunomodulatory factors (i.e., PGE2, IDO, programmed death ligand 1 [PD-L1], and superoxide 
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dismutase 3 [SOD3]) [46-49]. This ‘synergistic licensing effect’ achieved by the concomitant use 

of TNF-α and IFN-γ is recommended by the ISCT because it not only stimulates the 

immunomodulatory functions of MSCs, but also recapitulates the environment that MSCs are 

exposed to upon transfer into patients with dysregulated immune responses or systemic 

inflammation [23]. Since measurable immunological features of MSCs, both at the phenotypic and 

functional levels, depend on their activation status at the time of interaction with effector cells, 

comparing resting and licensed MSCs (treated with IFN-γ + TNF-α) is most informative. 

Accordingly, my experiments have included these two conditions when appropriate. 

1.1.5 Involvement of MSC Extracellular Vesicles (EVs) in Immune Regulation 

The therapeutic effects of MSCs were initially thought to depend on the migration, 

engraftment and differentiation of these cells in/to damaged tissues [50]. However, transplantation 

studies using animal models of myocardial infarction (MI) demonstrated that long term 

engraftment is not necessary for MSCs to exert their therapeutic effects [51, 52]. In fact, MSC CM 

alone can reproduce the effects of the cells [53, 54]. The current consensus is that the trophic 

factors secreted by MSCs are capable of modulating the microenvironment and influencing the 

activity of resident cells [54]. These factors include cytokines, growth factors, and hormones that 

alter the activity, viability and proliferation of cells in the vicinity leading to tissue regeneration 

and immunomodulation [55, 56]. Current research aims to elucidate, augment and harness the 

factors secreted by MSCs, and to determine whether these paracrine mechanisms alone can be 

used as a cell-free therapy for immune mediated and inflammatory diseases.  

Although a variety of factors secreted by MSCs contribute to their immunomodulatory 

ability, no single element alone is capable of reproducing the effects of the MSC secretome. 

Recently, EVs have been proposed to be the ‘ideal vehicle’ for mediating the therapeutic effects 
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of MSCs [57]. EVs are organelles enclosed by a lipid bilayer that are capable of containing and 

protecting inhibitory factors secreted by MSCs, carrying them to target cells. In animal models of 

MI, MSC-derived exosomes (hereafter referred to as “MSC exosomes”) are considered the main 

therapeutic component released by MSCs and are able to reproduce the effects of the cells 

themselves [12]. On this basis, MSC exosomes were first used in 2014 to treat a patient with 

therapy-refractory GVHD [58]. Prior to transfer, the immunomodulatory properties of the MSC 

exosomes were assessed using an in vitro MLR assay and shown to be capable of reducing the 

pro-inflammatory cytokine response of the patient’s PBMCs [58]. Administration of these vesicles 

to the patient resulted in a significant improvement in the GVHD symptoms within two weeks, 

which was maintained for 4 months [58]. Although MSC exosomes could be a promising 

alternative to cellular therapy, the actual contribution of these vesicles to MSC potency and the 

mechanisms mediating the effects of exosomes are poorly defined and are the focus of my research 

(Section 1.3.2 – T cell suppression by MSC Exosomes).  
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Section 2: EVs: Key Mediators of Cell-to-Cell Communication 

1.2.1 EVs: Definition and Biological Significance  

Communication between cells and the environment is essential for the survival of 

unicellular and multicellular organisms. Cells have developed different strategies of 

communication to monitor the surrounding environment and co-ordinate their activities. These 

strategies consist of direct physical contact between cells, including receptor-mediated interactions 

and cellular junctions, and the secretion of soluble factors (such as cytokines, chemokines and 

growth factors). During the past 10 years, EVs have been recognized as an important mode of 

intercellular communication, participating in normal physiological (e.g., immune regulation, 

pregnancy) and pathological processes (Table 3). Typical EVs are composed of a lipid bilayer 

containing transmembrane proteins and cytosolic components such as proteins, lipids, DNA, 

messenger RNA (mRNA), microRNA (miRNA), and long noncoding RNA from the cell of origin 

(Figure 2) [59, 60]. The lipid membrane protects the internal cargo of EVs from enzymatic 

degradation in the extracellular space, allowing these vesicles to act as efficient vehicles of 

communication between cells. The contents and the functional properties of EVs are 

heterogeneous and dynamic, differing between cellular sources; changing with the cell’s activation 

state; and responding to environmental conditions.  

1.2.2 EV Subtypes 

 Three subgroups of EVs have been defined based on the mode of EV biogenesis, internal 

contents, and membrane constituents, (summarized in Table 3):  

1. Apoptotic bodies are membrane enclosed vesicles released by cell blebbing during apoptosis. 

Whereas microvesicles and exosomes are produced by living cells, apoptotic bodies are only 

formed during programmed cell death. These vesicles are very large (1-4 µm in diameter) and 
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carry tightly packed organelles and DNA fragments [61]. Due to their size, apoptotic bodies 

can be separated from other types of EVs by low speed centrifugation. Apoptotic bodies are 

recognized for clearance by macrophages via phosphatidylserine, thrombospondin (CD36), 

and vitronectin receptors (αVβ3 integrin) [62, 63]. 

2. Microvesicles (MVs), also called ectosomes or microparticles, are released from cells by direct 

budding of the plasma membrane. Membrane budding/vesicle formation is a result of 

phospholipid asymmetry initiated by the sustained increase of cytosolic Ca2+ and subsequent 

phosphatidylserine translocation to the outer-membrane leaflet. The resulting phospholipidic 

imbalance is co-ordinated by phospholipidic pumps: an inward-directed pump (flippase); an 

outward-directed pump (floppase); and a lipid scramblase, responsible for non-specific 

redistribution of lipids across the membrane [64]. This budding process is then completed by 

actin-myosin interactions, leading to the contraction of the cytoskeleton. Unlike exosomes, 

which are formed internally, MVs are formed on the surface of the cell and thus have an 

unrestricted size ranging from 100 to 1,000 nm in diameter. Although the size of MVs can 

overlap with exosomes, their mode of biogenesis differs. As a result, MVs carry different 

membrane constituents and internal contents. For example, unlike exosomes, MVs are devoid 

of transferrin receptors, which traffic between the cell surface and early endosomes [65]. MVs 

have also been suggested to carry specific cellular components, particularly those involved in 

cell-matrix interactions and matrix degradation [66]. 

3. Exosomes are the smallest (50-150 nm in diameter) and most homogeneous population of EVs. 

Whereas apoptotic bodies and MVs originate from membrane blebbing or shedding, exosomes 

are formed internally through the endolysosomal pathway (discussed in Section 1.2.3 – 

Exosome Biogenesis). Proteomic analyses of EV subtypes have shown that exosomes carry a 
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specific subset of proteins from their cell of origin, as well as a distinct set of proteins that are 

found in most exosomes regardless of cell type (exocarta.org/exosome_markers_new) [67]. 

Owing to their endosomal origin, exosomes contain proteins involved in a number of cellular 

processes including: membrane transport and fusion (e.g., Rab GTPases, annexins); 

multivesicular body (MVB) biogenesis (e.g., ALIX, TSG101, “soluble N-ethylmaleimide-

sensitive factor attachment protein receptors” [SNAREs], clathrin); and lipid microdomains 

(e.g. flotillin, tetraspanin proteins CD63, CD9, CD81 and CD82) [68-72].  

Although these three types of EVs have been defined, the current methods do not allow for the 

isolation of a pure preparation containing a single type of vesicle.  In our work, we studied 

MSC-derived EVs that were enriched in exosomes (referred to as MSC exosomes). Technical 

and biological aspects relevant to EV isolation and characterization are reviewed in Section 

1.2.5 – Exosome Isolation. 

1.2.3 Exosome Biogenesis 

Exosomes originate from the endosome, an organelle that is important for the recycling 

and degradation of extracellular ligands and cellular components. As endosomes mature into late 

endosomes, their membrane buds internally, forming intraluminal vesicles (ILVs) that contain 

specific subsets of proteins, lipids and cytosol. Following maturation, these MVBs can fuse either 

with lysosomes (for degradation) or with the plasma membrane (releasing their vesicles into the 

extracellular milieu as exosomes). MVB and ILV formation is co-ordinated by the “endosomal 

sorting complex required for transport” (ESCRT) machinery, which is composed of approximately 

30 proteins assembled into four complexes (ESCRT-0, -I, -II and -III) with associated proteins 

(VPS4, VTA1, ALIX). These four complexes are responsible for recognizing and recruiting 

ubiquitin-tagged proteins and/or receptors to the endosome; clustering these ubiquitin-tagged 
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proteins; generating cargo containing vesicles; and membrane constriction/scission leading to 

vesicle cleavage [68]. ILVs can also be formed in an ESCRT-independent manner involving lipid 

metabolism (sphingomyelinases) and tetraspanin proteins (CD9, CD82, CD63) [73-76]. The 

subsequent fusion of MVBs with the plasma membrane and release of exosomes is regulated by 

several mechanisms including intracellular calcium changes; Rab GTPases (Rab 11, Rab27, 

Rab35); and SNAREs [77-81]. My research has investigated the impact of MSC licensing and 

donor age/chronic inflammatory disease (ATH) on the expression of genes regulating exosome 

biogenesis and release (i.e., the ‘vesiculome’) [82]. 

1.2.4 Exosome Production as an Inducible Process 

Exosome production is both a constitutive and inducible process, depending on the 

environmental conditions and the cell type being investigated. For example, tumor cell lines, DCs 

and macrophages do not require stimulation to secrete exosomes, and can release vesicles 

constitutively. However, some cell types require stimulation (i.e., receptor crosslinking, stress 

[e.g., irradiation, hypoxia], and pro-inflammatory cytokines) to produce exosomes.  For example, 

resting B cells secrete exosomes following the activation of cell surface receptors [83, 84]. B cell 

receptor (BCR) triggering not only increases exosome quantities but also alters the protein 

composition of the isolated vesicles [83]. BCR-induced exosome production is associated with 

enhanced MVB formation, as a consequence of intracellular calcium flux and PI3K 

(phosphoinositide 3-kinase) activation. Cell stress induced by irradiation has been shown to induce 

exosome production; in a study using splenocytes, irradiation-induced DNA damage activates the 

transcription factor p53, leading to an increase in exosome production in a tumor suppressor-

activated pathway 6 (TSAP6) dependent manner [85]. These induced exosomes were proposed to 

be an important mechanism for cells to expel proteins that are not necessary for survival [85]. Cell 



 

 Page 26 

stress induced by hypoxia has also been shown to enhance the release of exosomes in breast cancer 

cell lines via the oxygen-sensitive hypoxia-inducible factor (HIF) pathway [86]. These exosomes 

carry elevated levels of mir-210 and miR-135b, which are important for promoting endothelial cell 

tubulogenesis and resolving hypoxia [86, 87].  

Inflammation is another mechanism capable of inducing exosomes. Primary mast cells can 

be stimulated to secrete exosomes with the pro-inflammatory cytokine IL-4 [88]. The exosomes 

obtained from these stimulated mast cells possess the capacity to induce B and T lymphocyte 

proliferation and Th1 cytokine production (IL-2, IFN-γ, and IL-12) [88]. Recent evidence in mouse 

astrocytes suggests that the pro-inflammatory cytokine TNF-α stimulates the release of EVs that 

may play a role in neuroinflammation [89]. Furthermore, the addition of the antioxidant N-acetyl-

l-cysteine (NAC) blocks TNFα-stimulated EV release, indicating a role of oxidative stress in this 

process [89]. IFN-γ stimulation has not been shown to alter exosome quantity, but has been 

demonstrated to affect the cargo of exosomes produced by DCs [90]. Indeed, IFN-γ-stimulated 

DC-derived exosomes carry microRNA species involved in myelin production and anti-

inflammatory responses, and thus may be a potential therapy for demyelinating syndromes such 

as multiple sclerosis (MS) [90]. These studies support the concept that exosome quantity and cargo 

are modulated in cells following cell activation by pro-inflammatory cytokines. To our knowledge, 

the effect of MSC licensing with IFN-γ and TNF-α on exosome biogenesis and proteomic cargo 

has not yet been reported. As part of my work, I assessed the effect of MSC licensing (by IFN-γ and 

TNF-α) on exosome secretion. 

1.2.5 Exosome Isolation 

Various methods for exosome isolation have been described, but there is currently no 

accepted (“gold standard”) method to isolate and/or purify exosomes. The most efficient methods 
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depend on: (a) the specific scientific question asked, and (b) the downstream applications used. 

Ultracentrifugation has been the most widely used methodology but rapid methods, including Size 

Exclusion Chromatography (SEC) and/or the addition of precipitating agents such as Polyethylene 

glycol (PEG) or PRotein Organic Solvent PRecipitation (PROSPR) have also emerged [91, 92]. 

Other approaches include filtration and immunological separation. The advantages and limitations 

of each of these methods are discussed below. 

• Affinity chromatography uses antibodies against exosome-specific surface proteins (e.g. 

CD81, CD63, CD9) or EV-binding molecules, such as heparin and heat shock protein-

binding peptides, to isolate exosomes. However, in this method, intact vesicles are difficult 

to detach from the affinity matrix, thus limiting subsequent analyses of EV function [93].  

• Size exclusion chromatography (SEC) separates EVs based on size. As the biological 

fluid/CM passes through Sepharose beads, larger molecules that cannot pass through the 

pores of the beads are eluted more quickly than smaller molecules that enter the beads 

because of differences in path length [94, 95]. SEC is typically performed using gravity 

flow to preserve the structure, integrity and the biological activity of the isolated EVs; as a 

result, this method is slow [96]. Despite this, SEC has several advantages, including its low 

cost, high reproducibility, and ability to separate exosomes from contaminating proteins 

and other vesicle types [96].  

• Ultrafiltration drives biological fluids/CM through filters of specific pore size to eliminate 

larger vesicles, concentrate exosomes and eliminate contaminating proteins based on size 

or molecular weight. UF is fast, highly reproducible, and does not require special 

equipment [97]. However, exosomes can adhere to filtration membranes, or become 

damaged or deformed during the UF process. 
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• Polymer-based precipitation involves incubating the biological fluid with a polymer-

containing precipitation solution such as PEG (e.g. ExoQuick™) to collect exosomes [98]. 

This method is rapid, but may precipitate other molecules besides exosomes. Moreover, 

the presence of polymer material may interfere with downstream functional analyses. 

• Density Gradient Ultracentrifugation involves loading EVs on an iodixanol (Optiprep) 

or sucrose density gradient/cushion [99, 100]. This method can be used to prepare relatively 

pure preparations of exosomes by separating these molecules based on their densities and 

eliminating proteins and other vesicles. Exosomes typically float at a density of 1.13 to 

1.19 g/ml in sucrose solutions. In my research, MSC exosomes were collected by 

differential centrifugation. Their density was assessed after separation with an iodixanol 

cushion (Section 2.1.8 – Isolation of Exosomes from MSC CM).  

• Differential Ultracentrifugation is the most widely used technique for separating EVs 

and collecting exosomes from biological fluids and CM [101]. Most published studies of 

exosomes apply this method to concentrate or partially purify exosomes. The International 

Society for Extracellular Vesicles (ISEV) published a position paper on EV isolation which 

states that large (i.e., MVs) and small EVs (i.e., exosomes) can be separated by centrifugal 

forces of 10,000-20,000g and 100,000-120,000g respectively [102]. For my project, I have 

collected MSC exosomes by ultracentrifugation following the differential centrifugation 

protocol established by Théry et al. (Section 2.1.8 Isolation of Exosomes from MSC CM) 

[103]. This method is summarized in Figure 3 and the rationale for each step is as follows: 

1) Low speed centrifugation eliminates cells, cellular debris and apoptotic 

bodies; 

2) Filtration (0.22 µm filter) removes MVs; 
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3) Ultracentrifugation (110,000xg for 2 hours) enriches for exosomes;  

4) Final washing and ultracentrifugation step removes any contaminating 

proteins that may have co-precipitated with the exosomes [104]. 

1.2.6 Exosome Characterization  

Following isolation, exosome preparations need to be characterized in terms of size and 

purity according to EV subtype markers. Currently there is no single marker that can uniquely 

identify each vesicle subtype. Therefore, it is necessary to combine multiple techniques. In 2014, 

ISEV published a position statement on the minimal experimental requirements to claim the 

presence of EVs in isolates [105]. These requirements are: 

1. To present the general protein composition of the harvested exosomes, and to determine 

whether other types of EVs or subcellular products may have been co-isolated in the final 

product. This is done by evaluating at least one protein of each of the following categories:  

Category 1: Transmembrane or lipid-bound extracellular proteins, such as 

tetraspanins (i.e., CD9, CD63, CD81), integrins (i.e., ITG), growth receptors and 

adhesion molecules (i.e., CAM). These proteins are enriched in EVs and exosomes. 

Category 2: Cytosolic proteins with membrane or receptor-binding capacity, such 

as endosome or membrane-binding proteins (i.e., TSG101, annexins, Rabs), and 

signal transduction or scaffolding proteins (i.e., syntenin). These proteins are 

enriched in EVs and exosomes. 

Category 3: Intracellular proteins associated with compartments other than plasma 

membrane or endosomes, such as endoplasmic reticulum (i.e., calnexin), 

mitochondria (i.e., cytochrome C), and nucleus (i.e., histones) associated proteins. 
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These proteins are absent or under-represented in exosomes, but are present in other 

types of EVs. 

Category 4: Extracellular proteins that bind specifically or non-specifically to 

membranes and may co-isolate with exosomes, such as cytokines, growth factors, 

and matrix metalloproteinases. These proteins have variable association with EVs. 

2. To characterize the single vesicles in a mixture using transmission electron microscopy 

(TEM) or atomic force microscopy (AFM). Visualizing the size and morphology of 

individual vesicles provides an indication of the heterogeneity in the exosome preparation.  

In addition to microscopy, nanoparticle tracking analysis (NTA) and dynamic light 

scattering (DLS) can be used to measure the distribution of size in the population of vesicles 

isolated. 

3. To demonstrate a dose-response relationship between the isolated exosomes and the in vitro 

function being investigated. The starting fluid and quantity of cells used to isolate the 

exosomes should be stated, and EV-depleted CM should be included as a negative control 

because it provides insight into the level of activity caused by the soluble versus the EV-

associated components secreted by the cells. The ISEV also emphasizes the importance of 

ensuring the absence of serum-derived EVs, as they may co-isolate with the exosomes 

produced by the cells of interest and confound the resulting functional effect being 

measured.  

In accordance with the ISEV’s position statement, we characterized MSC exosomes 

isolated under serum free conditions by: (1) evaluating at least one protein of each category (1, 2 

and 3) present and absent in exosomes in a semi-quantitative manner (i.e. Western blot); (2) 

visualizing and measuring the size distribution of the isolated exosomes with TEM and NTA; and 
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(3) assessing the T cell inhibitory effects of MSC exosomes at different concentrations (0,25, and 

125 µg/ml). We have included MSC CM as a negative control for all experiments when necessary. 

We compared the protein isolates of our MSC exosomes with those reported in the Vesiclepedia 

database [106]. We acknowledge that although our preparations fulfill the ISEV’s criteria to claim 

the presence of exosomes, we cannot call them ‘purified exosomes’ but rather ‘exosome-enriched 

EVs’. In this thesis, we use the term ‘MSC exosomes’ to refer to ‘exosome-enriched EVs from 

MSCs’.  

1.2.7 Exosome Interaction with Targeted Cells 

Exosomes exert their biological effects on targeted cells through the following 

mechanisms: 

1. Adhesion: Exosomes may not need to be internalized by target cells to elicit cellular 

responses. Proteins on the surface of exosomes can interact with adhesion molecules or 

receptors on target cells, initiating downstream signaling cascades. Follicular DC-

derived exosomes have been shown to display peptide-loaded MHC class II molecules 

on their surface that can activate immune cells upon interaction [107]. Moreover, Fas 

ligand (FasL) and TNF-related apoptosis-inducing ligand (TRAIL) on the surface of 

exosomes can trigger apoptosis via juxtacrine signalling [108]. Several proteins on the 

surface of exosomes are involved in vesicle attachment to target cells, including 

intercellular adhesion molecule 1 (ICAM-1), integrins (β1, α3, and αv), and lactadherin 

[109-111]. 

2. Uptake: More than one mechanism of exosome uptake has been reported (Figure 4) 

[112], including: receptor- (clathrin) mediated endocytosis involving a ligand on the 

exosome surface engaging specific receptors on the target cell [113]; lipid raft- 
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(caveolae) mediated endocytosis relying on the presence of sphingolipid-rich 

microdomains in the plasma membrane; and phagocytosis and micropinocytosis by the 

target cell [113, 114].  Regardless of the mechanism, exosomes uptaken by endocytosis 

deposit their vesicular cargo in the endosomal pathway of the recipient cell. These 

proteins are then sorted, and either targeted for degradation by lysosomes or redirected 

back to the plasma membrane. 

3. Fusion: The exosome membrane can directly fuse with the plasma membrane of the 

target cell [115]. Following fusion, the exosomal cargo (microRNA, mRNA, proteins) 

is released into the cytoplasm, leading to stimulation of specific signalling pathways 

and changes in the transcriptome and phenotype of the recipient cells. As an example, 

exosomes from metastatic melanoma cells have been shown to fuse with the plasma 

membrane of target cells, transferring tumor-associated proteins (such as caveolin-1) 

[115]. 

1.2.8 General Functions of Exosomes and EVs 

Exosomes have been shown to act as important vehicles for physiological (e.g., immune 

regulation) and pathological processes (e.g. tumor progression and neurodegenerative diseases):  

• Immune regulation: Many studies have shown the importance of EVs in regulating 

immune cell activity. In fact, one of the earliest studies in the EV field obtained vesicles 

from B cells and showed that they were capable of presenting antigenic peptides to T 

cells and stimulating their proliferation [116]. Following this discovery, exosomes were 

harvested from tumor peptide-loaded DCs and shown to prime specific antitumor 

cytotoxic lymphocyte responses, which could inhibit the growth of established tumors 

in vivo [117]. In addition to their ability to stimulate an anti-tumor response, exosomes 
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have also been used to treat infectious diseases. Exosomes obtained from DCs pulsed 

with antigens from the obligate intracellular parasite Toxoplasma gondii were 

demonstrated to be an effective vaccine against T. gondii infection in mice [118]. 

Accumulating evidence suggests that MSC exosomes possess immunosuppressive 

properties and could represent a useful tool for treating immune-mediated diseases 

(described in Section 1.3.2 – T cell Suppression by MSC Exosomes). 

• Tumor progression: EVs promote tumor progression and are involved in the evasion 

of immune surveillance. For example, highly metastatic melanoma cells have been 

shown to confer their metastatic properties to non-metastatic tumor cells through the 

transfer of Met72 expressing exosomes; these exosomes conferred to recipient cells the 

capacity to form metastatic tumor lung colonies. [119]. Similarly, EVs from human 

brain tumor (glioma) cells can transfer the oncogenic receptor EGFRvIII to surrounding 

cells [120]. In the context of immune evasion, EVs from patients with advanced 

melanoma, but not healthy controls, carry melanoma antigen gp100 and promote the 

generation of suppressive myeloid cells [121].  

• Neurodegenerative diseases: Exosomes may be important vehicles for spreading 

toxic aggregates (i.e., mutated or misfolded proteins that can serve as template for 

oligomer formation) between neurons in the brain, leading to neurodegenerative 

diseases such as Parkinson’s, Alzheimer’s and prion-related diseases. Indeed, 

exosomes can carry α-synuclein and amyloid beta protein (Aβ) aggregates, which are 

implicated in the pathogenesis of Parkinson’s and Alzheimer’s disease respectively 

[122, 123]. Pathogenic prion proteins have also been observed to transfer between cells 

via exosomes [124]. 
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Besides the above described exosomal functions, new evidence suggests a key role of these 

nanoshuttles, in short- and long-distance intercellular communication in the context of 

cardiovascular diseases (e.g., restoring cardiac function, attenuating cardiac fibrosis, 

stimulating angiogenesis, and modulating miRNA expression) [125]. Furthermore, 

exosomes have been proposed as potential diagnostic markers in post-MI [12]; and as 

therapeutic cell products for cardiac disease [126]. My work, has characterized the impact 

of aging and chronic inflammation (ATH) on exosome production. My results will inform 

studies assessing MSC exosomes for diagnostic and therapeutic purposes, as well as 

attempting their functional modulation.  

Section 3: MSC Exosomes: Therapeutic Applications and Mechanisms of Action 

1.3.1 Proteomic Cargo of MSC Exosomes 

There is increasing interest in administering MSC exosomes as an alternative to cell therapy 

[58, 127]. However, the specific contents of these vesicles and their mechanism(s) of action remain 

unclear. So far, only three studies have characterized the proteome of MSC exosomes by mass 

spectrometry [128-130]; two of these studies (reviewed below) utilized the proteomic data to 

identify exosomal components that may be responsible for the observed effects. 

1. Myocardial ischemia and reperfusion injury – Lim and colleagues demonstrated the 

cardioprotective effects of MSCs derived from human embryonic stem cells in models of 

myocardial ischemia and reperfusion injury [12, 128]. Using mass spectrometry and antibody 

arrays, they showed that MSC exosomes carried over 857 unique gene products 

(http://www.exocarta.org/) [128, 131]. They were able to identify 20S proteasome in MSC 

exosomes, which could reduce oligomerized protein levels in a mouse model of MI [128]. The 
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proteolytic activity of MSC exosomes may participate in ameliorating tissue damage by 

degrading soluble peptides in extracellular fluids and preventing potentially pathogenic protein 

aggregation. Their group further showed that, in addition to their proteolytic effects, MSC 

exosomes also carried gene products involved in the adenosine triphosphate (ATP)-generation 

stage of glycolysis (e.g., glyceraldehyde 3-phosphate dehydrogenase [GAPDH]), 

phosphoglycerate kinase (PGK), phosphoglucomutase (PGM), enolase (ENO), pyruvate 

kinase m2 isoform (PKm2) and phosphorylated 6-phosphofructo-2-kinase/fructose-2,6-

biphosphatase 3 (PFKFB3) [132]; these proteins may be responsible for restoration of ATP 

and NADH levels in the ischemic/reperfused myocardium after treatment with MSC exosomes 

[132].  

2. Peripheral artery disease – Human BM-derived MSC exosomes have been shown to induce 

tubule formation in human umbilical vein endothelial cells (HUVECs) via the NF-κB pathway 

[130]. The authors identified 1927 proteins associated with human BM MSC exosomes, of 

which 457 were not detected in the MSC proteome, suggesting specific enrichment of the latter 

proteins in exosomes [130]. These proteins were related to functions including angiogenesis, 

vasculogenesis, cell migration, and endothelial cell proliferation. Upon exposure to ischemic 

culture conditions (i.e., hypoxic and low serum), MSCs increased their secretion of exosomes, 

with cargo that was enriched in proteins related to canonical angiogenesis-associated pathways 

(i.e., cadherin; epidermal growth factor receptor [EGFR]; fibroblast growth factor [FGF]; and 

platelet-derived growth factor receptor [PDGFR]) [130]. This study suggests that MSCs 

exposed to ischemic conditions stimulate angiogenesis through the secretion of exosomes, 

leading to localized tissue healing.  
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In my research, we assessed the immunosuppressive capacity of MSC exosomes from pediatric, 

adult and ATH donors, and performed mass spectrometry to identify candidate molecules within 

the cargo of these vesicles that may be responsible for the observed effects. 

1.3.2 T cell Suppression by MSC Exosomes 

Several studies have previously evaluated the immunomodulatory properties of MSC 

exosomes, in particular their effect on proliferating T cells (Table 5). The majority of these studies 

(seven of 11) reported that MSC exosomes are able reproduce the T cell suppressive effects of 

their parental cells. However, the number of MSCs required to obtain the amount of exosomes 

exerting an equivalent suppressive effect (equipotency) to the starting cells is extremely large 

(approximately 40-fold). Therefore, it is clear that the MSC-derived exosomes are not as efficient 

as the cells themselves [133]. In addition to demonstrating the suppressive ability of MSC 

exosomes, many of these studies showed that MSC exosomes induce T cell apoptosis and/or 

promote Treg generation. 

Importantly, exosomes obtained from licensed MSCs (treated with IL-1β, IFN-γ, or IFN-γ 

+ TNF-α) functioned differently than their resting counterparts, and contained a significantly 

altered cargo [134-136]. IL-1β primed murine BM MSCs were shown to produce exosomes 

expressing higher levels of PD-L1, Gal-1 and TGF-β on their surface; these vesicles inhibited the 

proliferation of experimental autoimmune encephalomyelitis (EAE) mouse splenocytes to a 

greater extent than exosomes from resting MSCs [134]. Exosomes from IFN-γ primed human 

umbilical cord blood MSCs expressed MHC I and carried a more complete proteasome complex. 

Since these vesicles were enriched in unique Rab proteins, compared to exosomes from resting 

cells, the authors hypothesized that IFN-γ induces a separate route of exosome production [136]. 

Administration of MSC exosomes from resting cells ameliorated kidney ischemia-reperfusion 
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injury in rats, while exosomes from primed MSCs did not [136]. IFN-γ + TNF-α licensing lead to 

the release of EVs that were capable of inducing an immunophenotypic switch in resting MSCs 

(i.e., increased ICAM-1, MHC I and MHC II on the cell surface) and enhancing their suppressive 

effects on T cells (but not on NK and B cells) [135]. These findings suggest that licensed MSCs 

produce EVs that trigger surrounding resting MSCs to become immunosuppressive towards T 

cells. 

Four of the studies reviewed did not observe an immunosuppressive effect of MSC 

exosomes. The discrepancy between these four ‘negative’ and the seven ‘positive’ studies can be 

attributed to differences in the culture conditions used to generate the MSCs, EV isolation, and the 

assessment of immunopotency. Inconsistencies between exosome preparations and functional 

readouts may explain why there is no clear consensus on the biologic effects of exosomes.  

Both MSCs and derived exosomes are naturally occurring biological products, however 

exosomes offer many advantages over administering cells. For example, exosomes are non-viable 

and metabolically inactive, thus they are much more stable during long term storage (–80 °C) and 

safer because they do not pose risk for tumor formation [137]. Also there is the possibility of using 

of exosomes as a vehicle for drug design [138]. However, it is critical to elucidate the mechanisms 

underlying their potential therapeutic benefit. To address the mechanisms involved in MSC 

suppression of T cell proliferation, my research assessed the: 1) effect of licensing on MSC 

exosome biogenesis; 2) relationship of MSC exosome cargo with the immunomodulatory effects of 

exosomes (i.e., T cell suppression); and 3) effect of chronological aging, a known factor that 

impairs the function of MSCs, on exosome production and function (see Section 1.4.1 – ‘Aging’ of 

MSCs). 
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Section 4: Age-associated functional changes of MSC Exosomes  

1.4.1 ‘Aging’ of MSCs  

Aging is the progressive loss of physiological integrity and function that occurs over time, 

increasing the vulnerability for chronic diseases, disability and death [139]. A key factor during 

aging is the functional decline of stem and progenitor cell activity (i.e., MSCs), which reduces the 

tissue’s homeostatic and regenerative capacities [140]. Direct consequences of MSC aging 

include: (1) reduced capacity for tissue repair, (2) altered hematopoiesis, and (3) impaired 

immunomodulatory responses (i.e., pro-inflammation [141]). At a molecular level, aging affects 

several critical cellular processes, including but not limited to telomere maintenance (resulting in 

telomere attrition); DNA repair (leading to genomic instability); mitochondrial function 

(promoting oxidative stress); protein regulation (increasing aggregated/misfolded/unfolded 

proteins); and intercellular communication (senescence associated secretory phenotype) [139]. 

Abnormalities involving each of the above described molecular effectors of aging have been 

shown in human MSCs (Table 6). The adult/elderly aMSCs included in my experiments have been 

previously characterized in our laboratory and proven to display the following hallmarks of aging: 

1. Shorter telomere lengths (Rodier et al., unpublished data) 

2. Impaired DNA damage response (DDR) and increased DNA damage accrual [36, 142, 143] 

3. Increase of intracellular ROS and impaired mitochondrial integrity [144] 

4. Defects in the unfolded protein response (UPR) (Stochaj et al., unpublished data)  

5. A pro-inflammatory secretome and an impaired ability to inhibit inflammatory T cell activity 

[145, 146] 

In addition, we have observed other phenotypic changes typical of senescent MSCs in 

samples from adult/elderly donors, including morphological changes (i.e., enlarged and flattened 
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cell morphology) [36, 145]; decreased proliferation rates (i.e., doubling rates) and overall 

proliferative capacity (i.e., total population doublings) [147-149]; reduced number of CFU-F; and 

shifts in the differentiation capacity of the MSCs (i.e., reduced chondrogenic/osteogenic and 

increased adipose commitment) [146, 149, 150]. These well-characterized MSC samples have 

been included in my work to evaluate the effect of age on aMSC exosome quantity, biogenesis and 

content. 

1.4.2 Implications of Aging on MSC Exosome Biogenesis  

We recently reported that MSCs from adult/elderly donors are less efficient at suppressing 

allogeneic T cell proliferation (reduced immunopotency) due to their secretion of higher levels of 

‘senescence-associated’ pro-inflammatory cytokines [145]. Although exosomes are key 

components of the MSC secretome, to date, only three studies have investigated whether exosome 

production or function is impacted by age. A comparison between human embryonic stem cell- 

and umbilical cord-derived MSCs reported an inverse correlation between exosome production 

and developmental maturity (i.e., age) [151]. Almost 10-fold more exosomes could be obtained 

per liter of immortalized embryonic stem cell-derived MSC CM compared to umbilical cord MSC 

CM (1282 µg versus 177 µg) [151]. Similar efficacy was achieved using the same exosome dose 

(regardless of the MSC source- embryonic vs umbilical cord) in a murine model of acute 

myocardial ischemia and reperfusion injury. These results support a negative correlation between 

the number of qualitatively similar exosomes released by MSCs and the developmental maturity 

of the donor.   

Contrary to the previous study, Fafián-Labora et al. showed that the amount of protein 

derived from each MSC exosome decreases with donor age in rats; conversely, the quantity of 

exosomes released by each cell increases [152]. More importantly, miRNAs (miR-146a, miR-132 
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and miR-155) involved in regulating inflammatory cytokines and inhibiting the pro-inflammatory 

response of immune cells were decreased in elderly MSC exosomes [152]. These results suggest 

that exosomes obtained from elderly MSCs have an impaired capacity to induce anti-inflammatory 

cytokines and have reduced immunosuppressive activity. 

Recently, aging has been shown to reduce the ability of BM MSC exosomes to inhibit 

tumor angiogenesis [137]. Although the size and quantity of exosomes produced by young and 

elderly BM MSCs were shown to be similar, a subset of 12 miRNAs was significantly 

downregulated in older BM MSC exosomes [137]. Replenishing older BM MSCs with these 

miRNAs (i.e., miR-340 and miR-365) restored the ability of these vesicles to inhibit tumor 

angiogenesis [137]. 

To our knowledge, these are the only three studies that have investigated whether aging 

impacts the quantity, cargo, and function of MSC exosomes. Importantly, none of these papers 

have examined whether age affects the mechanisms of exosome biogenesis in MSCs. In my 

research, we have evaluated the biogenesis of exosomes, and the quantity and cargo of exosomes 

from young and adult/elderly human aMSCs. Moreover, we investigated whether changes in 

exosome production contribute to the age-associated decline of T cell suppression by MSCs. 
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 In summary, the effect of aMSC licensing, on exosome biogenesis has not been previously 

investigated. Furthermore, the cargo of aMSC exosomes that may be responsible for the 

immunoregulatory properties of exosomes remains to be elucidated. Although donor age and 

disease status is associated with altered MSC secretome and reduced immunopotency, it is not 

known whether exosome production is impacted. We hypothesize that changes in the quantity and 

cargo of exosomes occur following MSC priming; and that qualitative/quantitative differences in 

exosomal content could underlie the decline of MSC immunopotency observed during aging and 

age-associated conditions (i.e., ATH). To investigate these hypotheses, the specific aims of my 

research project are to: 

1. Characterize MSC exosomes and assess their effects on CD4+ T cell proliferation 

2. Determine the effect of MSC licensing on exosome quantity and cargo 

3. Compare the exosomes derived from MSCs of young and adult/elderly donors 

4. Investigate the genes involved in the biogenesis of MSC exosomes, and whether gene 

expression changes occur with advancing donor age (i.e., PED versus OA) or chronic 

inflammatory diseases (i.e., OA versus ATH) 
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Chapter 2: Methods 
 

2.1.1    Study Subjects 

 Study approval was obtained by the McGill University Health Center Ethics Review 

Board and participants provided written informed consent. Subcutaneous adipose tissue was 

obtained from a total of 18 patients, including ten young healthy individuals (PED, age 15.9 ± 1.6 

years) undergoing elective orthopedic surgery, nine adults undergoing programmed cardiovascular 

surgery for ATH (ATH, age 65.8 ± 14.2 years), and six adults (OA, age 62.8 ± 8.7 years) 

undergoing elective orthopedic surgery for OA. The justification for the selection of these specific 

patient groups was discussed in page 16. Table 1 summarizes the demographic characteristics and 

cardiovascular risk factors of the study participants.  

2.1.2    Isolation and Expansion of aMSCs 

 The human subcutaneous adipose tissue samples were washed with phosphate-buffered 

saline (PBS). The tissue was minced with surgical scissors, and digested with 0.05% collagenase 

(Millipore Sigma, Etobicoke, ON) in Hank's balanced salt solution (HBSS) (Invitrogen, Carlsbad, 

CA). The enzyme was then neutralized with 5% Gibco® MSCs Qualified fetal bovine serum (FBS, 

Thermo Fisher Scientific, Waltham, MA). The dissociated cells were collected by centrifugation 

(4˚C, 800 g for 5 min) and re-suspended in complete medium (1.0g/L glucose, with L-glutamine 

& sodium pyruvate Dulbecco’s modified Eagle’s medium [DMEM, WISENT Inc., St. Bruno, 

QC]) supplemented with 10% FBS and 1% penicillin/streptomycin (10,000 units/mL penicillin, 

10,000 mg/mL streptomycin, WISENT Inc., St. Bruno, QC). MSCs were seeded at 1 gram of 

tissue/flask and cultured under standard conditions (5% carbon dioxide, 37°C) in 75cm2 tissue 

culture flasks. Two days after the initial isolation, non-adherent cells were washed off and 

complete media was replaced. When MSCs reached 80% confluency, the cells were detached with 
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0.25% Trypsin-EDTA (37°C for 5 minutes) and re-seeded at a density of 5,000 cells/cm2. Passage 

1 MSCs were stored in liquid nitrogen. P4 MSCs were used for all experiments. 

2.1.3    MSC Surface Markers 

 The expression of surface markers on MSCs was determined by multiparametric flow 

cytometry (BD LSRII; Becton Dickinson Co, Mountain View, CA). P2 MSCs were stained with 

the following fluorochrome-conjugated monoclonal antibodies (BD Biosciences, San Jose, CA): 

fluorescein isothiocyanate (FITC)-conjugated anti-CD90 (555595) and anti-CD45 (555482); 

phycoerythrin (PE)-conjugated anti-CD73 (555749); allophycocyanin (APC)-conjugated anti-

CD34 (555824), anti-CD19 (555415) and anti-HLA-DR (560896); peridinin chlorophyll (PerCP)-

conjugated anti-CD105 (560819), and anti-CD14 (562692). Data analysis was performed using 

FlowJo software 9.7.2. 

2.1.4    MSC Tri-Lineage Differentiation  

 To assess the osteogenic and adipogenic potential, P4 MSCs were seeded in 24-well 

plates at a density of 5,000 cells/cm2. After four days, the media was replaced with differentiation 

medium (Gibco™ StemPro® adipogenesis or osteogenesis differentiation kit, Thermo Fisher 

Scientific, Waltham, MA) or complete medium, and replenished every 3-4 days for 20 days. MSCs 

were fixed with 4% formaldehyde and stained with Alizarin Red S or Oil Red O (Electron 

Microscopy Sciences, Hatfield, PA) to evaluate osteogenesis and adipogenesis respectively. For 

chondrogenic differentiation, a micromass pellet of 250,000 MSCs was expanded in a 24-well 

plate for 20 days with Gibco™ StemPro® chondrogenesis differentiation medium (Thermo Fisher 

Scientific, Waltham, MA), fixed, sectioned (1 µm), and stained with Alcian Blue.  
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2.1.5    MSC Potency Assay 

 Peripheral blood mononuclear cells (PBMCs) were isolated from one unrelated donor 

(24-year-old non-smoking healthy female) using Lymphocyte Separation Medium through density 

gradient centrifugation (Mediatech, Inc., Corning, Manassas, VA). For monocyte depletion, 

PBMCs were cultured in Rosewell Park Memorial Institute medium (RPMI-1640) (WISENT Inc., 

St. Bruno, QC) supplemented with 10% FBS and 1% Penicillin Streptomycin overnight. The 

efficacy of monocyte depletion (95%) was verified by flow cytometry (Supplementary Figure S1).  

 Monocyte depleted PBMCs were stained with carboxyfluorescein succinimidyl ester 

(CFSE, Millipore Sigma, Etobicoke, ON) and stimulated with CD3/CD28 antibody coated beads 

(1 bead/cell) (Dynabeads® Human T-Activator CD3/CD28, Life Technologies, CA). CFSE 

stained, 2x106 activated PBMCs (100µl) were added to either (a) 2.5x104 MSCs in cell-cell contact 

dependent or independent (transwell) conditions, (b) MSC CM, or (c) MSC exosomes (25 or 125 

µg/ml).  CFSE stained, activated PBMCs cultured in complete medium or in exosome collection 

medium (maximal proliferation), and CFSE stained non-activated PBMCs (minimal proliferation) 

served as controls. After four days, the PBMCs were collected and stained with Annexin V 

(556421), 7-Aminoactinomycin D (7-AAD) (559925), and CD4-APC (555349) (BD Biosciences, 

San Jose, CA). The Expansion Index (EI) of Annexin V-/7AAD-/CD4+ cells (viable CD4+ T cells) 

was determined with FlowJo software. The immunopotency of MSCs (i.e., the proportion of non-

proliferating CD4+ T cells in the presence of MSCs) was calculated with the following formula: 

𝐶𝐷4$𝑇	𝑐𝑒𝑙𝑙	𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛	 % = 100 − (
𝑥 − 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑚𝑎𝑥𝑖𝑚𝑎𝑙	𝑝𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
×100%) 

Where: 

x = EI of stimulated CD4+ T cells in the presence of MSCs or derived products 

Control = EI of non-stimulated CD4+ T cells   



 

 Page 45 

Maximal proliferation = EI of stimulated CD4+ T cells alone (without MSCs) 

2.1.6    MSC CM Preparation 

 MSCs (2.5x105 cells/ml) were stimulated (‘primed’) or not (‘resting’) for 72 hours with 

100 IU/mL (10 ng/mL) IFN-γ and 15 ng/mL TNF-α (R&D Systems, Minneapolis, MN) in 

exosome collection medium (phenol red-free low glucose DMEM containing 1% insulin-

transferrin-selenium (ITS, Thermo Fisher Scientific, Waltham, MA). At 72 hours, MSC CM was 

collected and centrifugation was used to remove cells and larger MVs (4°C, 13,000g for 30 min) 

prior to storage at -80°C.  

2.1.7    MSC Secretome Analysis 

Soluble factors in resting and primed MSC CM were quantified with Meso Scale Discovery 

immunoassay kits (Meso Scale Diagnostics, Rockville, MD) according to manufacturer’s 

instructions. Readouts were those involved in pro-inflammatory processes (i.e., IFN-γ, IL-10, 

IL12p70, IL-13, IL-1β, IL-2, IL-4, IL-6, IL-8), cytokines (i.e., GM-CSF, IL-12, IL-15, IL-16, IL-

1α, IL-5, IL-7, TNF-β), chemokines (i.e., Eotaxin-1, Eotaxin-3, IP-10, MCP-1, MCP-4, MDC, 

MIP-1α, MIP-1β, TARC), angiogenesis (i.e., bFGF, Flt-1, PlGF, VEGF, VEGF-C) and 

vasculogenesis (i.e., CRP, ICAM-1, SAA, VCAM-1).  

IDO activity of resting and primed MSC CM was quantified using a spectrophotometric 

assay measuring kynurenine concentration (product of IDO). Briefly, 50 µl of resting or primed 

MSC CM was mixed with an equal volume of 30% trichloroacetic acid (BioShop Canada Inc., 

Burlington, ON) and incubated at 50°C for 30 minutes. After centrifugation (3,000g for 10 min), 

the supernatant was mixed with an equal volume of Ehrlich’s reagent (2% w/v 4-dimethylamino 

benzaldehyde in glacial acetic acid, Millipore Sigma, Etobicoke, ON) in a 96-well plate. The 

absorbance was read at 490 nm using Opsys MR™ Microplate Reader (Dynex® Technologies, 
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Chantilly, VA). The concentration of kynurenine was calculated based on a standard curve of 

commercially-available kynurenine (Millipore Sigma, Etobicoke, ON). 

2.1.8    Isolation of Exosomes from MSC CM 

 Exosomes were obtained from MSC CM as previously described with some modifications 

[103]. MSCs were grown in T75 cm2 flasks with complete medium until they reached 80% 

confluency. MSCs were then washed with PBS and cultured an additional three days in exosome 

collection medium with or without cytokines for priming. Cells and debris were eliminated from 

the CM by centrifugation at 800g for 5 min and 2,000g for 10 min. The CM was then filtered using 

0.22-mm pore filters (Millipore Sigma, Etobicoke, ON) to eliminate large MVs. Exosomes were 

harvested from the CM by ultracentrifugation at 110,000g (Type 70Ti fixed angle, Beckman 

Coulter, Brea, CA) for 2 hours at 4°C. The exosome pellet was washed in 18 ml of PBS prior to a 

second ultracentrifugation step (4°C, 110,000g for 2 hours). The pellet was re-suspended in 100 

µl of exosome isolation medium or PBS and stored in 10 µl aliquots at -80°C. The protein 

concentration of exosome preparations was quantified using Micro BCA™ Protein Assay Kit 

(Thermo Fisher Scientific, Waltham, MA). To assess the density of isolated exosomes, the 

exosomes were loaded in a gradient consisting of 2.5 ml 5%, 3 ml 20% and 4.5 ml 30% iodixanol 

(OptiPrep™ Density Gradient Medium, Millipore Sigma, Etobicoke, ON) prepared in diluent 

(0.25 M sucrose, 150 mM NaCl, 20 mM HEPES, pH 7.4). The gradient was subject to 

centrifugation in an SW-41 Ti rotor (Beckman Coulter, Brea, CA) (4°C, 200,000g for 2 hours. 1 

ml fractions were collected, 8 µl per fraction was retained for nanoparticle tracking analysis. A 

second gradient column without exosomes was used in parallel to measure the refractive index 

values and calculate the densities of each respective fraction.  
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2.1.9    NTA 

 The size and concentration of EVs in MSC CM and exosome preparations was measured 

using NanoSight NS500 (NanoSight, Amesbury, UK)[153]. EVs of 50-150 nm in diameter were 

quantified as exosomes as per definition. The Nanosight NS500 system is equipped with a 405-

nm violet laser that illuminates the nanoparticles within the CM loaded into the sample chamber. 

The light scattered from all the particles in the field of view were then visualized using a 

conventional optical microscope and captured using a complementary metal-oxide semiconductor 

(CMOS) camera (Hamamatsu Photonics, Hamamatsu City, Japan). Five- 30 second videos were 

captured at room temperature for each sample, and then processed using NTA software; this 

software identifies and tracks each particle on a frame-by-frame basis and uses this data to 

calculate the size and concentration of particles based on their Brownian motion. More 

specifically, the software calculates particle size using the velocity of particle movement by 

applying the two-dimensional Stokes-Einstein equation [153]:  

< 𝑥, 𝑦 >C=
𝐾E𝑇FG
3𝜋𝜂𝑑L

 

where <x,y>2 is the mean squared displacement, KB is Boltzmann's constant, T is the temperature 

of the solvent, ts is the sampling time, η is the viscosity, and dh is the hydrodynamic diameter. 

2.1.10 TEM  

 Exosomes purified by ultracentrifugation were suspended in exosome buffer (137 mM 

NaCl, 20 mM HEPES, pH 7.5) and fixed onto carbon coated grids with glutaraldehyde. After 

fixation, the grids were stained with uranyl acetate and visualized by TEM as previously described 

[154].  
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2.1.11 Western Blot Analysis 

 MSC lysate (107 MSCs/mL) was prepared in RIPA buffer (50 mM Tris-HCl, 150 mM 

NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS, pH 7.4; Boston Bioproducts, 

Ashland, MA) and 1X Protease ArrestTM (G-Biosciences, St. Louis, MO). Fifty micrograms of 

MSC lysate, or exosomes enriched from MSC CM were loaded into a standard 12% SDS-PAGE, 

transferred to a PVDF membrane, and incubated with 1:1000 mouse anti-human CD81 antibody 

(Thermo Fisher Scientific, Waltham, MA), 1:1000 mouse anti-human CD9 antibody (Santa Cruz 

Biotechnology, Dallas, TX), 1:250 mouse anti-human ALIX antibody (Santa Cruz Biotechnology, 

Dallas, TX), 1:1000 rabbit anti-human calnexin antibody (Abcam, Toronto, ON), 1:5000 rabbit 

anti-human RAB27b (Proteintech Group, Chicago, IL) or 1:100 mouse anti-human TSG-6 

antibody (Santa Cruz Biotechnology, Dallas, TX). The secondary antibodies used were 1:5000 

peroxidase AffiniPure rabbit anti-mouse IgG or Peroxidase AffiniPure donkey anti-rabbit IgG 

(Jackson ImmunoResearch Labs, West Grove, PA). Rabbit anti-human β-actin antibody (Santa 

Cruz Biotechnology, Dallas, TX) or mouse anti-human GAPDH antibody (Santa Cruz 

Biotechnology, Dallas, TX) were used as loading control antibodies. Page RulerTM Prestained 

Protein Ladder (Thermo Fisher Scientific, Waltham, MA) was used as molecular mass standard. 

Immunoreactive proteins were visualized with AmershamTM ECL Prime Western Blotting 

Detection Reagent (GE Healthcare Life Sciences, Amersham, UK), and imaged using Omega 

Lum™ C Imaging System (Aplegen®, San Francisco, CA).  

2.1.12 Flow cytometry For Surface Markers on MSC Exosomes  

 The expression of surface markers on MSC exosomes was determined by multiparametric 

flow cytometry (CytoFLEX, Beckman Coulter, Pasadena, CA) as previously described [155]. 

Briefly, MSC exosomes were suspended in 0.02 µm-filtered PBS and stained with a combination 
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of the following fluorochrome-conjugated monoclonal antibodies (BD Biosciences, San Jose, 

CA): FITC-conjugated anti-CD90 (555595); PE-conjugated anti-CD73 (555749) or anti-CD63 

(557305); and APC-conjugated anti-CD81 (561958). The samples were incubated in the dark for 

15 minutes before centrifugation to remove excess antibodies (2,000 g for 10 min). Non-labeled 

EVs and antibodies suspended in filtered PBS were used to discriminate positive and negative 

populations. A total of 100,000 events were acquired. Calibration beads (Megamix-Plus FSC, 

Stago, France) suspended in PBS were used to validate the capacity to discriminate between 200, 

300 and 500 nm particles using the FSC parameter. The data analysis was performed with FlowJo 

software 10.4.1. 

2.1.13 Quantitative Real-Time PCR – Exosome Biogenesis   

 The expression of genes linked to cellular vesiculation was analyzed in resting and primed 

MSCs (n=6 per group) by real-time PCR using a custom RT2 Profiler PCR Array (SABiosciences, 

Qiagen, Hilden, Germany). This “Vesiculome Array” was provided by Dr. Janusz Rak. P4 MSCs 

expanded in 75 cm2 flasks to 80% confluence in complete medium, washed with PBS and cultured 

for an additional 72 hours in exosome collection medium with or without cytokine priming. TRIzol 

reagent (Thermo Fisher Scientific, Waltham, MA) was used as a lysis buffer to extract total RNA 

from MSCs. Purified RNA was obtained using Direct-zol™ RNA MiniPrep (Zymo Research, 

Irvine, CA) and quantified using BioDrop µlite spectrophotometer (Harvard Bioscience, Holliston, 

MA). Reverse-transcription (RT) was performed using 1 µg of purified RNA and QuantiTect 

reverse transcription kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. 

Following RT, the complementary deoxyribonucleic acid (cDNA) was combined with RT2 SYBR 

Green qPCR Master Mix (SABiosciences, Qiagen, Hilden, Germany), and 25 µl of this mix was 

loaded per well of the custom RT2 Profiler PCR Array. The vesiculome array is composed of 96 
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wells containing primer sets for controls (housekeeping genes, genomic DNA control, reverse 

transcription control, and positive PCR control) and genes of interest (Table 7). After sample 

loading, quantitative real-time PCR was performed using LightCycler® 96 System software 

(Roche Molecular Systems, Laval, QC) as follows: a 10-min activation step (95°C), followed by 

a two-step amplification step for 45 cycles (15 s at 95°C and 1 min at 60°C), and a final thermal 

dissociation step (95°C 10s, 65°C 60s, 97°C 1s). The relative expression of EV-related genes was 

normalized to the expression of three housekeeping genes (ACTB, GAPDH, YBX1), and 

calculated using the ΔΔCt method by Schmittgen and Livak [156]. Briefly, the relative change in 

EV-related gene expression upon MSC priming was calculated using the following equation:  

2NOOPQ = (Δ𝐶S𝑝𝑟𝑖𝑚𝑒𝑑	𝑀𝑆𝐶𝑠 − 	Δ𝐶S𝑟𝑒𝑠𝑡𝑖𝑛𝑔	𝑀𝑆𝐶𝑠) 

2.1.14 Proteomic Analysis of MSC Exosomes 

 Proteomic analysis of MSC exosomes was performed by the Proteomics Platform of The 

Research Institute of the McGill University Health Centre (RI-MUHC). For each resting or primed 

MSC exosome preparation (n=6 for each group, 5 µg per sample), a single stacking gel band was 

reduced with DTT, alkylated with iodoacetic acid and then digested with trypsin. Peptides were re-

solubilized in 0.1% aqueous formic acid/2% acetonitrile, loaded onto a Thermo Acclaim Pepmap 

(Thermo, 75uM ID X 2cm C18 3uM beads) precolumn and then onto an Acclaim Pepmap 

Easyspray (Thermo, 75uM X 15cm with 2uM C18 beads) analytical column separation using a 

Dionex Ultimate 3000 uHPLC at 220 nl/min with a gradient of 2-35% organic (0.1% formic acid 

in acetonitrile) over 3 hours. Peptides were analyzed using a Thermo Orbitrap Fusion mass 

spectrometer operating at a 120,000 resolution (FWHM in MS1, 15,000 FWHM for MS/MS) with 

HCD sequencing of all peptides with a charge of 2+ or greater. The raw data was converted into 

*.mgf format (Mascot generic format), searched using Mascot 2.3 against human sequences 
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(Swissprot 2017). The database search results were loaded onto Scaffold Q+ 

Scaffold_4.7.2 (Proteome Sciences) for spectral counting statistical treatment and data 

visualization. Classification of MSC exosomal cargo by Gene Ontology (GO) cellular component 

and biological process was performed using the Database for Annotation, Visualization and 

Integrated Discovery (DAVID) of the National Institute of Allergy and Infectious Disease 

(http://david.abcc.ncifcrf.gov).  

2.1.15 Statistical Analysis 

All analyses were performed with GraphPad Prism software (Graph-Pad, San Diego, USA) 

and presented as box plots. Non-parametric analyses were used in all comparisons. Mann-Whitney 

test was used to compare two independent groups (e.g., PED vs ATH), whereas Wilcoxon-signed-

rank test was used for dependent samples (e.g., resting and primed MSCs from same individual). 

Kruskal-Wallis test was used to compare three independent non-normally distributed samples (i.e., 

PED vs OA vs ATH). All hypotheses tests were 2-sided. A p value of <0.05 was considered 

statistically significant. Statistical significance is indicated by asterisks in the figures.  
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Chapter 3: Results 
 

3.1.1  aMSCs Fulfill the ISCT Criteria 

 The aMSCs used for the experiments included in this study fulfilled the minimal criteria 

for defining multipotent MSCs as proposed by the ISCT [1]. MSCs displayed spindle shaped 

morphology and adhered to plastic (Figure 1a). In addition, the samples demonstrated multi-

lineage differentiation potential as determined by in vitro stainings (Figure 1b); Oil Red O, Alizarin 

Red, and Alcian Blue were used to detect lipid-filled adipocytes, extracellular calcium deposits of 

mineralized osteoblasts, and sulfated proteoglycans deposits of functional chondrocytes 

respectively. Analysis using flow cytometry demonstrated that ≥95% of the population expressed 

positive surface markers CD73, CD90, and CD105, and ≤2% expressed negative markers CD31, 

CD45, CD34, CD11b, and HLA-DR (Figure 1c). 

3.1.2  Cytokine Licensing Increases Soluble Factor and EV Release by MSCs 

 To assess the relevance of paracrine factors in mediating T cell suppression by MSCs, 

we compared the suppressive ability of MSCs cultured with activated PBMCs with (contact) or 

without (transwell) direct cell-cell contact. The lack of differences between the two conditions 

confirmed that paracrine factors are key mediators of MSC potency (n=6, contact: 86.4±10.4% vs 

transwell: 87.9±11.0% CD4+ T cell inhibition, p>0.99.) (Figure 5).  

 We next tested whether transferring MSC CM inhibited T cell proliferation. We 

obtained CM from 250,000 MSCs/ml under resting and primed (10 ng/ml IFN-γ + 15 ng/ml TNF-

α) conditions and transferred them onto activated PBMCs. As previously shown by others, the 

potency of MSC CM increased after licensing (n=6, resting MSC CM: 23.0±9.2% vs primed MSC 

CM: 35.8±11.0% CD4+ T cell inhibition; p=0.03) (Figure 6a); demonstrating that pro-

inflammatory cytokines trigger the release of soluble immunosuppressive factors by MSCs. 
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 To characterize the soluble factors released by resting and primed MSC CM, we used 

multispot electrochemiluminescence immunoassays and enzyme-linked immunosorbent assays 

(ELISA). Our results confirmed that MSCs constitutively secrete more than 30 different cytokines, 

chemokines and growth factors (Supplementary S2), including key factors involved in immune 

modulation (i.e., ICAM-1, VCAM-1, MCP-1, IL-8, IL-6, IP-10, IL,10, IL-2 and IL-4) (Figure 6b). 

Among them, licensing increased the levels of ICAM-1 (8.0 fold), VCAM-1 (7.5 fold), IL-8 (7.5 

fold), IP-10 (>9.2 fold), MCP-1 (>1.5 fold), IL-6 (>4.5 fold), IL-10 (4.5 fold), IL-2 (3.7 fold), and 

IL-4 (2.0 fold) in the MSC secretome (Figure 6b). Consistent with previous studies, the levels of 

kynurenine in the secretome of primed MSCs were higher than those in resting MSCs (n=6, resting 

MSC CM: 0 µM kynurenine vs primed MSC CM: 52.9±7.9 µM kynurenine, p=0.003); indicating 

the enhanced IDO activity of licensed MSCs (Figure 6c). Therefore, IFN-γ and TNF-α aMSC 

licensing, enhances the release of soluble factors involved in T cell suppression.  

 We next sought to determine whether EV release was also affected by MSC licensing. 

To this end, we performed differential centrifugation of resting and primed MSC CM and 

quantified the concentration of exosomes harvested using NTA. Our data is the first to show that 

MSCs release higher levels of small EVs (50-150 nm in diameter) in response to inflammatory 

stimuli (n=6, resting MSC CM: 55.8±20.1x109 vs primed MSC CM: 159.1±70.0x109 EVs/ml, 

p=0.03) (Figure 6d). Altogether, our results indicate that MSCs released soluble factors and small 

EVs in response to pro-inflammatory cytokines. 

3.1.3  MSC Exosomes Possess Immunosuppressive Properties 

 To investigate the contribution of small EVs from the MSC secretome to 

immunosuppression, we depleted EVs from primed MSC CM using 100 kDa molecular weight 

cut off (MWCO) filters and transferred the Filtered CM to activated PBMCs. In MI models, the 
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>1000-kDa fraction of MSC CM (containing EVs) is responsible for the cardioprotective effects 

of the MSC secretome [157]. We therefore reasoned that filtration of MSC CM with 100 kDa 

MWCO would remove these vesicles resulting in a reduction of the MSC immunopotency. The 

success of EV depletion was confirmed by quantifying 50-150 nm particles using NTA after 

filtering MSC CM (n=11, Control: 9.6±5.2x109 EVs/ml vs Filtered: 0.4±0.3x108 EVs/ml, 

p=0.0005) (Figure 7a). When transferred to activated PBMCs, Filtered CM showed a reduced 

capacity to suppress T cell proliferation (n=11, Control: 40.2±13.9% vs Filtered: 35.7±16.1% 

CD4+ T cell inhibition, p=0.01) (Figure 7b). These results suggest that both, soluble factors and 

EVs in MSC CM, mediate T cell suppression.  

 Next, we assessed specifically the contribution of exosomes released by licensed MSCs 

to immunomodulation. Following their collection from the CM [103], MSC exosomes were 

characterized according to the minimal requirements suggested by the ISEV [105]. The majority 

of the harvested vesicles were 100-150 nm in diameter as determined by NTA, and floated at a 

density of 1.13 g/ml after separation using an iodixanol gradient (Figure 8a,b). Visualization by 

TEM showed that these vesicles were homogeneous in size (50-100 nm), and possessed a cup-like 

morphology, features characteristic of exosomes (Figure 8c). The presence of proteins typically 

enriched in exosomes (i.e., the ESCRT-associated protein ALIX and tetraspanin protein CD81) as 

well as the absence of proteins present in other organelles (i.e. the endoplasmic reticulum protein 

calnexin) was confirmed by Western blot (Figure 8d). Using CytoFLEX, we showed that these 

vesicles co-express the MSC marker CD90, and tetraspanin proteins CD63 and CD81 

(Supplementary Figure S3). All these features indicate that licensing increased the release of 

exosomes by MSCs. 
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 To determine the suppressive ability of exosomes obtained from licensed MSC CM, we 

cultured activated PBMCs with increasing concentrations of these vesicles. Primed MSC 

exosomes inhibited CD4+ T cell proliferation in a dose dependent manner (n=6, 25 µg/ml: 

1.6±3.3% vs 125 µg/ml: 11.1±6.0% CD4+ T cell inhibition; p=0.03) (Figure 9a,b). Treatment with 

exosomes from primed MSCs did not induce T cell death (Figure 9c). Therefore, pro-inflammatory 

cytokines prime MSCs to secrete exosomes that contribute to the inhibition of CD4+ T cell 

proliferation; moreover, the inhibitory effects of primed MSC exosomes do not involve T cell 

apoptosis. 

3.1.4 Impact of Licensing on the Proteomic Cargo of MSC Exosomes 

 To investigate whether the protein composition of exosomes secreted by MSCs was 

modified after licensing, we analyzed six independent preparations of resting and primed MSC 

exosomes using mass spectrometry. Equal amounts of exosomal protein from resting and primed 

MSCs were compared in each experiment; notably, the amount of protein per exosome was similar 

in both conditions, therefore equal amounts of vesicles were expected to be compared (n=6, resting 

MSC Exo: 1.64±1.3x10-9 vs primed MSC Exo: 2.11±1.07x10-9 µg protein/particle, p=0.68) 

(Supplementary Figure S4). To assess for differences in the exosomal cargo between resting and 

primed MSCs (n=6 samples per group), we included in the analysis only proteins that were 

consistently present in at least 3 out of 6 replicates.  

 Out of 517 proteins identified in our analysis, 51 were only present in exosomes from 

resting MSCs, 195 were only present in exosomes from activated MSCs and 271 were shared by 

both (Figure 10a). Analysis using the DAVID Gene Functional Annotation Tool showed that 

83.7% (227) of the shared proteins were associated with extracellular exosomes; these included 29 

proteins commonly identified in exosomes according to ExoCarta such as: tetraspanins (CD9, 
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CD63, CD81), flotillins (FLOT1), MFGE8, ALIX (PDC6IP), syntenin-1 (SDCBP), 14-3-3 

proteins, annexins (ANXA1, ANXA2, ANXA5, ANXA6), Rab GTPase (RAB1A), lysosomal-

associated membrane proteins (LAMP1, LAMP2), heat shock proteins HSP70 and HSC70 

(HSPA5, HSPA8), and transferrin receptor (TFRC) (http://exocarta.org/exosome_markers_new) 

(Figure 10b). These results validate the nature of the studied sample (i.e., MSC exosomes). The 

majority of the proteins common to both resting and primed MSC exosomes were involved in 

functions including but not limited to: cell adhesion, extracellular matrix organization, cellular 

protein metabolic processes and proteolysis (GO biological process ontologies). 

 The 51 unique proteins that were found in exosomes from resting MSCs were localized 

to ‘extracellular exosomes’ (37 out of 51 proteins, GO cellular components ontologies). Among 

them, ADAM10 (A desintegrin and metalloproteinase domain-containing protein 10), 

heterotrimeric G proteins (GNB1, GNB2), EZR (Ezrin) and RAC1 (Ras-related C3 botulinum 

toxin substrate 1), are proteins commonly found in exosomes according to ExoCarta (Figure 10c). 

Using the DAVID Functional Annotation Tool, we found that these 51 unique proteins from 

resting MSC exosomes were involved in signal transduction, cell migration and adhesion (GO 

biological process ontologies) (Figure 10c).  

 466 proteins were identified in primed MSC exosomes, 195 of which were not found in 

resting counterparts. These unique proteins were involved in a wide range of biological processes 

including but not limited to: protein translation, rRNA processing, cell adhesion, protein 

stabilization and response to inflammation (GO biological process ontologies) (Figure 10d). 

Among these processes, we specifically focused on the proteins involved in the inflammatory 

response. In this category, we identified candidate proteins known to mediate MSC 

immunopotency. Two proteins, A20 (i.e., tumour necrosis factor-a-induced protein 3 [TNFAIP3]) 
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and TSG-6 (Figure 10d) that we uniquely found in activated MSC exosomes have been implicated 

in MSC suppression. Knockouts models of these proteins have previously confirmed their 

relevance for MSC immune modulation [45, 158]. Neither of these proteins have yet been reported 

in MSC exosomes. We were able show the presence of TSG-6 in primed MSC exosomes by 

Western blot (Figure 11). The relative amount of TSG-6 in MSC exosomes was higher compared 

to that in CM from primed MSCs and in primed MSCs (cell extract) (Figure 11). Using similar 

amounts of MSC exosome protein we were not able to confirm by Western blot the presence of 

A20. Our results indicate that MSC cytokine licensing induce the release of exosomes containing 

TSG-6, an anti-inflammatory protein involved in MSC:T cell crosstalk.  

3.1.5  Impact of MSC Licensing on Exosome Biogenesis 

Next, we assessed mechanisms responsible for the increase in exosome production and 

changes in the exosomal cargo associated with MSC licensing.  The expression of 84 genes 

associated with exosome biogenesis and/or cargo (i.e., the ‘vesiculome’) was assessed with a 

custom RT2 Profiler™ PCR Array in resting and primed MSCs (n=6 per group).  

We first compared the expression of genes encoding the ESCRT machinery and associated 

proteins involved in ILV biogenesis and exosome cargo sorting [159]. Licensing increased the 

expression of CHMP4B (2.65 fold, p=0.03) in MSCs (Figure 12a). CHMP4B is crucial in the 

biogenesis of syndecan-CD63-syntenin-containing exosomes [160]. Of relevance, the changes we 

observed in CHMP4B expression were consistent with the observed enrichment of ALIX, 

syntenin-1 and CD63 proteins in licensed MSC exosomes in our proteomic analysis. Low levels 

of CHMP4B was detected in exosomes obtained from primed MSCs only.  

Next we compared the expression of Rab GTPases, which control several different steps 

of vesicle trafficking and release [161]. Rab GTPases act by recruiting specific effector proteins 
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onto membrane surfaces to drive cargo collection, organelle motility or vesicle docking at target 

membranes [161]. The Rab proteins included in the vesiculome array were the following: RAB2A, 

RAB2B, RAB3A, RAB5A, RAB5B, RAB6B, RAB11A, RAB11B, RAB23, RAB27A, RAB27B, RAB31 

and RAB35.  

Compared to resting MSCs, licensed MSCs expressed higher levels of RAB27B (15.4 fold, 

p=0.03), RAB5A (1.5 fold, p=0.03), and RAB31 (1.6 fold, p=0.03) (Figure 12b). Rab5b regulates 

early stages of endocytosis and is essential for exosome production [79]; Rab31 plays an essential 

role in membrane trafficking from the transgolgi network (TGN) to late endosomes [162, 163]; 

and Rab27b is involved in the transfer and retention of late endosomes to the cell periphery leading 

to the subsequent release of ILVs as exosomes [164].  

We did not observe changes in RAB11, RAB23, or RAB35 expression, suggesting that the 

enhanced release of exosomes by licensed MSCs was not mediated by recycling endosomes [69, 

165, 166]. The expression of RAB2 was not affected by licensing suggesting that autophagic and 

endocytic lysosomal degradation did not change [167]. Interestingly, RAB6B was downregulated 

in primed MSCs (4.5 fold, p=0.03) suggesting that the retrograde transport/recycling of vesicles 

from endosomes to the TGN network is downregulated in licensed MSCs [168, 169]. 

To determine whether an accumulation of late endosomes occurred in licensed MSCs, we 

compared the expression of the early and late endosome markers Rab5 and Rab7 in resting and 

primed MSCs. Our results showed that Rab5 and Rab7 expression was indeed higher in primed 

MSCs compared to resting (Figure 13). Altogether our results indicate that licensed MSCs 

promoted the formation of early and late endosomes which were directed away from the TGN and 

instead towards the surface to be released as exosomes via Rab27b.  
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Tetraspanin molecules are enriched in the membranes of MVBs and exosomes. 

Tetraspanins interact with itself and other transmembrane molecules (e.g. integrins and other 

adhesion receptors, immunoglobulin-domain-containing factors, growth factor and cytokine 

receptors and ectoenzymes) and can organize to form tetraspanin-enriched microdomains that 

participate in ILV biogenesis and the selection of exosome cargo [74, 75, 170-172]. Comparison 

of tetraspanin gene expression in resting and licensed MSCs showed a significant increase in CD63 

(1.9 fold, p=0.04) and CD82 (10.7 fold, p<0.001) expression after licensing (Figure 12c). MSCs 

may therefore generate CD82 and CD63-dependent ILVs in response to inflammation [74]. The 

association between CD82 upregulation and TSG-6 secretion has been previously reported; MSC 

spheroids optimized to express TSG6 also highly express the tetraspanin protein CD82 [173]. 

However, further work is necessary to determine the relationship between CD82 expression, and 

the sorting and/or release of the anti-inflammatory protein TSG6 via exosomes. 

3.1.6  Effect of Chronic Inflammation on MSC Exosomes and Vesiculation 

Our laboratory has previously reported that the donor’s age and diagnoses of chronic 

inflammatory conditions (i.e., atherosclerosis, diabetes mellitus) reduce the potency of MSCs [27, 

36]. We therefore asked whether this was mediated by a reduction in exosome production. To this 

end, we analyzed MSC exosomes obtained from three groups of patients: (1) healthy pediatric 

donors undergoing programmed orthopedic surgery, (2) adults with osteoarthritis (OA) 

undergoing programmed orthopedic surgery (‘healthy adults’), and (3) adults with atherosclerosis 

undergoing coronary artery bypass grafting (ATH). We performed differential centrifugation of 

primed PED, OA and ATH MSC CM (40ml each) and performed NTA of the harvested exosomes. 

Our results indicate that PED MSCs produced significantly more exosomes compared to ATH 

(n=6, PED: 2.38±0.83x1011 vs ATH: 0.93±0.45x1011 EVs/ml, p=0.008) and OA MSCs (n=6, OA: 
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1.01±0.39x1011 EVs/ml, p=0.01) (Figure 14). These results suggest that donor age impacts the 

efficiency of exosome production in MSCs. Although, we did not observe significant differences 

in MSC exosome yield between OA and ATH samples, we do not exclude the possibility that 

disease status influences vesiculation by MSCs.  

The greatest differences in exosome yield were observed in ATH versus PED MSCs. 

Therefore, for the assessment of MSC exosomal cargo we compared ATH versus PED samples by 

mass spectrometry. Notably, the protein quantities per exosome in PED and ATH MSC donors 

were similar (n=6 per group, PED: 1.50±1.27x10-9 vs ATH: 2.03±9.5x10-9 µg protein/particle) 

(Supplementary Figure S5). Mass spectrometry identified 393, 548, 245 proteins in the three PED 

MSC exosome preparations and 394, 385 and 311 proteins in the ATH MSC exosome preparations 

(Figure 15a). Proteins detected in at least two of three exosome preparations from each group were 

compared (PED: 345 proteins vs ATH: 312 proteins). From all detected proteins in primed MSC 

exosomes (n=394), the majority (67%) were present in both PED and ATH MSC exosomes (263 

of 394 total identified proteins) (Figure 15b). These results suggest that the composition of PED 

and ATH exosomes were not significantly different. Analysis using DAVID Functional 

Annotation Tool showed that the majority of the exosome-associated proteins were shared between 

groups (Figure 15c); these proteins were associated with extracellular matrix organization, cell 

adhesion, proteolysis and protein stabilization (GO biological process ontologies) (Figure 15d). 

Fourteen of the shared proteins were classified in the ‘inflammatory response’ group. Among 

them, we tested whether TSG-6, a protein involved in immune modulation that was specifically 

enriched in licensed MSC exosomes, was differentially expressed in PED and ATH exosomes. 

Indeed, TSG-6 expression was higher in PED compared to ATH MSC exosomes as determined by 
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Western Blot (n=5 per group, PED:13.7±13.4 vs ATH: 4.0±6.0 TSG-6 expression; p=0.09) (Figure 

16).  

 To explore the mechanisms that could account for the differences in exosome yield and 

cargo, we compared the vesiculome of resting and licensed MSCs from PED and ATH donors 

(n=3 per group). Licensed MSCs from PED donors upregulated the expression of TSG101 and 

Rab27B to a greater extent compared to ATH donors (TSG101- PED: 2.7±1.2 vs ATH: 1.4±1.1 

fold, p=0.40; RAB27B- 30±28.0 vs 14.9±9.0 fold, p=0.40) (Figure 17). Given the role of TSG101 

and RAB27B in ILV formation and exosome release, this process may be more efficient in PED 

than ATH MSCs. Western blot confirmed that PED MSCs expressed higher levels of Rab27b after 

priming compared to ATH (Figure 18). Further experiments (e.g., monitoring vesicle cycling with 

FM dyes or vesicle trafficking by fluorescently labelling components of the endocytic pathway 

[early endosomes, late endosomes, or lysosomes]) would be necessary to determine whether 

endocytic processes are impaired in ATH MSCs [174, 175]. Interestingly, although not statistically 

significant due to small sample size, our vesiculome analysis showed that ATH MSCs upregulated 

the expression of the tetraspanin molecule CD82 to a greater extent than PED MSCs (PED: 

31.5±14.8 vs ATH: 54.7±6.5 fold, p=0.10) (Figure 17c). Moreover, preliminary experiments 

performed in our laboratory using flow cytometry suggest that ATH MSCs have greater 

intracellular levels of CD82 and lower cell surface levels of that molecule compared to PED MSCs. 

If confirmed, these results may indicate a defect in CD82 trafficking or recycling in ATH MSCs 

(Supplementary Figure S6). To investigate this, we plan to silence CD82 (siRNA) to determine 

the contribution of this protein to exosome production and T cell suppression by licensed MSCs.  
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Chapter 4: Discussion 
 

The immune modulating properties of MSCs were first reported in 2002, when MSCs were 

shown to inhibit the proliferation of stimulated T cells in a reversible manner [17]. Since then, a 

large number of studies confirmed that MSCs can modulate innate and adaptive immune responses 

and effectively suppress inflammation. The capacity of MSCs to promote tolerogenic immune 

responses provides rationale for clinical trials investigating their therapeutic use for immune 

mediated diseases and inflammatory conditions. In 2012, MSCs (Prochymal®; Osiris 

Therapeutics, Inc., Columbia, MD) received conditional regulatory approval in Canada as the first 

“off-the-shelf” stem cell therapy for the treatment of steroid-resistant GVHD in pediatric patients 

[176]. However, this approval was based on positive data from a limited subset of patients, and 

the results of follow-up phase III trials from Prochymal® were mainly negative. Understanding 

the mechanisms that underlie the immunomodulatory function of MSCs, and those that could 

account for the discrepant outcomes between preclinical and clinical trials (e.g. MSC donor, tissue 

source, passage number, “licensing”), are key to optimizing and ensuring the reproducibility of 

this type of cell therapy [3].  

MSCs are not constitutively immunosuppressive; their anti-inflammatory properties are 

triggered in the presence of an inflammatory environment (i.e., MSC licensing). This can be 

mimicked in vitro by the addition of inflammatory cytokines, which stimulate the release of several 

immune response-modulating factors mediating the inhibitory effects of MSCs (paracrine 

mechanisms) [17, 41, 177, 178]. My work assessed the composition of the aMSC secretome pre- 

and post- IFN-γ and TNF-α activation. We confirmed that several factors involved in T cell 

suppression (i.e., MCP-1, IL-10, ICAM-1, VCAM-1, IDO metabolites) were induced post-
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priming. Of relevance, no single factor of the MSC secretome has alone been capable of 

reproducing the immunopotency of those cells. In addition to soluble factors, EVs compose the 

MSC secretome. Since EVs are key molecules mediating the intercellular signaling involved in 

immune responses, we investigated the effect of licensing on MSC exosome biogenesis and cargo, 

as well as their contribution to immunomodulation [57]. If MSC EVs were found functionally 

equipotent to their cell of origin, they could become a novel cell-free therapeutic with the following 

advantages compared to cellular therapy: safety, ease of manufacturing, broad availability, limited 

immunogenicity, protection of cargoes from degradation, high stability in serum and blood, and 

reduced off-target effects. However, the anti-inflammatory properties of MSC EVs are currently 

debated and the relative contribution of these organelles to the overall immunopotency of MSCs 

is unclear [58, 134-136, 179-183]. In a recent report, licensed MSCs have been shown to secrete 

lower levels of EVs, and these vesicles were not capable of inhibiting  T cell proliferation [135]. 

Contrary to this, herein we provide evidence that licensed MSCs release higher levels of EVs than 

resting counterparts. Moreover, the EVs from licensed MSCs were enriched in exosomes capable 

of inhibiting the proliferation of T cells in a dose dependent manner. Notably, the suppressive 

ability of exosomes was less than that exerted by the parental cells or MSC CM. It is therefore the 

combination of EVs and soluble factors in the secretome that mediate the immunosuppressive 

activity of aMSCs. The administration of both soluble factors and EVs from primed MSC CM may 

be more effective at immune suppression than EVs alone. 

Consistent with previous reports, the MSC exosomes we collected contained several 

‘exosome-characteristic proteins’ including: tetraspanins (e.g. CD9, CD63, CD81), flotillins (e.g. 

FLOT1), MFGE8, ESCRT components and associated proteins (ALIX), 14-3-3 proteins, 



 

 Page 64 

chaperones (HSP90, HSP70, HSC71), annexins, Rab small GTPases, transferrin receptor and 

LAMP1; and co-expressed mesenchymal markers (i.e., CD90).  

It is known that the contents of EVs change in response to external stimuli. As described 

in a previous report, CD54 (ICAM-1) was only expressed in exosomes produced by licensed MSCs 

and CD106 (VCAM-1) was absent [135]. This is of particular interest because a higher surface 

expression of ICAM-1 on MSC exosomes enhance their tethering and intake by immune effector 

cells [135]. In our study, the exosomal cargo shifted post-MSC priming and contained a subset of 

proteins involved in inflammatory response. By proteomic analysis we are the first to show that 

TSG-6, a key molecule implicated in the immunopotency of MSCs, was integrated into the 

molecular content of cytokine activated MSC EVs. This finding was confirmed by Western blot. 

TSG-6 has only been recorded in EVpedia and Vesiclepedia (databases on EV content) in the cargo 

of EVs from cancer cells (brain, breast, colon, kidney, leukemia, lung and melanoma). Our finding 

is the first evidence indicating that TSG-6 is also present in EVs from normal cells.   

The mechanisms regulating the secretion of EV-associated molecules, and the specific 

pathways activated upon their interaction with target cells are actively being investigated. There 

are at least three independent mechanisms responsible for the sorting of exosomal proteins: lipid-

mediated, tetraspanin-mediated and ESCRT-mediated [184]. It is suggested that these mechanisms 

coexist and are responsible for the sorting of different proteins and/or for the loading of different 

subpopulations of vesicles [185]. Our results suggest that following MSC activation, there is an 

increase in the expression of Rab GTPases (RAB5A, RAB31, RAB27B), tetraspanins (CD63, 

CD82), and the ESCRT-III component CHMP4B. These genes are involved in several steps of 

exosome generation.  
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Among the three Rab small GTPase proteins that were upregulated in licensed MSCs, 

Rab5b is involved in early endosome biogenesis [79]; Rab31 is involved in trafficking proteins 

from the TGN to late endosomes [162, 163]; and Rab27b mediates the release of exosomes into 

the extracellular space [164]. Tetraspanin molecules (such as CD63) are involved in organizing 

the endosomal membrane and clustering proteins required for ILV formation [186]. Following this 

step, the ESCRT machinery is recruited. ESCRT-I and II drive membrane budding, whereas 

ESCRT-III is involved in membrane abscission. CHMP4 is an essential component of the ESCRT-

III complex. The upregulation of CHMP4B and CD63 expression in primed aMSCs is in 

agreement with a previous report demonstrating the importance of CHMP4B in the biogenesis of 

syndecan-CD63-syntenin-1 containing exosomes [160]. Consistent with this data, in our proteomic 

analysis, higher levels of ALIX, syntenin-1 and CD63 proteins were detected in primed compared 

to resting MSC exosomes. MSC licensing may therefore stimulate ILV formation in an ESCRT-

dependent manner, and these ILVs might then be released from the cell as exosomes via Rab27; 

however, further work is necessary to confirm this mechanism. The importance of Rab27-

dependent exosome production in immune cell communication and regulating inflammatory 

response has been recently reported in a study using Rab27a and Rab27b double-knockout mice 

[187]. These mice are deficient in exosome secretion and display chronic, low-grade inflammation 

characterized by elevated inflammatory cytokines (TNF-α, IL-6) and myeloproliferation. The 

importance of Rab27-dependent MSC exosome production in T cell inhibition will be further 

evaluated by silencing experiments. 

Inter-donor variability is a major challenge when investigating the therapeutic effects of 

MSCs (i.e., ‘not all MSCs are functionally equal’). We recently reported that ATH MSCs with 

reduced in vitro immunopotency have elevated mitochondrial ROS levels due to impaired 
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mitochondrial function [144]. Since cells modulate the content of exosomes in response to 

extracellular (extrinsic) cues such as oxidative stress [188], my work evaluated to what extent ATH 

impacts the content and cargo of MSC exosomes. My data shows that following cytokine 

activation, pediatric samples secrete higher amounts of exosomes than ATH MSCs. This suggests 

that the exosomal sorting machinery differentially reacts to extrinsic cues in these two MSC donor 

groups. Moreover, due to the effect of exosomes promoting T cell suppression, defects in exosome 

production may contribute to the impaired immunopotency of ATH MSCs. Although, due to the 

limited sample size, it was not statistically significant, there was a trend towards a decreased 

expression of RAB27B (p=0.40) and TSG101 (p=0.40) in ATH MSCs. Using mass spectrometry, 

we compared the proteins identified in PED and ATH MSC exosomes and found that the majority 

of the detected cargo was shared, and did not observe significant differences between groups. 

However, by Western blot, we showed quantitative differences in the content of PED and ATH 

MSC exosomes; more specifically, we found higher levels of TSG-6 present in licensed PED MSC 

exosomes. These differences in exosome cargo could ultimately contribute to the functional 

differences in MSCs from patients with chronic inflammatory conditions (i.e., ATH). If these 

results are confirmed in larger sample sizes, our results would suggest that defects in ILV 

formation, and MVB transport/release by Rab27b occur in ATH MSCs leading to reduced 

exosome production. Moreover, interventions aimed at improving exosome biogenesis may 

enhance the therapeutic effects of MSCs obtained from ATH patients. 

We acknowledge that our work has limitations which may affect the accuracy of our 

comparisons. For example, we were not able to conclude on the effect of age versus disease on 

MSC exosome yield due to the limited number of MSC samples included in each age group.  

Follow-up experiments will be continued in our laboratory to increase the sample size of the 
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experiments included in this thesis. In addition, recent data suggest that sex modifies the miRNA 

content of synovial fluid exosomes of OA patients [189]. It is unknown whether sex also affects 

exosome yield or other exosome components. Due to the limited sample size, our study cannot 

address this issue [146]. Notably, the genders of the donors were matched between PED and ATH 

groups in our comparison of MSC exosome yield; therefore, we do not expect gender to be 

responsible for the differences we observed. We recognize that we lack a clearly defined functional 

distinction between classes of EVs, and that our findings in ‘exosome-enriched EVs’ in the future 

might be attributed to a more specific type of vesicle.  The development of more refined 

purification methods, as well as improvements in protein detection techniques will help to 

characterize the different classes and molecular composition of the vesicles that are co-purified 

using the current protocols. In addition, part of my work focused on the characterization of the 

protein content of MSC exosomes. Further work is required to characterize other components of 

the cargo of MSC exosomes such as miRNA and mRNA due to their potential functional 

implications. Finally, we cannot state to what extent the results we report in ATH MSCs exosomes 

are generalizable to other chronic inflammatory diseases with predominant autoimmune features 

(e.g., rheumatoid arthritis, systemic lupus erythematosus, MS). Although autoimmune and 

inflammatory diseases share common pathogenic mechanisms, unique functional differences have 

been described in exosomes in the context of autoimmunity [190-192]. Ongoing work in our 

laboratory aim to establish the functional relevance of CD82 and TSG-6 in primed MSC exosomes 

as mediators of immune modulation; the role of Rab27b in MSC vesiculation; and the implications 

of our results in other chronic immune mediated diseases. 
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Chapter 5: Conclusion 
 

In this work, we aimed to establish the role of licensing and exosomes in MSC 

immunopotency. Herein we provide evidence that the composition of the MSC secretome shifts in 

response to inflammatory stimuli; specifically, licensed MSCs secrete higher levels of soluble 

factors involved in immunomodulation and exosomes. Licensed MSC exosomes contribute to the 

suppressive ability of the CM and are alone capable of inhibiting CD4+ T cell proliferation. In 

addition to assessing the inhibitory capacity of exosomes from licensed MSCs, we demonstrate 

that licensing changes the cargo of MSC exosomes to contain factors involved in resolving 

inflammation. We report for the first time that TSG-6 is a component of exosomes obtained from 

IFN-γ+TNF-α licensed MSCs. This is of utmost importance because TSG-6 is an inflammation-

modulating protein proposed to predict the efficacy of MSCs in several inflammation models. We 

assessed key aspects of the vesiculation process and describe unique features of exosome 

biogenesis following MSC licensing; which include increased endocytosis (RAB5A and Rab7), 

TGN to endosome trafficking (RAB31), ILV formation (CD63, CD82, CHMP4B) and exosome 

release (RAB27B). Lastly, we explored whether chronic inflammatory conditions (i.e., ’aging’ and 

atherosclerosis) impact exosome production and cargo of MSCs. Although we did not observe 

differences in the proteins identified in ATH and PED MSC exosomes, there was a significant 

reduction in the quantity of exosomes and the content of anti-inflammatory TSG-6 within the 

exosomes released in the context of chronic inflammation. These differences may be mediated by 

defects in endocytosis, ILV formation and MVB fusion/release. Altogether, this work adds to a 

growing body of evidence that the therapeutic effects of MSCs is in part mediated by exosomes; 

raising the possibility of a cell-free therapy consisting of exosomes for treatment of inflammatory 

diseases/conditions; and emphasizes the importance of donor selection.  
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Figures 

 

Figure 1: Minimal criteria for defining multipotent MSCs 

Human adipose tissue-derived MSCs are (A) plastic-adherent when maintained in standard culture 

conditions and display spindle-shaped morphology; (B) differentiate in vitro to osteoblasts, 

adipocytes and chondroblasts; and (C) express CD105, CD73 and CD90, and lack expression of 

CD45, CD34, CD14, CD19 and HLA-DR surface molecules. 
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Figure 2: Diagram of a typical EV 

This figure shows a schematic depiction of the molecules typically found in the membrane and 

lumen of a canonical EV. This figure was reproduced from Colombo et al. [193] with permission. 

Abbreviations- ARF: ADP ribosylation factors; ESCRT: endosomal sorting complexes required 

for transport; LAMP: lysosomal-associated membrane protein; MFGE8: milk fat globule-

epidermal growth factor 8; MHC: major histocompatibility complex; mRNA: messenger RNA; 

miRNA: microRNA; TfR: transferrin receptor. 
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Figure 3: Exosome isolation from MSC CM 

Cells and debris were cleared from MSC CM by low speed centrifugation, followed by filtration 

to remove large MVs (above 220 nm in diameter). To enrich for exosomes, the supernatant was 

subjected to ultracentrifugation [103]. Abbreviations- MSC: mesenchymal stromal cell; PBS: 

phosphate-buffered saline. 
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Figure 4: Modes of EV uptake by target cells. 

EV are up-taken by recipient cells through a number of different mechanisms, including clathrin, 

lipid-raft or caveolin-mediated endocytosis; membrane fusion; phagocytosis; and 

micropinocytosis. This figure was reproduced from Mulcahy et al. [112] with permission. 
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Figure 5: MSCs inhibit T cell proliferation in the absence of cell-cell contact  

(A) Representative example of a MSC:T cell suppression immunopotency assay. Anti-CD3 and 

anti-CD28 antibodies beads were used to stimulate T cell proliferation. Gating strategy and 

expansion index (EI) of CD4+ T cells (A.1) in the absence of MSCs (T cell Maximal Proliferation); 

or in the presence of MSCs either in (A.2) cell-cell contact dependent conditions (Contact) or in 

(A.3) cell-cell contact independent conditions (Transwell). (B) MSCs inhibit activated T cell 

proliferation to a similar extent both in contact dependent and independent conditions. Mean±SD 

of 6 independent experiments are reported, where (*) represents p≤0.05. Abbreviations- 7-AAD: 

7-Aminoactinomycin D; CFSE: carboxyfluorescein succinimidyl ester; EI: expansion index; FSC-

A: forward scatter area; SSC-A: side scatter area; SSC-H: side scatter height; SSC-W: side scatter 

width.  
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Figure 6: Licensing alters the MSC secretome and enhances immunopotency  

The (A) inhibition of viable CD4+ T cell proliferation was assessed 3 days following culture with 

CM obtained from MSCs under resting and primed (10 ng/ml IFN-γ + 15 ng/ml TNF-α) 

conditions; (B) concentration of cytokines and chemokines known to be involved in MSC:T cell 

suppression was measured using Mesoscale Discovery; (C) concentration of kynurenine indicative 

of indoleamine-2,3-dioxygenase (IDO) activity was measured in CM of resting and primed MSCs 

with a colorimetric assay; (D) total concentration (left) and size distribution (right) of exosomes 

obtained by ultracentrifugation of resting or primed MSC CM, was determined by nanoparticle 

tracking analysis (NTA). Mean±SD of 6 independent experiments are reported, where (*) 

represents p≤0.05. (#) denotes measurements that were higher than the limit of detection of the 

assay. Abbreviations- EVs: extracellular vesicles; ICAM-1: intercellular adhesion molecule 1; IL: 

interleukin; IP-10: interferon gamma-induced protein 10; MCP-1: monocyte chemoattractant 
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protein-1; MSC CM: mesenchymal stromal cell conditioned media; VCAM-1: vascular cell 

adhesion molecule 1.      

 

Figure 7: Depletion of EVs reduces the immunopotency of licensed MSC CM 

EVs were depleted from licensed MSC CM using 100 kDa MWCO filters. The (A) quantity of 

EVs (50-150 nm) was determined by NTA; (B) inhibitory effects on viable CD4+ T cell 

proliferation was assessed in vitro. Mean±SD of 10 independent experiments are reported, where 

(*) and (***) represent p≤0.05 and p≤0.001 respectively. Abbreviations- MSC CM: mesenchymal 

stromal cell conditioned media; EVs: extracellular vesicles. 
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Figure 8: Phenotypic characterization of EVs from licensed MSC CM 

 (A) Size distribution (NTA); (B) flotation densities following fractionation with iodixanol density 

cushion; (C) morphology (TEM through negative staining) (Bar represents 100nm); (D) protein 

composition (Western blot for exosome-enriched proteins [CD81, ALIX] and proteins present in 

other subcellular organelles [calnexin)]). Abbreviations- Cal: calnexin; CL: cell lysate; CM: 

conditioned media; EXO: exosomes; EVs: extracellular vesicles; MSC: mesenchymal stromal cell. 
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Figure 9: Dose dependent inhibition of T cell proliferation by primed MSC exosomes 

(A) Representative example of a T cell suppression immunopotency assay with increasing 

concentrations of MSC derived exosomes. Gating strategy and expansion index (E.I) of CD4+ T 

cells (A.1) in the absence of MSC derived exosomes (A.2) presence of 25 µg/ml or (A.3) 125 

µg/ml of MSC exosomes. (B) Summary graph depicting CD4+ T cell suppression and (C) viability 

in the presence of increasing concentrations of MSC exosomes. Mean±SD of 8 independent 

experiments are reported, where (**) represents p≤0.01 and (*) p≤0.05. Abbreviations- 7-AAD: 

7-Aminoactinomycin D; CFSE: carboxyfluorescein succinimidyl ester; FSC-A: forward scatter 

area; MSC Exo: MSC exosomes; PBMCs: peripheral blood mononuclear cells; SSC-A: side scatter 

area; SSC-H: side scatter height; SSC-W: side scatter width. 
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Figure 10: Proteomic comparison of resting and primed MSC exosomes 

(A) Venn diagram showing the overlapping proteins in exosomes from resting and primed MSC 

CM (n=6 per group). A total of 271 proteins overlapped between both groups. The Database for 

Annotation, Visualization and Integrated Discovery (DAVID) Functional Annotation Tool was 

used to cluster the (B) 271 shared proteins, (C) 51 proteins unique to resting MSC exosomes and 

(D) 195 proteins unique to primed MSC exosomes into cellular compartments (left panel) and 

biological processes (right panel). Proteins included in the list of top 100 proteins identified in 

exosomes (exocarta.org) are listed in the center panels. Proteins in the ‘inflammatory response’ 

category were only expressed in primed MSC exosomes. Among them, TNFAIP6 (TSG-6) and 
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TNFAIP3 (A20) are the only two proteins reported to be involved in MSCs immunosuppressive 

function. Abbreviations- MSC Exo: MSC exosomes. 

 

 

Figure 11: Enrichment of TSG-6 in licensed MSC exosomes 

Western blot analysis of 10 µg of resting (-) and licensed (+) MSC lysates (cells), conditioned 

media (CM), and exosomes (Exo) for human TSG-6. TSG-6 is expressed in CM and exosomes 

from primed MSCs. The relative amount of TSG-6 to that of other proteins is significantly higher 

in primed MSC exosomes. Abbreviations- CL: cell lysate; CM: conditioned media; Exo: 

exosomes; IFN-γ: interferon-gamma; MSC: mesenchymal stromal cell; TNF-α: tumor necrosis 

factor-alpha TSG-6: tumor necrosis factor-inducible gene 6 protein. 

 

 
  

TSG-6 (35 kDa)

CL CM Exo

- + - + - +IFN-γ+TNF-α

β-Actin (42 kDa)

MSC



 

 Page 80 

 

 

Figure 12: Effect of licensing on MSC vesiculation 

A custom RT2 PCR array was used to measure the expression of (A) ESCRT and associated genes; 

(B) Rab GTPases; and (C) tetraspanins in resting and licensed MSCs. Mean±SD of 6 independent 

experiments are reported, where (*) represents p≤0.05. Abbreivations- Ct: cycle threshold; MSC: 

mesenchymal stromal cell.  
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Figure 13: Effect of MSC licensing on endocytosis  

Western blot analysis of 50 µg of whole cell lysate prepared from resting and licensed MSCs for 

Rab5 (early endosome marker) and Rab7 (late endosome marker). Abbreviations- MSC: 

mesenchymal stromal cell. 

 

Figure 14: Effect of age and chronic inflammation on exosome production 

NTA of exosomes isolated from MSC CM of pediatric (PED), adult (OA), and adults with 

atherosclerosis (ATH) samples. Mean±SD of 6 independent experiments per group are reported, 

where (*) and (**) represent p≤0.05 and p≤0.01 respectively. Abbreviations- ATH: 

atherosclerosis; EVs: extracellular vesicles; OA: osteoarthritis; PED: pediatric; MSC CM: MSC 

conditioned media. 
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Figure 15: Proteomic comparison of PED and ATH Primed MSC exosomes 

(A) Venn diagram showing the overlapping proteins in exosomes from MSC CM of 3 primed PED 

and ATH donors. (B) Overlapping proteins identified in at least two of three PED (345 proteins) 

or ATH (312 proteins) MSC exosome samples were compared. A total of 263 proteins overlapped 

between both groups. The Database for Annotation, Visualization and Integrated Discovery 
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(DAVID) was used to cluster the 263 shared proteins into cellular compartments and biological 

processes. (C) The majority of the proteins common to exosomes from both groups were 

associated with extracellular exosomes; these included proteins in the list of top 100 proteins 

identified in exosomes (exocarta.org/exosome_markers_new) (right panel). MSC markers 

(CD90/THY-1, CD73/NT5E, CD105/ENG, and CD44) were identified in both groups of MSC 

exosomes. (D) Biological processes associated with the shared proteins include extracellular 

matrix organization, cell adhesion and proteolysis. Proteins involved in inflammatory response 

were identified in both PED and ATH MSC exosomes (listed in the right panel). Abbreviations: 

ATH: atherosclerosis; Exo: exosomes; MSC: mesenchymal stromal cells; PED: pediatric. 
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Figure 16: Enrichment of TSG-6 in exosomes from young MSCs 

(A) Western blot analysis of 10 µg licensed MSC exosomes from PED and ATH donors, using an 

antibody specific for human TSG-6; (B) Summary of TSG-6 expression in primed MSC exosomes 

obtained from PED and ATH donors (n=5 per group). Abbreviations- ATH: atherosclerosis; Exo: 

Exosomes; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; MSC: mesenchymal stromal 

cells; PED: pediatric; TSG-6: tumor necrosis factor-inducible gene 6 protein. 
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Figure 17: Effect of licensing on PED and ATH MSC Vesiculome 

A custom RT2 PCR array was designed to measure the fold change in the expression of (A) ESCRT 

and associated genes; (B) Rab GTPases; and (C) tetraspanins in resting and licensed MSCs. 

Mean±SD of 6 independent experiments (n=3 per group) are reported. Abbreviations: ATH: 

atherosclerosis; MSCs: mesenchymal stromal cells; PED: pediatric. 
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Figure 18: Rab27b expression in PED and ATH MSCs  

(A) Western blot analysis of 10 µg licensed MSC lysate, using an antibody specific for human 

Rab27b; (B) Summary of Rab27b expression in primed MSC exosomes obtained from PED and 

ATH donors (n=3 per group). Abbreviations- ATH: atherosclerosis; MSC: mesenchymal stromal 

cell; PED: pediatric. 
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Tables 
Table 1: Demographic characteristics of study populations 

Demographics PED OA ATH 
No. of subjects 10 6 9 
Sex, (female/male) 6/4 6/0 3/6 
Age, mean ± SD years 15.9 ± 1.6 62.8 ± 8.7 65.2 ± 11.9 
Ethnicity, %    
African American 10 16 0 
Asian 10 0 22 
Caucasian 80 83 77 
Cardiovascular risk 
factors, %    

Hypertension 0 33 55 
Hypercholesterolemia 0 0 66 
Tobacco 0 0 22 
Type 2 diabetes 0 0 55 

 

Table 2: Factors involved in MSC:T cell suppression  

MSC Source Cell 
Responder Activation Factor Findings Ref 

BM, human Splenocytes, 
mice CD3/CD28 TSG6 TSG6 siRNA reduced T cell suppression 

by MSCs [45] 

BM, mice Splenocytes, 
mice MLR MCP-1 

(CCL2) 
CM from WT but not CCL2-/- MSCs 
reduced IFN-γ release. [194] 

BM, human PBMCs, 
human PHA PGE2 

Inhibitors of PGE2 synthesis reduced T 
cell suppression by MSCs. [41] 

BM, human PBMCs, 
human MLR IDO Addition of tryptophan to MSC/MLR co-

culture restored T cell proliferation. [177] 

BM, mice CD4+ T 
cells, mice 

Th-17 
polarizing 
conditions 

IL-10 IL-10 neutralizing antibodies blocked 
Th17 inhibition by MSCs. [195] 

BM, human PBMCs, 
human MLR TGF-β TGF-β neutralizing antibodies reversed 

MSC inhibition of alloreactivity. [196] 

C3H10T1/2 (C3) 
MSC line, mice 

Splenocytes, 
mice MLR IL-6 IL-6 neutralizing antibodies reduced 

allogenic T cell inhibition by MSCs [197] 

Placenta, human PBMCs, 
human 

PHA, anti-
CD3/CD28 HGF Knockdown of HGF secretion reduced T 

cell suppression by MSCs [178] 

BM, human PBMCs, 
human MLR HLA-G HLA-G neutralizing antibodies reduced 

T cell suppression by MSC CM. [198] 

Abbreviations: Bone marrow (BM), C-C motif chemokine ligand 2 (CCL2), conditioned medium (CM), indoleamine 
2 3-dioxygenase (IDO), hepatocyte growth factor (HGF), human leukocyte antigen G (HLA-G), interleukin (IL), 
monocyte chemotactic protein (MCP), mixed lymphocyte reaction (MLR), peripheral blood mononuclear cells 
(PBMCs), phytohemagglutinin (PHA), prostaglandin E2 (PGE2), recombinant human (rh), transforming growth factor 
beta (TGF-β), regulatory T cells (Treg), tumor necrosis factor-stimulated gene 6 (TSG-6), wild type (WT). 
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Table 3: Examples of physiological and pathological functions of exosomes 
Exosome Source Target Function Reference 

Mature 
reticulocytes NA Transferrin recycling during reticulocyte maturation; 

Disposal of unwanted materials [199, 200] 

Mature DCs T cells Induce strong antigen-specific T cell proliferation [109] 

Regulatory T cells CD4+ T cells Inhibit polyclonal T cell proliferation via CD73 
mediated adenosine production [201] 

Glia Cortical neurons Increase the survival of cortical neurons under 
oxidative stress and ischemic conditions [202] 

Cardiomyocyte 
progenitor cells Endothelial cells Stimulate the migration of endothelial cells; may 

enhance cardiomyogenesis and angiogenesis [203] 

Breast milk Infant Modulate the infant’s immune system by influencing 
T cell regulation via miRNAs [204, 205] 

Placenta T cells Impair T cell mediated responses; may induce 
maternal tolerance to fetal antigens [206] 

Nef transformed 
T cells CD4+ T cells Nef association with exosomes facilitates T cell 

depletion - a hallmark of AIDS [207] 

CML cells BM stromal cells Increase IL-8 expression leading to increase adhesion, 
motility and survival of CML cells [208] 

Abbreviations: Acquired immunodeficiency syndrome (AIDS), bone marrow (BM), chronic myelogenous leukemia 
(CML), cluster of differentiation (CD), dendritic cells (DCs), interleukin (IL), microRNA (miRNA), not applicable 
(NA), negative regulatory factor (Nef). 
 

Table 4: Characteristics of apoptotic bodies, microvesicles, and exosomes 
Characteristics Apoptotic bodies Microvesicles Exosomes 

Origin Cell surface; Blebbing of 
apoptotic cell membrane 

Cell surface; budding 
of cell membrane 

Endolysosomal pathway; ILVs are 
released from MVBs upon fusion with 
cell membrane 

Morphology  Heterogeneous Irregular shape, 
heterogeneous 

Cup-shaped (TEM),  
homogenous 

Size  >1000 nm 100–1000 nm 50-150 nm 

Sedimentation 1,200xg 10,000xg 100,000xg 

Sucrose 
gradient 

1.16-1.28 g/ml 1.04-1.07 g/ml 1.13-1.19 g/ml 

Markers Histones, cellular 
organelles (cytochrome C, 
GP96, actinin-4, mitofilin) 

Integrins, selectins, 
CD40, actinin-4, 
mitofilin, tubulin 

Tetraspanins (CD9, CD63, CD81), 
endosome-associated proteins (ESCRT, 
Rab GTPases, SNAREs, Annexins 
Syntenin-1), ADAM10, EHD4 

Abbreviations: A disintegrin and metalloproteinase domain-containing protein 10 (ADAM10), charged 
multivesicular body protein 4A-B (CHMP4A-B), cluster of differentiation (CD), EH domain containing 4 (EHD4), 
endosomal sorting complexes required for transport (ESCRT), intraluminal vesicles (ILVs), multivesicular bodies 
(MVBs), ras-related proteins in brain (Rab), transmission electron microscopy (TEM), messenger RNA (mRNA), 
microRNA (miRNA), ribonucleic acid (RNA), Soluble N-ethylmaleimide-sensitive factor activating protein receptor 
(SNARE), tumor susceptibility gene 101 (TSG101), vacuolar protein sorting 4 homolog B (VPS4B). 
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Table 6: Molecular changes in human MSCs during aging 
Hallmark Function Evidence in MSCs Ref 

Telomere 
shortening 

Telomeres responsible for protecting the 
chromosome ends from erosion; 

shortening beyond a critical length leads 
to genomic instability, DNA damage, and 

cellular senescence 

MSCs obtained from elderly 
donors possess shorter 

telomere lengths 

[211, 
212] 

Genomic 
instability 

Genome maintenance systems act to 
remove and repair damage caused by 

extrinsic factors such as ROS, UV 
radiation and environmental mutagens 

MSCs from elderly donors 
show impaired DNA damage 

response and increased 
accumulation of DNA damage 

[36, 142, 
143] 

Mitochondria 
dysfunction 

Mitochondria are essential to generate 
energy for the cell. Mutations in 
mitochondrial DNA can lead to 

respiratory chain dysfunction and the 
accumulation of ROS 

There is an age-associated 
increase of intracellular ROS 

in MSCs, suggesting a decline 
of mitochondrial integrity 

with advancing age 

[36, 213] 

Dysregulated 
proteostasis 

Defects in proteostasis result in aberrant 
folding, toxic aggregation and 

accumulation of damaged proteins, 
ultimately leading to cellular damage and 

tissue dysfunction 

Age-dependent reduction of 
heat shock proteins observed 

in MSCs, suggesting a decline 
in the heat shock response 

[213] 

Impaired 
intercellular 

communication 

 “Inflammaging”, refers to the chronic 
proinflammatory state that accompanies 
aging in mammals; it is characterized by 

a functional shift in the activity of the 
innate immune cells, leading to chronic 

inflammatory cytokine production 

MSCs obtained from elderly 
donors display a pro-

inflammatory secretome and 
an impaired ability to inhibit 
inflammatory T cell activity 

[36, 146] 
 

Abbreviations: Adenosine triphosphate (ATP), deoxyribonucleic acid (DNA) reactive oxygen species (ROS), 
ultraviolet (UV). 
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Table 7: Genes included in the custom RT2 profiler PCR array  

Gene Bank Symbol Category Catalogue 
number 

NM_001110 ADAM10 ADAM metallopeptidase domain 10 PPH13517A 
NM_00101443 AKT1 v-AKT murine thymoma viral oncogene homolog 1 PPH00088B 
NM_001157 ANXA11 annexin A11 PPH06949A 
NM_001153 ANXA4 annexin A4 PPH06928F 
NM_001155 ANXA6 annexin A6 PPH06922F 
NM_001663 ARF6 ADP-ribosylation factor 6 PPH10416A 
NM_001025356 ANO6 anoctamin 6 PPH19527A 
NM_004707 ATG12 autophagy related 12 PPH15326A 
NM_001172895 CAV1 caveolin 1, caveolae protein PPH00739A 
NM_001039490 CD151 CD151 molecule (Raph blood group) PPH23445F 
NM_000610 CD44 CD44 molecule (Indian blood group) PPH00114A 
NM_001040034 CD63 CD63 molecule PPH21303A 
NM_004356 CD81 CD81 molecule PPH00960A 
NM_001024844 CD82 CD82 molecule PPH01312A 
NM_001769 CD9 CD9 molecule PPH02661A 
NM_005507 CFL1 cofilin 1 (non-muscle) PPH13461F 
NM_014453 CHMP2A charged multivesicular body protein 2A PPH07827A 
NM_176812 CHMP4B charged multivesicular body protein 4B PPH19075A 
NM_001098209 CTNNB1 catenin (cadherin-associated protein), beta 1 PPH00643F 
NM_001042517 DIAPH3 diaphanous-related formin 3 PPH11577A 
NM_019074 DLL4 delta-like 4 (Drosophila) PPH06026A 
NM_001144763 EXPH5 exophilin 5 PPH12394A 
NM_005232 EPHA1 EPH receptor A1 PPH05727F 
NM_005803 FLOT1 flotillin 1 PPH13731A 
NM_004475 FLOT2 flotillin 2 PPH08193A 
NM_000165 GJA1 gap junction protein, alpha 1 PPH02781E 
NM_004712 HGS hepatocyte growth factor-regulated tyrosine kinase substrate PPH19788A 

NM_002137 HNRNPA2
B1 heterogeneous nuclear ribonucleoprotein A2/B1 PPH14710A 

NM_002154 HSPA4 heat shock 70kDa protein 4 PPH01188C 
NM_005347 HSPA5 heat shock 70kDa protein 5 PPH00158E 
NM_001130106 HSPBP1 HSPA binding protein, cytoplasmic co-chaperone 1 PPH09439A 
NM_000201 ICAM1 intercellular adhesion molecule 1 PPH00640F 
NM_002205 ITGA5 integrin, alpha 5 PPH00176C 
NM_000210 ITGA6 integrin, alpha 6 PPH00177F 
NM_000213 ITGB4 integrin, beta 4 PPH00680B 
NM_002213 ITGB5 integrin, beta 5 PPH00634F 
NM_005561 LAMP1 lysosomal-associated membrane protein 1 PPH05794G 
NM_001122606 LAMP2 lysosomal-associated membrane protein 2 PPH14711A 
NM_001204426 LIMK1 LIM domain kinase 1 PPH01081A 
NM_001111097 LYN LYN proto-oncogene, Src family tyrosine kinase PPH01635A 
NM_003010 MAP2K4 mitogen-activated protein kinase kinase 4 PPH00195C 
NM_002758 MAP2K6 mitogen-activated protein kinase kinase 6 PPH00742B 
NM_001098540 HPSE heparanase PPH01060E 
NM_001114614 MFGE8 milk fat globule-EGF factor 8 protein PPH07218A 
NM_001162429 PDCD6IP programmed cell death 6 interacting protein PPH07704C 
NM_001159542 POU5F1B POU class 5 homeobox 1B PPH66786A 
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NM_001145847 PROM1 prominin 1 PPH02400A 
NM_001206836 RAB11A RAB11A, member RAS oncogene family PPH05835B 
NM_004218 RAB11B RAB11B, member RAS oncogene family PPH20230A 
NM_016277 RAB23 RAB23, member RAS oncogene family PPH10554A 
NM_004580 RAB27A RAB27A, member RAS oncogene family PPH16394A 
NM_004163 RAB27B RAB27B, member RAS oncogene family PPH08600A 
NM_001242644 RAB2A RAB2A, member RAS oncogene family PPH10101A 
NM_001163380 RAB2B RAB2B, member RAS oncogene family PPH08395A 
NM_006868 RAB31 RAB31, member RAS oncogene family PPH01844A 
NM_001167606 RAB35 RAB35, member RAS oncogene family PPH10546A 
NM_002866 RAB3A RAB3A, member RAS oncogene family PPH08762B 
NM_004162 RAB5A RAB5A, member RAS oncogene family PPH02272A 
NM_001252036 RAB5B RAB5B, member RAS oncogene family PPH10072A 
NM_016577 RAB6B RAB6B, member RAS oncogene family PPH17626B 
NM_001664 RHOA ras homolog family member A PPH00305G 
NM_005406 ROCK1 Rho-associated, coiled-coil containing protein kinase 1 PPH01966C 
NM_001007067 SDCBP syndecan binding protein (syntenin) PPH13276A 
NM_000543 SMPD1 sphingomyelin phosphodiesterase 1 PPH02494A 
NM_003080 SMPD2 sphingomyelin phosphodiesterase 2 PPH09509A 
NM_018667 SMPD3 sphingomyelin phosphodiesterase 3 PPH15917A 
NM_001171083 SMPD4 sphingomyelin phosphodiesterase 4 PPH10549B 
NM_006714 SMPDL3A sphingomyelin phosphodiesterase, acid-like 3A PPH15653A 
NM_001009568 SMPDL3B sphingomyelin phosphodiesterase, acid-like 3B PPH11648A 
NM_003081 SNAP25 synaptosomal-associated protein, 25kDa PPH01881B 
NM_007241 SNF8 SNF8, ESCRT-II complex subunit PPH11810A 
NM_003795 SNX3 sorting nexin 3 PPH07825A 
NM_001165903 STX1A syntaxin 1A PPH01877A 
NM_003569 STX7 syntaxin 7 PPH01862A 
NM_001252065 SYT7 synaptotagmin VII PPH08754A 
NM_006292 TSG101 tumor susceptibility 101 PPH06937E 
NM_004616 TSPAN8 tetraspanin 8 PPH10294A 
NM_001168320 TSPAN9 tetraspanin 9 PPH11091C 
NM_004781 VAMP3 vesicle-associated membrane protein 3 PPH06289A 
NM_016208 VPS28 vacuolar protein sorting 28 homolog (S. cerevisiae) PPH19823A 
NM_016485 VTA1 vesicle (multivesicular body) trafficking 1 PPH15357A 
NM_001002292 WLS wntless Wnt ligand secretion mediator PPH16376A 
NM_004626 WNT11 wingless-type MMTV integration site family, member 11 PPH02399C 
NM_016087 WNT16 wingless-type MMTV integration site family, member 16 PPH02766B 
NM_033131 WNT3A wingless-type MMTV integration site family, member 3A PPH02772B 
NM_001256105 WNT5A wingless-type MMTV integration site family, member 5A PPH02410A 
NM_004559 YBX1 Y box binding protein 1 PPH09908B 
NM_001101 ACTB actin, beta PPH00073G 
NM_004048 B2M beta-2-microglobulin PPH01094E 
NM_001256799 GAPDH glyceraldehyde-3-phosphate dehydrogenase PPH00150F 
NM_007355 HSP90AB1 heat shock protein 90kDa alpha, class B member 1 PPH01201C 
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Supplementary Figures 
 

 
 

Figure S1: Monocyte depletion from PBMCs 

The proportion of CD14+ monocyte and CD4+ T lymphocyte populations in PBMCs were 

measured by flow cytometry pre- (left panel) or post- (right panel) overnight monocyte depletion. 

Abbreviations: PBMCs: peripheral blood mononuclear cells; SSC-A: side scatter area; SSC-H: 

side scatter height; SSC-W: side scatter width. 

 



 

 Page 94 

 
 
Figure S2: MSC licensing increases cytokine, chemokine and growth factor release 

The levels of (A) cytokines; (B) chemokines; and (C) growth factors in the CM obtained from 

resting and primed MSCs (250,000 cells/ml) was measured using the multiplex platform (Meso 

Scale Discovery).  Mean±SD of 6 independent experiments are reported, where (*) represents 

p≤0.05. Abbreviations: bFGF- basic fibroblast growth factor; CRP: C-reactive protein; Flt-1: fms-

like tyrosine kinase 1; GM-CSF: granulocyte-macrophage colony-stimulating factor; ICAM-1: 

intercellular adhesion molecule 1; IL: interleukin; IP-10: interferon gamma-induced protein; MCP-

1: monocyte chemoattractant protein-1; MDC: macrophage derived chemokine; MIP: macrophage 

inflammatory protein; MSC CM: mesenchymal stromal cell conditioned media; PlGF: placental 

growth factor; TARC: thymus and activation-regulated chemokine; SAA: serum amyloid A; 

VCAM-1: vascular cell adhesion protein 1; VEGF: vascular endothelial growth factor.  
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Figure S3: Flow cytometry for surface markers on MSC exosomes 

CytoFLEX was used to evaluate the size distribution of MSC exosomes using calibration beads 

(200, 300 and 500 nm). MSC exosomes were stained with fluorescence-conjugated antibodies to 

determine the co-expression of exosome (i.e., CD63, CD81) and MSC markers (i.e., CD90, CD73). 

Abbreviations: FSC-A: forward scatter area; VSSC-A: violet side scatter area. 
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Figure S4: Characterization of exosomes from resting and primed MSCs  

Exosomes were harvested from resting or primed MSC CM by differential centrifugation, NTA 

and MicroBCA was used to compare the (A) size distribution of the obtained vesicles and (B) the 

amount of protein per particle. Mean±SD of 6 independent experiments are reported. 

Abbreviations: MSC CM: mesenchymal stromal cell conditioned media. 

 

 
Figure S5: Characterization of exosomes from primed PED, OA and ATH MSCs  

Exosomes were collected from primed PED and ATH MSC CM by differential centrifugation, 

NTA and MicroBCA was used to measure (A) particle size distribution, (B) amount of protein per 

particle. Mean±SD of 6 independent experiments are reported. Abbreviations: ATH 

atherosclerosis; MSC: mesenchymal stromal cells; PED: pediatric. 
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Figure S6: Effect of licensing on surface and intracellular CD82 expression of MSCs 

(A) Surface and (B) intracellular CD82 expression was measured in resting and primed MSCs 

(n=6 per group). Mean±SD of 6 independent experiments are reported, where (**) represents 

p≤0.01. Abbreviations: ATH: atherosclerosis; MSC: mesenchymal stromal cells; PED: pediatric. 
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