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ABSTRACT OF THE DISSERTATION 

Mesenchymal Stem Cell-derived Exosomes Promote Neurologic Recovery in 

Experimental Autoimmune Encephalomyelitis model of Multiple Sclerosis 

By 

Milad Riazifar 

Doctor of Philosophy in Pharmacological Sciences 

University of California, 2017 

Professor Weian Zhao, Chair 

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system (CNS) 

in which autoreactive T cells attack CNS, resulting in demyelination, neuronal injury and death, 

which account for the neurological disability.  Preclinical studies revealed immunomodulatory 

and immunosuppressive properties of mesenchymal stem cell (MSC) to treat MS.  However, 

Lung entrapment, maldifferentiation, phenotype change and potentially tumor formation are 

current challenges for stem cell therapy.  The much smaller size of MSC-derived exosomes 

(Exo), allow reduced lung entrapment, achieve superior biocompatibility, are more stable and 

expose fewer risks, which together makes them an attractive alternative. 

              Here, using experimental autoimmune encephalomyelitis (EAE) as a MS mouse model 

(n=30), we show that systemic injection of MSC-Exo (150 µg) result in sustained recovery and 

improved motor function (p<0.01).  This recovery is associated reduced in neuroinflammation 

and increased remyelination (p<0.05).  Biodistribution experiments show that Exo were mostly 

found in liver and spleen in healthy and EAE mice, but also in spinal cords of EAE, but not 
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healthy animals.  This suggests the involvement Exo in the spinal cord lesion repair.  Using 

Foxp3-eGFP Treg reporter C57BL/6 mice (n=20) we showed that number of 

CD4+/CD25+/Foxp3+ regulatory T cells (Tregs) increase within the spinal cords of Exo treated 

animals compared to control (43.3% vs. 26.3%; p<0.05).  Systemic injection of MSC-Exo results 

in clinical recovery in these mice as well (p<0.05).  Additionally, co-culture of MSC-Exo (20 

µg) with activated T cells result in reduced T cell proliferation and increased Treg numbers in 

vitro compared to control (14.9 ± 3.5 vs. 5.2 ± 1.2; p<0.05), proposing the capability of Exo to 

induce Tregs.  Eliminating RNA by UV light reduced the function of the exosomes in Treg 

induction (p<0.05), and deep RNA sequencing revealed that the MSC-Exo are highly enriched in 

mRNAs with anti-inflammatory properties (i.e. indoleamine 2, 3-dioxygenase, Thymosin β).  

Similarly, proteomics identified numerous proteins with anti-inflammatory and neuroprotective 

properties in the Exo fractions (i.e. Glypican-1, Galectin-1, HSP70).  In summary, this study 

describes the potential of MSC-Exo as therapeutics in autoimmune neurodegenerative diseases
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CHAPTER 1 
 

Introduction 
  
 

Stem cell research holds great promise for treating some of the most devastating 

diseases1. Next generation therapeutic interventions is having a lot of hope from stem cell 

research to replace or heal lost tissue by virtue of self renewal and potency of stem cells which 

allows them to form various types of tissue cells2.  Thus far, different types of stem cells have 

been studied vigorously in preclinical and clinical settings2.  In particular, mesenchymal stem 

cells (MSCs) are numerically the most favored cell type currently being tested in more than 700 

clinical trials in various disease contexts3.  

The general impression is that considerable research has been made in preclinical and 

clinical trials using stem cells, but as yet there is only a modicum of success being achieved.  

Though seems promising, many clinical trials showed mixed outcomes4. While MSCs exhibit a 

remarkable efficacy in different diseases their mechanism of action (MoA) is largely unknown5.  

One major challenge is that following systemic transplantation, MSCs get quickly entrapped in 

the lung vasculature bed due to their big size with typically less than 1% of MSCs reach and 

engraft at the target sites6 7.  Without having adequate information about the MoA of MSCs it 

will be challenging to determine why some trials do not show efficacy.  

Extracellular vesicles (EVs), which is a collective term for apoptotic bodies, 

microvescicles and exosomes, had until recently been considered as mere cell debris with little 

biological functions. However, a large body of recent evidence has shown that secretion of these 

vesicles is a way of intercellular communication8. Recent studies have shown that MSCs produce 

a significant amount of exosomes, which exhibit comparable therapeutic effects compared to 
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MSCs in the context of kidney injury and cardiovascular diseases9. In addition, MSCs were 

reported to deliver microRNA-133b through exosomes to neuronal cells to promote neuronal 

plasticity and functional recovery in brain-injured rats10.  Therefore, We hypothesize that 

exosomes derived from MSCs may provide an alternative approach for the therapeutic use 

of MSCs.  Moreover, exosomes might be considered solely as therapeutics.  

Although significant advances in drug delivery have been made over the last decade, yet 

a major challenge remains in delivering therapeutics effectively to the brain for the treatment of 

central nervous system (CNS)-related diseases11. The presence of the blood–brain barrier (BBB), 

a dynamic interface that restricts and controls the passage of substances between the peripheral 

vascular circulation and the CNS, makes it challenging to deliver therapeutics into the CNS12. 

Interestingly, there are some qualities associated with exosomes, which makes them a promising 

tool to deliver therapeutics into CNS13.  Exosomes originate from intracellular multivesicular 

bodies (MVBs) and have recently been reported to be involved in a variety of activities in the 

normal and pathological CNS14,15.  Moreover, it has been shown that neuronal cells in CNS use 

exosomes to comminucate with other neurons16.  Exosomes derived from dendritic cells utilized 

to deliver small interfering RNA (siRNA) to knockdown a particular protein involved in treat 

Alzheimer’s disease in the mouse brain13.  

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system (CNS) 

which is estimated to affect over 400,000 people in the US and currently is a significant burden 

on the healthcare system17. Current approved treatments are limited to conventional immune-

suppressors, immune-modulators, or agents preventing lymphocyte infiltration into CNS18.  
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However, these treatments only reduce the frequency of attacks without promoting any repair, 

and their numerous side effects leads to poor medication adherence by patients19.  

We initially decided to MSC stimulated with IFNg, a pleiotropic cytokine critically 

involved in onset, orchestration and resolution of adaptive immune and autoimmune 

responses20,21 and that has recently been reported to promote immunosuppressive effects of 

MSCs22-25. Thereafter, exosomes from Native conditions (Native Exo) and IFNγ stimulated 

exosomes  (IFNγ-Exo) successfully isolated using serial ultracentrifugation. 

Isolated exosomes were then characterized using variety of techniques.  The actual presence of 

exosomes in the isolated pellet was confirmed with electron microscopy. The presence of 

exosomal markers inside and on the surface of exosomes was confirmed using flow cytometry 

and western blotting. The size of isolated exosomes was analyzed with Nanoparticle Tracking 

Analysis (NTA), which utilizes the properties of both light scattering, and Brownian motion in 

order to obtain the particle size distribution of samples in liquid suspension.  

T cells play a central role in both mediating and regulating MS pathophysiology, and 

efforts to develop therapeutic strategies for MS have focused on understanding factors, which 

control T cell function. Therefore, in order to see if MSC exosomes suppress T-cell activation ex 

vivo, T cell suppression assay was performed using CFSE-labeled T cells incubated with Native 

Exo and IFNγ-Exo. Both suppressed activation of T cells, with IFNg-Exo being more 

suppressive. Regulatory T cells (Tregs) are known as critical players in the pathogenesis of CNS 

autoimmune inflammationrosis26. Next, the ability of MSC exosomes to induce Tregs in vitro 

was evaluated by incubating murine splenocytes from Foxp3-eGFP mice stimulated with anti-

CD3 + IL-2 without or with TGFb, with different concentrations of exosomes. Both Native Exo 

and IFN-g enhanced the frequency of CD4+ CD25+ Foxp3+Tregs and CD8+ CD25+ 
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Foxp3+Tregs. Remarkably, in the absence of TGFb, MSC exosomes induced CD4+ and, to a 

lesser extent, CD8+ Tregs. MSC exosomes showed promising results in T cell suprestion and 

increasing the frequency of Tregs, which are two pillars of MS pathology. As MSC exosomes 

inhibited T cell proliferation and enhanced Treg production, we next investigated whether they 

could promote clinical recovery in experimental autoimmune encephalomyelitis (EAE) animal 

model, which is considered to be gold standard animal model for MS. We were also interested in 

comparing the efficacy of MSC exosomes to their parental cells in this case MSCs. Therefore, 

Native and IFNγ-MSC (1 million) and their respective exosomes (150 µg) were injected 

intravenously (i.v.) at the peak of the disease into the experimental autoimmune 

encephalomyelitis (EAE) mice as an MS animal model (Fig. 1.1).  PBS injected mice served as 

controls. MSC activated with IFNg and exosomes derived from them strikingly reduced the 

disease severity and improved motor skills. Native MSC and their exosomes also ameliorated the 

disease but not as significantly of the IFNg-stimulated group Thus, we observed that exosomes 

largely exhibited similar therapeutic effects as the administered MSC, which warrants further 

examination of the properties of exosomes. Next, Spinal cord sections of variously treated mice 

were stained for myelin through Luxol fast blue (LFB) staining to evaluate demyelination 

process. While PBS-treated mice showed significant demyelination, the mice treated with either 

IFNg-MSC or IFNg-Exo showed significantly less demyelinated areas in white matter compared 

to Native and PBS groups. This clinical recovery was associated with decreased expression of 

ionized calcium binding adaptor protein (Iba-1), a marker of activated microglia. Moreover, 

there was a greater number of Tregs infiltrating the spinal cords of mice treated with IFNg-Exo 

compared to controls. These data suggest MSC exosomes have the potential to create a 
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tolerogenic immune response in EAE mice, which is critical for sustained amelioration of 

the disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 To investigate exosome homing we performed biodistribution experiments. Therefore, 

we next labelled IFNg-Exo with the lipophilic dye DiR in order to determine their tissue 

distribution in healthy and EAE mice.  Exosomes were mostly found in liver and spleen in EAE 

and healthy mice. Importantly, dye labelled IFNg-Exo were observed in spinal cords of EAE, but 

not healthy, further suggesting the involvement of IFNg-Exo in the lesions.  

Exosomes host a complex mixture of surface receptors and intravesicular cargo, 

including proteins and nucleic acids that may synergize to enhance therapeutic efficacy 

compared to the isolated factors 27, but also complicating identification of their active ingredients 

contributing to the mechanism of action (MoA). Figuring out the main molecular targets is 

Figure 1.1. Schematic representation of injection of MSC and 
MSC exosomes into treat EAE mice model. 
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important since this will help us to develop novel therapeutic approaches that have enhanced 

efficacy by overexpressing selected factor(s). To determine roles of exosome proteins and 

nucleic acids in the observed therapeutic activity, we first selectively inactivate exosomal RNA 

vs. proteins by exposing MSC exosomes to UVC light (254 nm). Using Treg assay as readout, 

we have shown that UV light significantly impair the ability of exosomes in Treg induction, 

suggesting the importance of RNAs in the therapeutic efficacy of exosomes. To further dissect 

the molecular pathway(s) that mediate exosome effects we decided to perform proteomics and 

RNA deep sequencing. Our proteomics analysis has identified multiple proteins enriched in 

IFNγ-Exo with anti-inflammatory or neuroprotective properties including Galectin-1, heat 

shock protein 70 (HSP70) 28,29 as well as Latent-transforming growth factor beta-binding 

protein (LTBP) which is involved in Treg induction30. RNA profile of IFNγ-Exo in our 

preliminary RNAseq analysis shows that they are highly enriched in several RNAs with anti-

inflammatory properties including 1) mRNA of indoleamine 2 3-dioxygenase (IDO); a rate-

limiting enzyme of tryptophan catabolism through the kynurenine pathway, thus causing 

depletion of tryptophan, which can impair the growth of T cells31. 2) miR-146a which regulates 

Treg functions32 and additional studies have implicated miR-146a expression in Treg cells is 

important for their function and therefore avoidance of autoimmunity33. 

 

In conclusion, our research provide important basic information on how stem cells and 

their vesicles function in animal models of MS, which will pave the way for us to quickly 

translate this novel treatment to better treat and manage MS.  As described above, exosomes are 

positioned to offer a good blend of potent and long-lasting therapeutic (like cells) but with better 

biodistribution and fewer side effects. In particular, we hope to harness exosomes’ potential to 
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induce a tolerogenic immune response and therefore a sustained clinical recovery. As in cell-

based therapies, once the exosome mechanism of action (MoA) has been delineated, then assays 

that test for the active ingredient(s) within specified parameters can assure exosome product 

quality and potency. Indeed, according to regulatory agencies, the pharmaceutical classification 

of exosome preparations is biological medication, which is defined as one or more active 

substances derived from living cells. In the USA, exosome-based therapies for human use are 

regarded as biological products, regulated by the Center for Biologics Evaluation and Research 

(CBER), a division within the Food and Drug Administration (FDA).  Exosomes arguably are 

more amenable than cells to logistical operations such as potency assays, freeze/thawing, batch 

tracking and related quality control tests, therefore rendering exosomes new candidates for 

clinical trials and translational research in autoimmune diseases like MS in the near future.  

 

In chapter 2, we will provide in depth background information on the basic biology of stem cell 

exosomes, their therapeutic use, and finally current challenges in the field as well as hurdles we 

face to bring them into clinic.  In chapter 3, experimental data on MSC exosome isolation, 

characterization as well as evaluating MSC exosomes efficacy in EAE animal model will be 

presented. Chapter 4 provides some data on isolation and characterization of vesicles other than 

exosomes derived form MSCs, in particular, microvesicles. In chapter 5 we decided to 

repurpose our MSC exosomes in an eye disease model and finally, chapter 6 is the conclusion of 

the dissertation. 

 

 

Impact and Innovation 
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In this report, we demonstrated for the first time that a single injection of Mesenchymal Stem 

Cell (MSC)-derived exosomes promotes clinical recovery in Multiple Sclerosis (MS) animal 

model and that exosomes exhibited similar therapeutic efficacy as the administered MSCs. Our 

work potentially provide a novel cell-free therapeutic platform to treat MS, and in the future, 

other autoimmune and neurodegenerative diseases.   

 

Expected pitfalls and future work 
 
Although exosomes, as natural cell parts, are reported to be rather biocompatible and nontoxic 

and we have not observed any overt reactions in this study, similar to any other therapeutic 

modality they might be associated with side effects. In this study we did not examine potential 

toxicity of exosomes. We will need to perform study to measure exosome toxicity in vivo by 

injecting high concentration of exosomes followed by analyzing tissues from the vital organs 

(brain, spinal cord, lungs, liver, spleen and kidneys) by H&E staining.  

In this project to determine the biodistribution of exosomes, lipophilic dye was used.  We 

acknowledge that though it helps to track the traffic of exosomes in vivo, the short half life of 

lipophilic dye does not allow us to track exosomes over longer time period.  Moreover, this does 

not reveal what are the specific cell types that uptake exosomes in vivo. To specifically address 

these questions, cre-reporter system has to be used to to track and study exosomes in vivo. In 

addition, we identified candidate proteins or RNA molecules in part responsible for the 

therapeutic activity of exosomes. The exact roles of these factors should be confirmed using 

knockout MSC cell lines for a particular or multiple factors at the same time. This will be 

challenging since knocking out MSC for multiple factors will be so difficult. Although here we 

carried out most of our studies with human MSC exosomes, we will need to test murine MSC 
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exosomes as well for two main purposes: 1) to compare autologous, allogeneic and xenogeneic 

exosomes (they carry minor antigens and have been reported to also contain MHC class I and II) 

to test the concept of off-the-shelf exosome medication, and 2) to compare the efficacy of human 

vs mouse MSC exosomes.  
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CHAPTER 2 

Extracellular vesicles in Stem cell biology: 
principles    and translational applications  

Introduction  
 
Stem cells play vital roles in maintaining cellular homeostasis and restoring it upon tissue injury.  

During both embryonic development and regeneration of adult tissues, stem and progenitor cells 

must reach specific target cells that could be both in close proximity and at distance. While 

embryonic development typically occurs in a controlled environment with minimal external 

disturbances, adult stem cells frequently face the additional challenge of operating in a dangerous 

environment induced by trauma or infection and associated pathological and inflammatory 

responses.  Interestingly, stem cells are able to communicate with other nearby and distant cells 

through soluble factors, direct cell-cell contact through long and thin tubular appendages such as 

cytonemes and cilia, as well as through detached, extracellular vesicles (EVs).  These vesicles 

therefore possess partial properties of freely diffusing factors and the extensive membrane and 

cytoplasmic organization of cells.  They range from ~ 30 nm – 3,000 nm in diameter, have 

distinct biomolecular composition, and therefore functions, depending on EV subtype, cell 

source and conditions (Box 2.1).   
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Box 1 Definitions of Extracellular Vesicles 

 

EVs were initially considered mere cellular debris or a way to excrete unneeded or toxic 

products from cells, but their ancient evolutionary origins and their conserved mechanisms of 

generation indicate that EVs perform essential physiological roles in cell-cell 

communication27,34.  EVs are found in all bodily fluids examined and most cells can secrete EVs 

to varying degrees: some cell types release EVs under steady-state conditions, whereas other cell 

types, particularly immune and stem cells, can be induced by various stimuli, including stressors 

and physiological mediators, to release EVs27,34-36.   EVs may be internalized by cells through 

several mechanisms, including direct membrane fusion, clathrin-dependent endocytosis, 

caveolin-mediated uptake, macropinocytosis and phagocytosis mediated by specific receptors37.  

EVs are thought to play roles in establishment and maintenance of cell and tissue polarity, 

Box 1 Definitions 
 
Apoptotic bodies/blebs (ABs): relatively large (up to several micron) cell fragments 
released from cells undergoing apoptosis. 
 
Extracellular vesicles (EVs): all-encompassing term for cell-derived small vesicles that 
includes exosomes, microvesicles and ABs. 
 
Exosomes: biological vesicles ~ 30-200 nm in diameter that originate as ILVs in MVBs (see 
below) and become released as EVs upon MVB fusion with plasma membrane. 
 
ILVs: intraluminal vesicles derived from invaginations of early endosomes to be contained 
within MVBs, and referred to as exosomes upon their release outside the cell. 
 
Liposomes: synthetic nanometer- to micrometer-sized lipid vesicles, frequently engineered 
to carry and release cargo in a targeted and controlled manner.  
 
Microvesicles/ectosomes: biological vesicles ~ 50-300 nm in diameter that bud from the 
plasma membrane. 
 
MVBs:  multivesicular bodies derived from endosomes that invaginate inward to form ILVs. 
 
Nanoparticles: synthetic nanometer-scale particles made of polymers, metals or other 
materials and frequently carrying and releasing cargo in a targeted and controlled manner. 
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including as vehicles for morphogen and nucleic acid release and distribution during embryonic 

development and adult tissue regeneration38,39.  For example, during embryonic development 

lipidated signaling ligands for the Wnt and Hedgehog (Hh) pathways not only flow across cells 

along plasma membranes, but recently have been found on the surface of EVs, anticipating roles 

of EVs in stem cell activation for basal cellular homeostasis and tissue repair after injury39,40.  In 

addition, in adult injured tissues, EVs loaded with apoptotic and other signals can be received by 

stem cells to help direct their healing response.  In turn, stem cell EVs contain a wide variety of 

lipids, proteins and nucleic acids that can help heal distressed parenchymal cells41,42.   

Thus, the study of the roles of these endogenous stem cell EVs, although still in its initial 

stages, has provided key background and rationale on using exogenous and/or bioengineered 

stem cell EVs to help treat a variety of injured or diseased tissues.  Furthermore, in the context of 

cell therapy, exogenous cells infused intravenously (IV) are normally trapped in the lungs (the 

“pulmonary first pass effect”) and also in other ‘filter’ organs such as the liver, spleen and 

kidneys43,44.  There, the trapped cells disintegrate into smaller vesicles, including apoptotic 

bodies (AB) and likely other types of EVs, which may traffic to distant organs to exert 

therapeutic and biological functions44,45.  Therefore, the investigation of stem cell EVs will also 

shed light on how stem cells play their therapeutic functions following their systemic infusion or 

local transplantation43,46-48. 

EVs fall in the intermediate range of current biologics for tissue regeneration and 

immunomodulation between complex bioentities such as platelets, apoptotic cells, whole stem 

and immune cells, versus defined biopharmaceuticals, such as small-molecule drugs, peptides, 

growth factors, antibodies and nucleic acids.  As EVs are differentially and combinatorically 

loaded not only with multiple types of proteins but also with coding and regulatory nucleic acids, 
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their responses may be more complex and longer-lasting compared to those elicited by individual 

biomolecules34,41,42,49.  In addition, EVs also can serve as extracellular stores that release 

molecules with a different spatial and temporal distribution profile compared to whole cells, as 

has been described during immune responses to influenza infection where neutrophils deposit 

EVs on collagen tracks to slowly release the chemokine CXCL12 and thereby attract anti-

influenza cytotoxic T lymphocytes50. 

One of the most interesting and emerging functions of EVs may be in the maintenance of 

tissue homeostasis as EVs released from injured tissue, have been found to influence stem cells, 

and conversely, stem cell-derived EVs have been found to support injured tissue.  It is this role 

of EVs in the cross-talk between stem cells and parenchymal cells and how this can be exploited 

therapeutically that is the main subject of this review; we refer readers to several recent reviews 

on additional aspects of EVs27,34, their bioengineering51 and therapeutic applications52.  We also 

review how stem cell EVs can be bioengineered for therapeutic or diagnostic applications in 

analogous ways to those pioneered by research on nanoparticles and liposomes53,54.  We 

conclude with a discussion on issues related to the clinical translation of EVs as therapeutics.  

EV composition, diversity and functions 
 
Endocytosis, exocytosis and EV biogenesis are functions that have all evolved as ways of cells to 

maintain surveillance of, and in turn influence, the surrounding environment and neighboring 

cells, although the stimuli or driving forces for induction of EV release are only beginning to be 

understood27,34.  EVs are generally divided into three main types: exosomes emitted from 

intracellular endosomes, microvesicles budding directly from the plasma membrane, and ABs 

released during apoptosis (Box 2.1 and Figure 2.1).  The nomenclature of different EV 

preparations reported in the literature has been inconsistent partly because of lack of uniform 
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operational definitions (e.g. centrifuged ABs pellet at around 2,000 g, microvesicles pellet at 

around 16,000 g and exosomes pellet at 100,000 g), although guidelines on EV research are 

becoming established by scientific societies such as The International Society for Extracellular 

Vesicles (ISEV)55 and others. 

Figure 2.1. Biogenesis of exosomes and microvesicles.  Microvesicles derive from the plasma 

membrane in a way reminiscent of the reverse of endocytosis.  Exosomes are generated as ILVs inside 

MVBs, which, in turn, originate from invaginations of either the plasma membrane or from intracellular 

organelle membranes. Exosomes are created during two successive membrane invaginations: membranes 

invaginate inwards to generate MVBs, which in turn invaginate inwards to generate ILVs. 
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Types and functions of EVs  
 
Exosomes were first examined in detail during reticulocyte maturation to red blood cells, where 

the transferrin receptor is gradually lost by incorporation in the membranes of intraluminal 

vesicles (ILVs) inside multivesicular bodies (MVBs) that are eventually released from the cell as 

free exosomes56.  MVBs originate from invaginations of either the plasma membrane, from 

intracellular organelle membranes, or from membranes nucleated de novo similar to autophagy 

but which rely on multi- subunit endosomal sorting complexes required for transport (ESCRT).  

When some of these critical molecules for exosome biogenesis are inhibited, exosome secretion 

is generally reduced, although since other processes, such as cell division and additional 

vesicular trafficking events are also affected, the importance of exosomes in homeostasis and 

tissue repair remains to be fully elucidated27,34.  Future inducible genetic approaches, such as the 

use of cre-lox reporter techniques57,58 will likely clarify these questions.  Exosomes are enriched 

for specific biomolecules, including lipids important for structural stability, tetraspanins 

important for curvature generation and membrane protein organization and stability59, pentaspan 

membrane glycoproteins60, other cell-specific proteins, as well as several types of nucleic acids 

(Figure 2).  Selected examples of proteins and nucleic acids found in EVs from stem and 

parenchymal cells that are responsible for therapeutic efficacy or other phenotypic changes in 

recipient cells are listed in Table 2.1.  
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Figure 2.2   Composition of exosomes.  EVs contain several characteristic lipids, proteins and RNA 

molecules depicted here schematically.  Since exosomes are born when ILVs are released upon MVB 

fusion with plasma membrane, exosomes have the same membrane leaflet composition as ILVs.  

Surface proteins include MHC molecules, intercellular adhesion molecules (ICAMs), integrins, 

tetraspannins (e.g. CD63, CD81), TSG101 and ALIX.  Lumen proteins include cytoskeletal actin and 

tubulin, Rab GTPases, and inner membrane leaflet-associated proteins.  RNAs include mRNAs, 

lncRNA, miRNA, piRNA, vaultRNAs, Y-RNAs rRNAs, tRNAs (not all depicted here).  During 

MVB biogenesis and development, ILVs may incorporate additional lipids, proteins and nucleic acids 

in a nonspecific bystander way or by specific recruitment. 
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Microvesicles, sometimes also called ectosomes, originate from outward invaginations of plasma 

membrane regions in a manner roughly reminiscent of the reverse of endocytosis.   

Microvesicles contain plasma membrane proteins as well as cytosolic proteins, nucleic acids and 

other metabolites.  Since microvesicles originate by plasma membrane pinching, they are 

continuously exposed to cytoplasmic material, unlike ILVs which are encased within MVBs.  

Nevertheless, active targeting/sorting mechanisms can enrich microvesicles with nucleic acid, 

protein and lipid constituents, and, like exosomes, the biogenesis of microvesicles could also use 

ESCRT to complete vesicle budding61  

 

 

Source cell(s)               EV biomolecule(s)                    Recipient cell(s) References 

ESC 

 

 

proteins, mRNAs, 

miRNAs (various) 

 

Oct4, Rex1, Nanog, 

HoxB4, Sox2, 

miRNA290 

fibroblasts 

 

 

hematopoietic 

progenitors, retinal 

Muller 

 

62 

 

 

63, 64  

iPSC miRNAs (various) ischemic heart 65 

HSC tissue factor (CD142), 

mRNAs (various) 

subendothelial cells, 

blood cells (various) 

66, 67 

Table 2.1  Selected biomolecules on extracellular vesicles from stem and parenchymal 
cells. 
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MSC: 

 

umbilical cord 

 

bone marrow 

 

 

 

 

adipose 

 

 

ESC-derived 

 

 

Wnt4 

 

mRNA (various), Ang1, 

FGF7, miR-21, miR-34a, 

lncR-7SK, lncR-Y1 

 

 

miRNAs (various), 

tRNAs (various) 

 

miR-133b 

 

 

burned skin  

 

kidney tubular, lung 

epithelial, 

endothelial, MCF7 

cancer line 

 

N/A 

 

 

neural, endothelial 

 

 

68 

 

9, 69, 70 

 

 

 

 

71 

 

 

10 

 

Other tissue stem 

cells: 

 

liver stem cells 

 

 

kidney cancer stem 

cell 

 

 

 

 

 

mRNA (AGO2), miRNA 

(antiproliferative) 

 

miRNAs (angiogenic) 

 

 

 

 

 

 

hepatocytes, liver 

cancer cells 

 

lung endothelia 

 

 

 

 

 

 

72, 73 

 

 

74 
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endothelial 

progenitors 

 

cardiac stem cells 

 

 

neural stem cells 

miR-126, miR-296 

 

 

miR-146a 

 

 

IFNγ-IFNγR1 

pancreas endothelia 

 

 

cardiomyocytes, 

cardiac endothelia 

 

NIH 3T3 

75 

 

 

76 

 

 

77 

 

Other cells types/tissues: 

motoneurons, colon 

cancer 

nodal cells, epidermal 

cells,  

 

imaginal disk cells, 

chick notochord cells 

 

endothelial 

Wg (Wnt), Evi (WLS) 

 

  

 

 

Hh 

 

 

 

Delta-like 4 (Notch 

ligand) 

muscle, fibroblasts 

 

 

 

 

N/A, anterior 

receiving cells 

 

 

endothelial 

78, 79, 80 

 

 

 

 

81, 82, 83, 84, 85 

 

 

 

86, 87 

heart AT1R cardiomyocytes, 

endothelial 

88 

lung mRNA for surfactant marrow cells 89, 42 
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proteins B, C 

liver miRNAs (various) hepatocytes 90 

kidney aquaporin 2 N/A 91 

brain neural proteins and 

nucleic acids (various) 

brain cells (various) 92, 93 

Immune system: 

 

PBMCs 

 

DCs 

 

 

 

B cells 

 

 

Jurkat T cell line 

 

Mast cells 

 

 

 

miRNAs (various) 

 

MHCI, MHCII, antigen, 

co-stimulatory ligands 

 

 

MHCI, MHCII, antigen, 

co-stimulatory ligands 

 

miRNA (various) 

 

mRNA, miRNA 

(various) 

 

 

blood cells (various) 

 

T cells 

 

 

 

T cells 

 

 

APCs 

 

CD34+ HPCs, lung 

epithelial cell line  

 

 

94 

 

95, 96, 97 

 

 

 

98, 99 

 

 

100 

101, 102 

 
 
 
 

 

Abbreviations: Ang1, angiopoietin 1; APC, antigen presenting cell; DC, dendritic cell; ESC, 

embryonic stem cell; EV, extracellular vesicle; FGF7, fibroblast growth factor 7; HPC, 



 

22 
 

hematopoietic progenitor cell; HSC, hematopoietic stem cell; iPSC, induced pluripotent stem 

cell; MHCI, major histocompatibility complex class I; MHCII, MHC class II; MSC, 

mesenchymal stem cell; NA, not applicable; PBMC, peripheral blood mononuclear cell. ABs 

result from fragmentation of apoptotic cells and therefore is composed of plasma and organellar 

membranes and partially hydrolyzed nuclear and cytoplasmic material.  ABs are play key roles 

in cellular homeostasis, including inducing immunogenic tolerance in the absence of infection, 

which is exploited for induction of immunological tolerance in animal studies and in clinical 

trials103-105.  Some ABs are likely released when exogenous stem cells infused IV are trapped in 

filter organs and may therefore influence the therapeutic outcome. 

Lipid, protein and nucleic acid composition of EVs 
 
As mentioned for reticulocyte exosomes, alteration of membrane lipid and protein composition is 

one important function of EVs106.  The lipid profile in EV subsets depends on the cell type34, 

membrane origin, and the activity of membrane lipid scramblases, flippases or floppases.  There 

are few studies on the lipid distribution in different membranes and lipid rafts of stem cells, but 

nevertheless, the presence of certain membrane proteins that bind to specific lipids, such as 

lactadherin and annexins which bind to phosphatidylserine, and prominins which bind to 

cholesterol, have been reported on stem cell EVs107 (Figure 2). This phenomenon may reflect a 

distinct lipid distribution in stem cell EVs compared to the average distribution in their 

originating stem cells or that of EVs from other cells.  

EVs contain integral membrane proteins such as tetraspanins and pentaspan proteins, 

peripheral membrane proteins such as lactadherin and annexins, submembrane actin and 

intermediate filaments, and intravesicular proteins that are either soluble or associated with the 

above proteins (Figure 2).  Interestingly, prominin-1 (CD133) and prominin-2 that associate with 
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cholesterol are highly enriched in stem cell membrane projections, cytonemes, cilia, microvilli, 

as well as on EVs, although the mechanisms by which prominins contributes to stemness, 

sensing, differentiation or other stem cell functions remain unclear107-109.  Tetraspanins play 

particularly prominent roles in cytonemes and EVs by giving them curvature and strength, and 

regulating the spacing, distribution, trafficking and fusion of membrane proteins and their 

interacting partners110.  This naturally organized and interlaced membrane texture likely accounts 

for EVs being nearly as strong as viruses and about an order of magnitude stronger than synthetic 

liposomes111.  Indeed, their intrinsic durability and natural biocompatibility may render EVs 

particularly suitable delivery vehicles for natural and synthetic therapeutics. 

 EVs contain a variety of nucleic acids (Figure 2), and in fact, circulating cell-free nucleic 

acids might largely be found within EVs or associated in various lipoprotein and riboprotein 

particles since the half-life of naked nucleic acids in serum is low34,112,113.  Following the 

landmark discovery that functional mRNA can be transferred through exosomes8, numerous 

other studies have shown several biological roles of EVs shuttling RNAs in cell-to-cell 

communication112. Nucleic acids found in EVs include virtually all RNA species (mRNAs, 

rRNAs and tRNAs required for translation, and lncRNAs, microRNAs, piRNA, vaultRNAs and 

Y-RNAs involved in regulation of various other aspects of gene expression)34. In particular, 

lncRNAs are known to bind to complementary DNA or RNA targets, but to also act as aptameric 

ligands for other biomolecules such as proteins, to regulate gene transcription, post-

transcriptional and epigenetic events, especially during developmental and differentiation 

processes114.  Also importantly, microRNAs (miRNAs) are a distinct class of small (~22 

nucleotides) single stranded non-coding RNAs which play critical functions in regulation of 

cellular gene expression by binding to complementary sequences in the target mRNAs, leading 
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to either translational repression or target degradation of the specific mRNAs115.  Interestingly, 

miRNAs transferred via EVs to other cells can alter recipient cell responses as miRNAs act in 

catalytic-like fashion and can target multiple critical nodes in intracellular pathways34,112,116.  

Illustrative examples of EVs transporting stem cell and parenchymal mRNA, miRNA and 

lncRNA will be discussed in subsequent sections.  Nucleic acids and proteins of EVs have been 

curated in several databases, including the database ExoCarta (http://www.exocarta.org) and 

EVpedia (http://www.evpedia.info). 

EVs in spreading of intercellular signaling 
 
In contrast to intracellular signaling which occurs by both soluble protein factors and via 

scaffolded complexes117, similar multi-component extracellular signaling occurs rarely, with 

notable examples including blood clotting complexes, amyloid complexes and other aggregates, 

and antigen complexed with complement factors or antibodies.  The fact that EVs host multiple 

proteins endows them with more information content capacity compared to the traditional single-

molecule messengers such as hormones, growth factors, cytokines and other mediators49,105.  

And since EVs are thought to host membrane receptors in the same organization as the in the 

source cell, they may convey similar responses in recipient cells.  For example, exosomes 

derived from antigen presenting cells bear MHC II-peptide complexes (and presumably other 

adhesion and co-stimulatory receptors in their proper stoichiometry and spacing) which can 

activate cognate T cells118. 

Signal transduction at the plasma membrane also initiates negative feedback loops to 

extinguish the signal, including by endocytosis of receptor-ligand complexes, thereby 

distinguishing persistent from spurious signals.  However, although endocytosis was initially 

thought to dampen signaling by degrading active receptor-ligand pairs, it is actually required for 
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some signaling events emanating from intracellular endosomes119.  Thus, depending on the fate 

of the early endocytic vesicles or MVBs, their fusion with the plasma membrane to emit 

exosomes may spread intracellular endocytic signaling120 to other target cells121 (Table 1), 

whereas their fusion with lysosomes or autophagosomes could extinguish signaling.  In fact, 

signal-inducing EVs have also been variously referred to as intercellular signaling devices122, 

circulating signaling modules123, intercellular signalosomes35 and intercellular signaling 

organelles124,125; similarly, EV-mediated signal propagation across cells has been variously 

referred to as exosomal targeted receptor activation (ExTRAcrine) signaling126 or intercellular 

transfer (ICT) signaling121.  This EV-mediated intercellular communication is expected to be 

particularly applicable to motile heterogeneous cells (where communication through gap 

junctions is not as feasible compared to stationary tissues), such as immune cells or mobilized 

stem cells from bone marrow, fat deposits or other stores.  Since tissue-resident and exogenous 

IV-infused stem cells are typically rare and not necessarily in direct contact with the injured 

cells, they could utilize soluble factors as well as EVs and their contents to reach the layers of 

injured cells or coordinate tissue-wide responses.   

 

Endogenous EVs in embryonic development and adult tissue homeostasis  

EVs and morphogen distribution in development 
 
The development and growth of the embryo during development, and the actions of adult stem 

cells during tissue regeneration, are controlled by biomolecular signals with various 

concentration gradients and topologies (soluble, particulate, membrane-, cytoneme- or vesicle-

bound).  Soluble growth and differentiation factors, frequently referred to as morphogens, may 

be distributed along gradients from their source and captured on extracellular matrix or 
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membrane proteoglycans before engaging their cognate receptors to initiate signaling.  Although 

stem cell differentiation factors, such as Wnt and Hh, are known to be lipidated small proteins 

flowing along membranes from parenchymal cells or nearby niche and stromal cells to recipient 

stem cells127, recent reports indicate they may also be emitted in other forms, including on 

EVs39,40,125,128 (Figure 3).  Furthermore, these morphogens may be secreted on EVs by various 

invertebrate and vertebrate cell types40,80, and in some cases secreted in a polarized way in 

extracellular compartments such as immune and nerve synapses, epithelial compartments and 

stem cell niches128.   For example, intestinal epithelial cells were found to secrete two types of 

exosomes129 from their apical and basolateral membranes enriched in distinct phospholipids and 

proteins38,130.   

 Thin cell projections variously referred to as filopodia, dendrites, tunneling nanotubes or 

cytonemes transport morphogens and other signals during embryonic development131.  

Cytonemes lack the typical 9+2 microtubules found in cilia and instead are organized by a 

variety of membrane proteins, particularly tetraspanins and certain lipids to serve as long-ranging 

platforms of cargo distribution, including on EVs, from source to recipient cells110,132.  During 

Drosophila embryonic development, cytonemes from wing cells orient toward source cells 

producing morphogens like Wnt, Hh, EGF, FGF and Dpp and this polarized orientation and 

cytoneme length are typically reduced when the ligands are distributed uniformly under 

experimental conditions131,133.  Similar roles for cytonemes in morphogen transport and signaling 

have been described in vertebrates134 where, in addition, Hh signaling occurs only in cilia.  Stem 

cells may use cytonemes to reach distant tissue cells, for example, mesenchymal stem cells 

(MSC) were found to transfer cytoplasmic content, including mitochondria, to cardiomyocytes135 

(Figure 3).   
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Figure 2.3.  EVs in bidirectional communication between stem and parenchymal cells.   Stem cells may 

sense parenchymal cell injury or distress by receiving parenchymal EVs, and in turn, stem cell EVs harboring 

pro-healing RNAs and proteins may be received by parenchymal cells, maintaining tissue homeostasis.  

Cellular cytonemes and cilia can establish direct contact between cells for transfer of biomolecules, and can 

also serve as transmission points for EVs.  During development, cytonemes and EVs also carry morphogens 

such as Wnt, Hh and Notch ligands. Abbreviations: EV, extracellular vesicle; ICAM, intercellular adhesion 

molecule; MHCI, major histocompatibility complex class I.  

 

 



 

28 
 

Another possibility by which mobilized marrow or resident stem cell may reach injured cells 

may be through the recently discovered telocytes, which are cells with a prominent primary 

cilium proposed to be involved in sensing parenchymal health and distress signals and conveying 

them to stem cell136.  Platelets activated under shear flow also formed cytoneme-like appendages 

termed FLow-Induced PRotrusions (FLIPRs), which pinch off microvesicles at their tips137, and 

a variety of other spherical and tubular EVs (possibly from severed cytonemes) have been 

reported in plasma138. 

Cytonemes and cilia may serve at terminal transmission points for EVs, possibly in a 

polarized way to certain compartments such as neural and immune synapses, endocrine 

compartments and blood128,131,139.  Thus, in C. elegans, ciliated sensory neurons 

released microvesicles (but not MVB-derived exosomes) with functions in mating behavior140.  

During the development of the neuromuscular synapses in Drosophila, Wnt and Wnt-binding 

proteins were found to be emitted and received across the synapse on exosomes78,79.  In the 

developing wing epithelium of Drosophila, Wnt and Hh were found to be transported on 

lipoprotein particles141 as well as on bona fide exosomes141,142, although the Wnt gradient may 

form independently of exosomes143.  Similar to Wnt, the morphogen Hh was found in exosomes 

budding from apical microvilli of the mouse ventral node during embryonic development81. 

Another study reported that EVs bearing Hh could induce effective Hh signaling in recipient 

cells only when EVs also carried integrins85, possibly pointing to the importance of adhesion and 

ligand avidity for EV activity.   

Secretion of exosomes containing Hh-related peptides during cuticle development in C. 

elegans required acidification of the endosomes by vATPases82, and a similar role for an 

acidifying vATPase has been made for triggered Wnt receptor components144,145.  But this 
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acidification of Wnt and Hh ILVs in MVBs might not necessarily serve to hydrolyze contents as 

it does in digestive lysozomes, phagosomes and autophagosomes; instead, it could potentially 

serve to strip the ligand off receptor120, or to facilitate recognition of pH-dependent 

conformations of specific Wnt and Hh factors by their internalizing or other intracellular 

receptors.  The Notch signaling ligand Delta-like 4 (Dll4) can also be distributed in exosomes, in 

which form it may regulate long-distance angiogenesis during tissue regeneration86,87.  And like 

Wnt and Hh signaling, Notch signal transduction involves receptor-ligand internalization in ILVs 

within MVBs146, though it is not yet clear whether these Notch-bearing ILVs are processed 

further or released again from their MVBs as exosomes for other rounds of intercellular 

signaling.  Overall, these reports point to a likely role for EVs in spreading signal transduction 

through multiple parenchymal or niche cells to activate and differentiate stem cells.  

EVs in injured adult tissues 
 
Apoptosis and its end products, ABs, play a critical role during embryonic development (e.g. in 

regulation of limb webbing) and during adult cellular homeostasis by controlling the process of 

apoptosis-induced proliferation147 and by regulating immune responses148.  ABs contain several 

molecules that are normally absent on the outer membrane leaflet of healthy cells and serve as 

“find me” and “eat me” tags (such as the lipids phosphatidylserine and lysophosphatidylcholine, 

and the proteins calreticulin, lactadherin and annexins) to recruit and activate phagocytes148.  

ABs may be resorbed through efferocytosis not only by professional phagocytes such as 

macrophages, but also by non-professional phagocytes such as neighboring parenchymal cells149, 

underlying progenitor cells, fibroblasts, and MSC150.  One hypothesis is that early progenitor 

cells may uptake EVs or even AB remnants of the deceased cells loaded with nucleic acids, 

lineage-determining transcription factors or other signals that may therefore contribute to the 
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progenitor cell terminal differentiation.  Indeed, several recent reports, particularly from the 

laboratories of Quesenberry and Camussi, indicate that EVs released from parenchymal cells 

influence underlying stem cells, and conversely, EVs released from stem cells influence 

parenchymal cells41,42,151 (Figure 3).  Thus, parenchymal lung or prostate cell microvesicles were 

found to deliver their mRNA cargo into bone marrow cells, thereby exerting tissue-specific 

changes in these cells89,152,153. These stable changes in recipient stem/progenitor cells may 

depend on their cell cycle as well as on the extent of injury in parenchymal cells emitting EVs154-

156.  Conversely, considering that mobilized bone marrow MSC or tissue-resident stem cells, 

which are sparsely distributed157, may not be able to directly reach all the injured parenchymal 

cells, they could instead utilize cytonemes and EVs to deliver pro-healing factors (such as certain 

lipids, signaling receptors/ligands, enzymes, lineage-determining transcription factors, coding 

and regulatory RNA) targeting specific pathways in recipient cells to restore cellular and tissue 

homeostasis (Table 2.1). 

Stem cell EVs as therapeutics: a new paradigm for cell-free therapy 
 
It is plausible that ex-vivo-manufactured natural and engineered stem cell EVs administrated in 

the patient can be used to recapitulate some or most of the therapeutic benefits of whole stem 

cells while potentially avoiding pitfalls associated with the latter, such as neoplastic 

transformation158 and immune response activation159.  Because of their acellular status and small 

size, EVs present the following advantages over the whole cells: they may avoid entrapment in 

filter organs and potentially cross other biological barriers, they may be modified and loaded 

with reagents of interest, they may be stored without significant loss in activity, and they may 

have lower side-effects and other risks associated with cell transformation and 

immunogenicity34,45.  In addition, as mentioned earlier, the fact that EVs host multiple types of 
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biomolecules potentially allows them to target different therapeutic mechanisms simultaneously, 

which is not possible by the traditional single-molecule entities. Furthermore, due to the natural 

biogenesis machinery of EVs, they are amenable to similar genetic engineering approaches as the 

whole cells for uploading cargos of interest, whereas this is as yet generally incompatible with 

the nanoparticle and liposome technologies. 

Preparation and engineering of exogenous stem cell EVs 
 
EVs are isolated based on differential ultracentrifugation160, gel filtration on special matrices161 

or tangential flow filtration162, with the latter being suitable for industrial-scale production.  

Since exogenous stem cells infused IV in the patient are subjected to a variety of stresses (e.g. 

hypoxia resulting from cellular aggregation, nutrient starvation, shear stress and deformation of 

infused cells), this justifies the stimulation of stem cells during their in vitro culture expansion 

with various pro- or anti-inflammatory cytokines, growth factors, nutrients, oxygen 

concentrations, etc. to pre-condition them to produce EVs with improved therapeutic roles.  For 

instance, cytokines such as IFN-γ and TNF-α induce the expression of PD-Ll and MHC II 

(which are critically involved in orchestration and resolution of the inflammatory response) and 

therefore are frequently used to condition stem cells before harvesting their EVs163.   

 The three main types of EV cargo include proteins, RNA and small-molecule drugs, 

which can be loaded into EVs by active approaches (i.e., incorporated during EV biogenesis, e.g. 

by genetic modification of the cells) and passive approaches (incorporated after EV secretion, 

e.g. by electroporation164 or chemical conjugation165).  Engineering of stem cell EVs typically 

takes advantage of their natural production processes and properties, and further combines them 

with genetic or non-genetic designs to add functionalities (e.g. targeting, therapy, sensing, 

imaging) (Figure 4).  Receptor-ligand pairs can be utilized to deliver modified EVs bearing 
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receptors that bind to the ligands on target cells, therefore reducing off-target effects while 

increasing efficacy.  For example, Epstein-Barr virus (EBV)-transformed B cells secrete 

exosomes containing glycoprotein 350 which selectively target other CD21+ B cells166, whereas 

neuron-specific rabies viral glycoprotein (RVG) peptide was genetically fused to Lamp2 to 

enrich it on EVs and thereby deliver a specific siRNA to the brain13.  Genetic modification of 

cells with CD47 or CD200 may protect against their phagocytosis, whereas CD55 and CD59 

“don’t eat me” tags provide protection from complement-mediated lysis of EVs167,168. 

Tags that bind specific types of nucleic acids are particularly relevant to bioengineering 

stem cell EVs containing RNAs targeting particular pathway(s).  Poly A binding protein, which 

binds mature mRNAs, can be utilized to selectively recruit mRNAs into EVs.  Alternatively, a 

zipcode-like ~25 nucleotide (nt) sequence present in the 3′-untranslated region (3′UTR) of 

certain mRNAs can be incorporated into the 3′UTR of the mRNA of interest and be recruited by 

the zipcode binding protein 1 (ZBP1, gene symbol IGF2BP1)169.  Likewise, to selectively enrich 

EVs with miRNAs, Ago protein or catalytically dead Dicer/Drosha can be fused, e.g. to the 

tetraspanin CD63 (both C and N termini are intravesicular) to load miRNAs or pre-pri miRNAs, 

respectively.  Polycomb repressive complex 2 (gene symbols EZH1 and EZH2) selectively 

recognizes certain lncRNAs and therefore can be utilized to enrich lncRNAs into EVs.  Other 

RNA types, such as P-element induced wimpy testis (piwi RNA) can be loaded in EVs by 

recruiting them via motifs of the interacting proteins Miwi (gene symbol PIWIL1), Miwi2 

(PIWIL4), or Mili (PIWIL2)170.  Finally, vault RNAs can be enriched into EVs by 

overexpressing major vault protein (gene symbol MVP) fused with CD63. 
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Figure 2.4.  Engineering of exosomes.  EVs can be engineered to incorporate nucleic acids and 

proteins of interest (POI).  To concentrate a protein in the lumen of EVs, its interacting partner can 

be fused with tetraspanin CD63.  Likewise, miRNAs can be enriched into EVs by fusing Ago 

protein with CD63.  Poly A binding protein, which binds mature mRNAs, can selectively recruit 

mRNAs into EVs.  lncRNAs can be enriched in EVs by fusing motifs from polycomb repressive 

complex 2 (EZH1 and EZH2) with tetraspanins.  To incorporate POI on membrane of EVs, 

sequences coding for acylation motifs or membrane-spanning helices can be fused to POI.   
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Loading of EVs is not limited to biological cargo, but is also feasible for traditional 

small-molecule drugs, which are typically incorporated in EVs through post-isolation methods 

such as electroporation, transient osmotic shock or reversible chemical covalent modification.  

For example, dendritic cell (DC)-derived EVs loaded with doxorubicin delivered it to breast 

cancer cells thereby inhibiting tumor growth without major toxicity171, and likewise, curcumin (a 

naturally-occurring anti-inflammatory compound) was encapsulated inside EVs and delivered to 

the brain to reduce inflammation172.  

Exogenous stem cell EVs in tissue regeneration and immunomodulation 
 
Among various stem cell EVs, most studies have been conducted on EVs from embryonic stem 

cells (ESC), hematopoietic stem (HSC) or progenitor (HPC) cells, neural stem cells (NSC), 

endothelial progenitor cells (EPC) and MSC45,52,173-176. Human ESC-derived microvesicles 

induced de-differentiation and pluripotency in their target retinal Müller cells by selectively 

transferring mRNA (Oct4 and Sox2), microRNA (290 cluster), and proteins to recipient cells to 

alter gene expression and epigenetic state, raising the possibility of employing EVs to enhance 

the retina's endogenous regenerative capacity64.  Murine ESC-derived exosomes enhanced the 

healing of infarcted hearts by increasing cardiomyocyte survival and neovascularization and 

reducing fibrosis177.  Similarly, microvesicles from human EPCs transferred mRNA and miRNA 

that activated endothelial cell proliferation to support revascularization of injured murine 

tissue75,151,178.  In addition, exosomes from human cardiac progenitor cells expanded ex vivo 

regenerated injured murine hearts by inhibiting apoptosis and increasing the proliferation of 

cardiomyocytes and endothelial cells76. 

Stem cells like ESC and iPSC have tremendous promise, but at present they remain 

constrained for clinical use by lingering safety issues that include their immunogenicity, 
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incomplete differentiation and neoplastic transformation158,179.  In current practice, MSC (usually 

obtained from adult bone marrow, adipose tissue, or neonatal umbilical cord) are among the most 

widely used types of adult stem cells in animal studies and human clinical trials180,181 for reasons 

that include easy isolation and expansion in culture, their comparatively infrequent 

maldifferentiation or neoplastic transformation182, their natural tropism to injured tissues183 or 

cancer182, and, finally, their potent immunomodulatory properties181,184,185.  For these reasons, 

MSC-EVs are also among the most widely studied types of stem cell EVs, reported to help heal a 

variety of stressed parenchymal tissues 175,181, as discussed briefly below. 

In the subtotal nephrectomy murine model of kidney regeneration, microvesicles from 

MSC, like the whole MSC, protected against renal injury by decreasing the levels of creatinine, 

uric acid, lymphocyte infiltration and fibrosis186.  Similarly, MSC-derived microvesicles 

improved the recovery from glycerol-induced acute kidney injury (AKI) by shuttling mRNAs 

associated with the mesenchymal phenotype and inducing proliferation of renal tubular cells9.  In 

a murine model of fibrotic liver disease induced by carbon tetrachloride, exosomes derived from 

human umbilical cord MSC reduced the surface fibrous capsules by reducing collagen 

deposition, and alleviated hepatic inflammation by increasing the levels of (TGF)-β187.  

Likewise, in a rat skin burn model, MSC exosomes carrying Wnt4 enhanced cutaneous wound 

healing by increasing the expression of CK19, PCNA and collagen I that cumulatively enhanced 

functional re-epithelization68.  In an acute lung injury (ALI) murine model induced by 

lipopolysaccharides (LPS), MSC-derived microvesicles reduced pulmonary inflammation and 

enhanced tissue recovery, mediated in part by delivery of angiopoietin 1 (Ang1) and keratinocyte 

growth factor (KGF, FGF7)69.  Similarly, exosomes from bone marrow or umbilical cord MSC 

were enriched for miR-16 and miR-21 and enhanced lung tissue recovery in a murine model of 



 

36 
 

hypoxia-induced pulmonary hypertension (HPH) by suppressing the production of monocyte 

chemoattractant protein-1 (MCP-1) to reduce the influx of macrophages, and by reducing the 

activation of signal transducer and activator of transcription 3 (STAT3) to inhibit vascular 

remodeling188.  MSC-EVs enhanced recovery in a mouse model of myocardial 

ischemia/reperfusion injury by increasing the levels of ATP and NADH, increasing 

phosphorylated-Akt and phosphorylated-GSK-3β, reducing phosphorylated-c-JNK, and 

decreasing oxidative stress189.   In the stroke model by cerebral artery occlusion (MCAo) in rats, 

MSC exosome delivered miR-133b to neural cells to enhance neurite outgrowth after stroke10 

and promoted functional recovery by increasing the number of proliferating neuroblasts and 

endothelial cells190.  Finally, there is only one report to date of EVs administered under 

compassionate care to a patient suffering from graft vs host disease (GvHD)191 that reported no 

adverse effects, although conclusions could not be drawn due to sample size, and it is expected 

that clinical trials will commence in the near future. Taken together, these results suggest that 

MSC-EVs mediate therapeutic effects in different disease models via multiple mechanistic 

pathways (Table 1), and can thus provide a novel approach for the treatment of degenerative, 

inflammatory and acute injury-associated diseases181. 

EVs in cancer, metastasis and drug resistance  
 
We briefly discuss EV’s effects on cancer, metastasis and drug resistance, particularly in the 

context of safety of using EVs as regenerative therapies.  This is particularly relevant because 

tissue repair after injury involves extensive stem cell activity, a myriad of remodeling and 

immunoregulatory factors (including on EVs) secreted by parenchymal, niche, stromal and stem 

cells, and therefore enhanced probability for the chronic wound to turn to various grades of 

neoplasia192.  Considering that certain stem cells, especially ESC or iPSC, are particularly prone 
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to formation of both benign teratomas and malignant teratocarcinomas upon in vivo 

administration158,179, it would be interesting to study whether stem cell EVs play any roles in 

these processes.  We have already mentioned that since EVs are acellular, they are expected to be 

less tumorigenic than the whole stem cells they derive from.  Nevertheless, EVs, whether from 

stem cells, parenchymal cells or various grades of neoplastic cells have been reported to 

influence tumor formation, metastasis and drug resistance36,60,193,194. In particular, cancer stem 

cells (CSC), a subpopulation of stem cell-like cancer cells capable of giving rise to 

tumors109,192,195-198, frequently depend on, or respond to, factors typically associated with 

embryonic development, in particular Wnt, Hh and Notch ligands discussed previously, which 

are associated with membranes, including EVs.  Thus, dysregulation of EVs carrying growth 

factors, morphogens, immune receptors and certain nucleic acids might also be involved in 

induction and/or maintenance of CSC activity199, as well as in subsequent tumor growth and 

metastasis193,200,201 topics which are expected to continue to be studied in future. 

The literature so far is inconclusive on whether stem cell EVs may suppress or promote 

tumors.  Part of the discrepancy may be due to the complexity of signals and pathways that are 

used by stem cells such as MSC to sense and home to tumors possibly overlapping with 

mechanisms that guide them to sites of injury and inflammation182-184.  In other words, the pro- 

or anti-tumor properties of stem cells and their EVs may depend on the conditions used to culture 

the stem cells and induce EV production, and also on the tumor model system used, since both 

the tumor microenvironment and the systemic environment of the host can vary greatly from 

tumor suppressive to tumor promoting202-204.  Thus, EVs from MSC were found to transport 

tumor-supporting microRNA, proteins, and metabolites70, and similarly, microvesicles from 

renal CSC stimulate angiogenesis and formation of lung premetastatic niche74.  By contrast, in a 
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separate study, liver stem cell-derived microvesicles were reported to inhibit hepatoma growth 

by delivering antitumor microRNAs73.  In an early study, dendritic cell (DC) exosomes 

(sometimes referred to as dexosomes) eradicated tumors95 via the well-known antigen 

presentation and co-stimulation immune mechanisms.   

One recent and particularly illuminating study employed cre-lox techniques as evidence 

for EVs in mediating cancer metastasis57.  In this approach, EVs from tumor cells expressing cre 

recombinase were uptaken by proximal as well as distant tumor cells expressing a stop-flox-

reporter, and the uptake of EV factors, such as certain mRNAs, correlated with enhanced 

metastasis of recipient, initially less malignant, tumor cells.  Likewise, lung cancer cells released 

EVs that induced phenotypic changes in recipient bone marrow cells205.  In addition, cancer cells 

have been reported to release EVs to induce anergy or apoptosis in immune cells206, to expel 

anti-tumor drugs via EVs207, and to also get rid of targeting antibodies by shedding EVs carrying 

the target-antibody complexes208, as three novel mechanisms of tumor immune evasion and drug  

resistance.  

In summary, regardless of the uncertainty in the literature, the above and related studies 

(Table 2.1) implicate dysregulated EVs as a new mechanism of neoplastic transformation, 

metastasis and resistance60,193, and caution the therapeutic use of stem cell EVs before their 

safety profiles especially tumorigenesis are thoroughly validated in vivo. On the other hand, the 

link between EVs from stem cells or various cell types of the tumor microenvironment also 

suggests approaches to selectively target cancer cells including CSC109,198, e.g. by utilizing EVs 

displaying particular Wnt or Hh factors to enhance their targeting, uptake and processing by 

CSC.  Where targets in a particular tumor are known, EVs could also be bioengineered to deliver 

anti-tumor nucleic acids, membrane bound antibodies or small molecule drugs.  For example, 
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MSC-EVs were used to transfer anti-mir-9 to glioblastoma multiforme cells to reduce their 

chemoresistance by downexpression of drug efflux transporter p-glycoprotein209. 

Manufacturing EVs 
 
It is currently difficult to obtain sufficient quantities of EVs for large-scale in vivo animal studies 

and human clinical trials173.  In our experience, 1 litre of MSC conditioned media from a total of 

about 60 million MSC yields about 1-2 mg (protein content) EVs, sufficient for experimentation 

in only a few mice.  For comparison, depending on the disease model, the range of EV 

therapeutic efficacy is ~ 50-500 µg (protein content) per administration in the mouse, whereas in 

human clinical trials with stem cells, typically 1 million whole cells/kg are administered.  EVs 

were administered to a GvHD patient using an escalating dose regimen beginning at total EV-

protein 0.05-0.15 mg/kg and ending at 0.20-0.60 mg/kg191.  This first clinical study hints at 

future approaches to personalize treatment with EVs depending on the patient’s condition, 

whether using “off the shelf” EVs suitable for a variety of patient groups or deriving them from 

autologous stem cells expanded and modified ex vivo (Figure 5), that either way will require 

considerable quantities of EVs. 

One solution to the EV large-scale production challenge would be to extract clinical-

grade EVs from spent culture media (containing EVs) currently considered biotech waste210.  

The current methods for isolating EVs are ultracentrifugation (current benchmark), polymer 

precipitation, size-exclusion chromatography (SEC), tangential flow filtration (TFF), and 

research continue to improve operational challenges and associated high costs.  Both SEC and 

TFF have been used industrially for applications such as the production of recombinant proteins 

and antibodies, therefore, they may be modified for industrial purification of EVs.  Other 

approaches that could potentially meet the scale of EVs for clinical tests induce cell 
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fragmentation into membrane vesicles followed by loading with drugs211, or enveloping 

nanoparticles with cell membranes212,213.  

Besides potency, safety considerations that include toxicity, side effects, and 

pharmacokinetics studies, would also be required for therapeutic EVs to become adopted in the 

clinic.  The use of animal serum-free media is also recommended for EV products, since serum 

itself contains EVs that may influence recipient cell responses214. As EVs host complex mixture 

of biological molecules, some of which may be counter-effective, bioengineering tools described 

previously may be used to avoid them.  For example, stem cell lines could be engineered to lack 

CIITA or MHC genes in order to reduce the potential immunogenicity of EVs and therefore 

make them available for a genetically diverse group of patients. 

Regulatory and quality control aspects of EVs 
 
The size and complexities of EVs fall in the range between whole cells and defined single 

molecule pharmaceuticals, similar to the clinically approved platelet lysate.  Like cell-based 

therapies, it is not possible to produce EVs under exact homogeneity from batch to batch as is 

done for chemically defined drugs.  Nevertheless, this does not necessarily preclude their 

eventual adoption in clinical practice.  Rather, just like the case for therapy employing whole 

cells215, once the mechanism of action (MoA) has been delineated in full or in part, then assays 

that test for the active ingredient(s) within specified parameters can assure EV product quality 

and potency.  Thus, the quality control assays for EVs necessary combine features of cGMP 

testing of cells and the more traditional cGMP testing of chemical drugs216-219.  Indeed, according 

to regulatory agencies, the pharmaceutical classification of EV preparations is biological 

medication, which is defined as one or more active substances derived from living cells.  

Currently, regulatory frameworks for EV-based manufacturing and clinical trials exist in Europe, 
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Australia and United States. In the USA, EV-based therapies for human use are regarded as 

biological products, regulated by the Center for Biologics Evaluation and Research (CBER), a 

division within the Food and Drug Administration (FDA). 

Similar to current cellular therapies in clinical trials (e.g. stem cells, immune cells) that 

can be tested for potency and other therapeutic parameters before administration in patients, stem 

cell-derived EVs can likewise undergo similar potency/quality control testing217,218.  The active 

substance in therapeutics determines their pharmaceutical classification, and largely determines 

the MoA216,220.  Where possible during early during clinical development, defining the class or 

type of the active substance(s) responsible for the MoA in EVs will determine the 

pharmaceutical control strategy such as potency and consistency quality control tests.  For 

example, most of the reported active ingredients in EVs fall largely in two classes: nucleic acids 

(especially mRNAs and miRNAs) and proteins (especially surface receptors and intravesicular 

enzymes or transcription factors).  Once identified, active ingredients of EVs can be 

overexpressed using the bioengineering tools described in the previous section to improve 

homogeneity and consistency of manufacture.  In fact, the investigation of EV’s MoA could lead 

to discovery of single agents such as nucleic acids, peptides or proteins that could be used 

therapeutically on their own, as have been done in the area of stem cell transplantation43.  On the 

other hand, if the specific molecule(s) of the MoA have not been determined, then alternatively a 

potency assay may test for inactivation of the class of active ingredient (e.g. use UV or gamma 

irradiation to inactivate nucleic acids, or use proteases to remove surface proteins from EVs).  In 

general, the in vitro potency assays will vary depending on EV types and therapeutic application 

and is designed by the investigators and independently tested by the appropriate regulatory 

agencies219.  Homogeneity/consistency assays may also be developed to track selected 
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biomarkers in each batch.  Finally, non-active components needed in the final formulation of a 

drug (excipients) also need to be characterized220. 

In conclusion, although for many therapeutic applications of EV, the specific MoA might 

not be completely definable, because of their complex nature, EVs are arguably more amenable 

than cells to logistical operations such as potency assays, freeze/thawing, batch tracking and 

related quality control tests.  As the technologies for analyzing EVs develop further, the quality 

control for their characterization is also expected to develop further.  

Stem cell EVs as biomarkers and diagnostics 
 
EVs are increasingly being investigated as potential as biomarkers of health and pathology221-224, 

in what is termed “exosome biopsy” (selected companies that develop exosome diagnostics are 

listed in Box 2).  There are several reasons for this: EVs are found in all bodily fluids34 and 

therefore can be accessed with existing and relatively noninvasive protocols; EVs are released in 

a dynamic fashion and carry combinatorial signals; EVs host nucleic acids whose analysis is 

particularly suitable using next generation sequencing methods225; and finally, there are growing 

pre-clinical studies of protein and nucleic acid composition of EVs (Table 1) which may allow 

correlations with existing biomarkers226,227. Most of the studies on EVs as biomarkers, or on EV-

hosted biomarkers, have been in cancer research228,229, neurology230-232, pre-natal genetic 

testing233,234, and immunology/haematology113,235,236. The Box 2 titled Selected Companies 

Conducting Research and Development on EVs lists some companies that develop exosome 

diagnostics. 
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Box 2.2: Selected companies in the field of EVs. 

Box 2.2: Selected companies in the field of EVs 

Capricor Therapeutics, Inc: a clinical stage biotechnology company focusing on 

development of cardiac-derived SC (CDCs) therapeutics to repair damaged heart tissue.  

Capricor is evaluating the potential of CDC-derived exosomes as a cell-free product 

platform in cardiovascular and non-cardiovascular areas. 

Reneuron:  utilizes neural SC-derived exosomes to treat neurological diseases.  NSC 

exosomes promote neurogenesis, angiogenesis and modulation of immune system.  

System Biosciences (SBI): the pioneer company in developing products for EV isolation, 

characterization and labeling. SBI has also engineered tools for next-generation 

sequencing services to accelerate the study of nucleic acid composition of EVs. 

Anosys, Inc: acquired by Chromos Colecular Systems Inc, Anosys' healthcare products 

use DC-derived EVs for the development of new cancer therapies. 

Exosome Diagnostics:  focused on developing and commercializing biofluid-based 

diagnostics to deliver personalized precision healthcare, particularly for cancer. 

Caris Life Sciences: a leading molecular informatics company which has developed 

Carisome TOP platform to analyze and identify the EVs from distinct patient populations. 

Aethlon: creates diagnostic tools to detect and quantify the presence of exosomes in blood 

and other fluids. Its subsidiary Exosome Sciences is testing the Hemopurifier device in 

clinical trials to deplete cancer-derived exosomes from the blood of advanced-stage cancer 

patients.  

Exovita Biosciences:  is developing exosome-based therapies to selectively target breast 

cancer cells with fewer side effects. 
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As cell-based medications become more widespread and eventually enter clinical practice, newer 

methods are being developed to track the fate of the administered cells (such as the use of 

nucleic acid ‘barcodes’) similar to what is done in toxicology and 

pharmacokinetics/pharmacodynamics of small-molecule drugs, antibodies and other biologics.  

Similar to analyzing endogenous EVs or ‘cell-free nucleic acids’ in blood and other bodily 

fluids, EVs released by these administered exogenous stem cell could be collected noninvasively 

in body fluids and tested as potential biomarkers.  In particular, the added versatility in 

introducing a marker (e.g. nucleic acid barcodes) in the injected cells allows monitoring the fate 

of transplanted cells via their released EVs as a surrogate marker, which represents an exciting 

future direction.  For instance, a few pre-clinical studies have tracked EV biodistribution and 

uptake using cre-lox reporter techniques57,58. 

As previously discussed, considering the natural fabric of EV membranes that confers 

them excellent biocompatibility, greater durability111 and ease of genetic engineering of EVs51 

compared to liposomes and nanoparticles, they are finding roles as carriers for diagnostic and 

imaging agents, which in our view is expected to increase in the near future.  Such probe-loaded 

EVs could allow us to study EV bio-distribution, homing to target sites, illuminate biology and 

detect diseases (e.g., tumor) in vivo237.  For example, luciferase-encoding EVs238 may similarly 

be further developed for in vivo diagnostics, by conjugating them with a cancer-specific 

antibody. Finally, EVs may also serve as in vitro biosensors and diagnostics, as in the case of 

EVs bearing GPCRs deposited on chips to sense GPCR agonists or antagonists239.   

Overall, the properties of EVs, which derive from natural membranes and cytoplasmic 

material, have enabled their investigation for use as injury/disease biomarkers, potential 
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surrogate markers for transplanted stem cells or biosensing systems in a variety of therapeutic 

and diagnostic models. Nevertheless, we caution that the utility of EVs as biomarkers of specific 

diseases and conditions remains provisional given the current paucity of studies in this emerging 

area and the intrinsic difficulties and complexities of the biomarker field itself227, and therefore 

emphasize the need for further studies in the diagnostics of EVs to accompany their therapeutic 

roles. 

Conclusions and perspectives 
 
EVs are emerging as mediators of stem cell responses during embryonic development, adult 

tissue homeostasis and its restoration after injury.  Parenchymal cells may emit EVs loaded with 

morphogens, apoptotic patterns, immunomodulatory and other signals to activate their local stem 

cells or recruited bone marrow MSC, which in turn can secrete EVs loaded with protein and 

nucleic acids interacting with specific pathways in recipient parenchymal cells to contribute to 

their healing or replacement.  However, fundamental questions associated with the generation, 

distribution and uptake of EVs should be addressed to fully understand the role and biology of 

stem cell EVs in cell-cell communication and tissue regeneration (Box 3) 

Since EV biogenesis has evolved through evolution as an efficient way of cell-to-cell 

communication, they offer several advantages as therapeutic tools over cells, synthetic 

nanoparticles and single molecules.  As EVs are derived from cells and can be further engineered 

to be non-immunogenic, they can possess exceptional biocompatibility and biostability 

characteristics.  Their small size enables EVs to avoid the pulmonary first pass effect to penetrate 

deep inside most tissues.  For clinical applications, EVs offer additional advantages over whole 

cells, including lack of nucleus to avoid neoplastic transformation, enhanced stability to 

freeze/thaw cycles, and more capacity for loading with small molecules, proteins and nucleic 
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acids.  Additionally, EVs can be engineered with specific receptors or antibodies on their surface 

to deliver therapeutic cargo into target cells and tissues. Therefore, EVs will also likely find 

increasing applications as gene therapy and drug delivery vehicles in medicine, and as 

transfection reagents in biotechnology. 

Indeed, the booming of EV research has sparked the emergence of numerous 

biotechnology companies that aim to develop EV-based therapeutics or biomarkers for diagnosis 

(Box 2).  The main current therapeutic applications of EVs are in the areas of stem cell-based 

therapy, autoimmunity and inflammation, heart, lung and kidney diseases, neurodegenerative 

diseases and cancer, although the list is expected to increase in the near future.  Depending on 

patient subpopulations and applications, EVs can be banked in various genetic compatibility 

groups (e.g. depending on blood type and/or MHC haplotypes) to be used as “off the shelf” 

medication for the patient group (Figure 5).  In addition, to further customize treatment 

depending on the patient’s condition, autologous stem cells can be expanded ex vivo, modified 

and used to produce EVs, which are then infused back into the patient. 

However, numerous challenges remain before stem cell EVs can be successfully 

translated into clinic (Table 2).  In particular, scale-up production is currently a bottleneck for 

sufficient quantities of clinical-grade EVs for humans, although this can be potentially addressed 

by feeding GMP-grade cell culture supernatants into the tangential-flow filtration operations. 
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Problems	
	 	

Recommended	solutions	

Choosing type and conditions of   culture    Follow the profile of EVs from 
to make EVs                                                     tissue-resident SC if known; fortify with    
                                                                          mRNA or miRNA targeting pathways 
Large-scale production of clinical-grade 
EVs 

Bioreactors to culture cells; use existing 
conditioned media to harvest EVs  

Manufacturing of clinical-grade EVs  Production under cGMP, lot/batch tracking 

Characterization of clinical-grade EVs  Analysis of protein and nucleic acid markers of 
EV batches 

Tracking of EVs in vivo Sequencing approaches; luciferase imaging 

Using EVs as diagnostic reagents Functionalize with antibodies, quantum dots, 
MRI reagents; deposit on chips 

 

 

 

Fundamental	open	questions	 	

What is the significance of endogenous stem cell-EVs in tissue repair? 

What role do EVs play for morphogen (Wnt, Hh, Notch) distribution and signaling? 

Do EVs produced by stem cells upon IV injection exert therapeutic effects?   

What are the key components of stem cell-EVs responsible for therapeutic efficacy? 

How are stem cell-EVs loaded with specific membrane or intravesicular cargos? 

How are EVs targeted to and uptaken by specific cells?  

What are the roles of EV size, stability and biodistribution in disease models? 

Can stem cell-EVs bypass biological barriers and if so, what are the mechanisms? 

 

 

 

Table 2.2.  Current challenges in stem cell-EV research and translational 
applications. 

Box 2.3: Fundamental open questions 
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. 

 

Figure 2.5.  Manufacturing of exosomes in clinical settings.  EVs are designed, 

manufactured and quality-controlled beforehand and stored as “off the shelf” medications to be 

infused in patients as needed.  Other EVs may also be customized accordingly for the 

individual patient by harvesting autologous stem cells, expanding and modifying them, 

producing EVs and infusing them back to the same patient.  In this process, the stem cells can 

also be genetically modified, and their EVs may undergo further modification by loading them 

with therapeutic molecules.  Finally, EVs need to undergo quality control and stored into 

inventory for future administration. 
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 In conclusion, the intercellular functions of EVs honed in by evolution to maintain and restore 

homeostasis are being tested for personalized and regenerative medicine.  Bioengineered stem cell 

EVs are therefore anticipated to find increasing applications in their niche between molecular and 

cellular medicine, and may play their part in regenerative therapy by maturing together with other 

medical advances.		
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                                                          CHAPTER 3 

Mesenchymal Stem Cell-derived Exosomes Promote Neurologic 
Recovery in Experimental Autoimmune Encephalomyelitis model of 
Multiple Sclerosis 
 

Abstract 
 

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system (CNS) 

in which autoreactive T cells attack CNS, resulting in demyelination, neuronal injury and death, 

which account for the neurological disability. Preclinical studies revealed immunomodulatory 

and immunosuppressive properties of mesenchymal stem cell (MSC) to treat MS.  However, 

Lung entrapment, maldifferentiation, phenotype change and potentially tumor formation are 

current challenges for stem cell therapy.  The much smaller size of MSC-derived exosomes 

(Exo), allow reduced lung entrapment, achieve superior biocompatibility, are more stable and 

expose fewer risks, which together makes them an attractive alternative. 

          Here, using experimental autoimmune encephalomyelitis (EAE) as a MS mouse model, we 

show that systemic injection of MSC-Exo result in sustained recovery and improved motor 

function, which is comparable to MSC itself.  This recovery is associated reduced in 

neuroinflammation and reduced demyelination process.  Recovery was also associated with 

increased in number of CD4+/CD25+/ FOXP3+ regulatory T cells (Tregs) increase within the 

spinal cords of Exo treated animals suggesting the involvement Exo in the spinal cord lesion 

repair. Eliminating RNA by UV light reduced the function of the exosomes in Treg induction 

and deep RNA sequencing revealed that the MSC-Exo are highly enriched in mRNAs with anti-
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inflammatory properties.  Similarly, proteomics identified numerous proteins with anti-

inflammatory and neuroprotective properties in the Exo fractions. In summary, this study 

describes the potential of MSC-Exo as therapeutics in autoimmune neurodegenerative diseases.   

 

Introduction 
 

Stem cell research holds great promise for treating some of the most devastating diseases, 

including central nervous system (CNS) disorders.  In particular, Mesenchymal stem (or stromal) 

cells (MSCs) are currently being investigated in over 700 clinical trials, including autoimmune 

diseases184.  Unfortunately, preclinical studies and clinical trials using MSCs have produced 

mixed outcome3.  One major challenge is that following systemic transplantation, MSCs are 

quickly entrapped in the lung vasculature bed due to their big size with typically less than 1% of 

MSCs reach and engraft at the target sites7. Currently, stem cells mode of action in vivo remains 

debatable. Knowing how these transplanted stem cells exert their therapeutic function will 

eventually assist us in designing better clinical trials with more potent stem cells based 

therapeutics. Current paradigm in stem cell therapy is that the exogenous cells exert their 

therapeutic functions not only by differentiating to parenchymal cells to replace the host’s 

injured/dying cells, but also via multiple secreted paracrine factors that may help injured cells to 

recover. These paracrine factors are not only soluble proteins, but they are also distributed on 

extracellular vesicles (EVs)9,41,189. The natural fabric of EV membranes enables the cells to 

communicate with other nearby and distant cells. Also it empowers stem cells to contribute to 

tissue remodeling and regeneration in distant sites.   

Interestingly, it has been shown that MSCs employ immunomodulatory activity by 

producing vesicles, which suppress macrophage activation by suppressing Toll-like receptor 
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signalling240.  Moreover, exosomes derived from osteogenically induced MSCs can guide the 

osteogenic commitment of MSCs in the absence of osteoinductors241. Therefore, we 

hypothesized that exosomes released from MSCs may play important roles in MSC efficacy.  

_ENREF_9We tested these hypotheses in experimental autoimmune encephalomyelitis 

(EAE) model, which serves as a gold standard animal model for multiple sclerosis (MS)242. MS 

is an inflammatory disease of the CNS resulting in demyelination, neuronal injury and loss, and 

eventually neurological disability243,244, which currently is a significant burden on the healthcare 

system17.   IFN-γ, a pleiotropic cytokine critically involved in onset, orchestration and resolution 

of adaptive immune and autoimmune responses24.  IFN-γ has recently been reported to promote 

immunosuppressive effects of MSCs23,245. We also hypothesized that IFN-γ stimulation may 

increase the efficacy of MSC-exosomes.  In the present study, therapeutic effects of MSC-

derived exosomes in mouse models of MS was evaluated and their main molecular mechanisms 

was investigated so that they can further be developed with increased potency and decreased side 

effects for clinical uses. Throughout the manuscript unstimulated MSC exosomes and IFN-γ 

stimulated exosomes are abbreviated as Native Exo and IFN-γ Exo, respectively.  

  Systemic injection of IFN-γ Exo resulted in sustained clinical recovery with enhanced 

improvement in motor skills, reduction in neuroinflammation and reduced demyelination in EAE 

mice.  In addition, we showed that number of CD4+/CD25+/ FOXP3+ regulatory T cells (Tregs) 

increase within the spinal cords of IFN-γ Exo treated animals.  Additionally, co-culture of IFN-γ 

Exo with activated T cells results in reduced T cell proliferation and increased Treg numbers, 

proposing the capability of exosomes to induce Tregs.  We further delineate main molecular 

mechanisms of IFN-γ Exo mediated recovery so that they can be further developed for increased 

potency and decreased side effects.  Therefore, we believe that MSC derived exosomes could be 
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explored as a next generation therapy for MS or possibly other diseases by inducing a sustained 

tolerogenic immune response. 

 

Results 

Isolation and characterization of MSC exosomes  
 
Stress including nutrient and growth factor deprivation, inflammation and mechanical forces that 

cells encounter after transplantation can activate cells, a process often necessary for their 

therapeutic effects6.  Therefore, we stimulated MSCs with IFN-γ, a pleiotropic cytokine critically 

involved in onset, orchestration and resolution of adaptive immune and autoimmune 

responses20,21.  To isolate exosomes, conditioned media from human MSCs cultured for 3 days 

under IFN-γ stimulation (10 ng/ml) and native condition (without stimulation) went through 

serial ultracentrifugation and exosome pellet was resuspended in phosphate-buffered saline 

(PBS) and kept at -80 °C freezer (see methods section for details).  Activation of MSC by IFN-γ 

was confirmed by the upregulation of major histocompatibility complex II (MHCII) and 

programmed death-ligand 1 (PD-L1) expression on MSCs (Fig. 3.1) which are MSC markers 

induced upon activation by proinflammatory cytokine246. 
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For exosome isolation MSCs need to be culture in high quantities. Fig. 3.2 depicts MSC large- 

scale culture and exosome isolation procedure. 
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Figure 3.1. Flow Cytometry of MHC II & PDL-1. Flow cytometry analyses shows 

upregulation of major histocompatibility complex II (MHCII) (Top panel) and programmed 

death-ligand 1 (PD-L1) (bottom panel) expression on MSCs under different concentrations of 

IFN-γ compared to Native MSCs. 
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Isolated MSC exosomes were characterized using different methods including western blotting, 

flow cytometry, electron microscopy and nanoparticle tracking analysis (NTA). The presence of 

exosomal markers including CD81 and tumor susceptibility gene 101 protein (TSG101) and for 

both IFN-γ and Native Exo (Fig.  3.3 A) were confirmed using western blotting.  In addition, the 

absence of Calnexin (an endoplasmic reticulum marker) indicates that there is no contamination 
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Fig.	3.2.	Isolation	of	exosomes.	MSCs	are	culture	in	20	x	T	175	flaks	for	each	round	of	

isolation	 followed	 by	 serial	 ultracentrifugation.	 The	 whole	 process	 from	 starting	 MSC	

culture	till	harvesting	exosomes	takes	about	14	days.	
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by endoplasmic reticulum-derived vesicles in the MSC exosome pellet (Fig. 3.3 A).  

Tetraspanins CD63 and CD81 are expressed on exosomes, whereas CD9 expression was low, as 

characterized by flow cytometry.  Comparable expression level for CD63, CD81 and CD9 was 

observed for MSCs.  Stimulation of MSCs with IFN-γ resulted in no major differences in 

expression of above markers on MSCs and exosomes. It is important to note that small variation 

in the expression these markers can be observed between different batches and is called “batch to 

batch variation” (Fig. 3.3 B). Morphology of exosomes studied using transmission electron 

microscopy (TEM), where demonstrated their spherical shape (Fig.  3.3 C). To further confirm 

the presence of exosomes, CD63, was stained using immunogold anti-CD63 antibody in TEM 

samples. The black dots on exosomes are indicative of CD63 presence on the surface of 

exosomes (Fig.  3.3 C).   In NTA laser light illuminates particles in suspension and a video 

camera captures the scattered light produced. Our NTA analysis shows exosome size (nm) 

distribution in the sample with exosomes having an average diameter of 115 nm (Fig. 3.3 D).  

Collectively, these data suggest that we MSC-derived exosomes are particularly amenable to 

operations involving their isolation, compositional and functional analysis that can enable a 

variety of in vitro and in vivo studies.  
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	 Figure	 3.3.	A)	Western	 blotting	 of	MSC	 exosomes	 for	 CD81,	 TSG101	 and	 Calnexin.	 	B)	 Flow	

cytometry	of	MSC	exosomes	using	αCD63-coated	beads	 for	CD9,	CD63	and	CD81	on	MSCs	and	

MSC	 exosomes.	C)	 Electron	microscopy	 of	MSC	 exosomes	 using	 immunogold	 staining	 against	

CD63.	D)	 Representative	 captured	 screen	 shot	 of	 video	 of	 particles	 scattering	 light	 with	 the	

dilution	of	1/100	 (left);	Representation	of	particle	 size	 (nm)	and	 concentration	 (particles/ml)	

(right).	
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MSC exosomes improve functional outcomes in EAE  
 

Administration of MSC and their exosomes has been shown to improve functional outcomes in 

numerous neurological disorders in animal studies247,10,248. We were therefore interested to 

compare the therapeutic effects of MSCs with their exosomes in EAE model of neurological 

disorder.  To induce EAE, female C57BL/6J mice were immunized with complete Freund’s 

adjuvant (CFA), MOG35-55 peptide, and pertussis toxin (injected on days 0 and 2) and 

approximately 15-20 days later, mice displayed the peak of the disease showing complete 

paralysis of the tail and hind limbs with flattened posture. Each mouse was graded every other 

day and assigned a clinical score ranging from 0 to 4, where 0 represent a healthy WT (Wild 

type) mice and 4 represents the dead mice. Either native Exo, IFNγ-Exo (approximately 150 µg; 

1×109 particles/mouse native, or IFNγ stimulated MSC (1 million) were injected intravenously 

(i.v.), as schematically shown in (Fig. 3.4 A). The selected concentrations for exosomes and 

MSCs chosen based previous reports in the literature. A single injection of IFNγ-Exo (n=6) at the 

peak of the disease (Day 18) resulted in improvement of mean clinical score by about 1.2 ± 0.3 

score units (p < 0.001) compared with PBS control (n=6), which showed mean clinical score of 

2.9 ± 0.6 (Fig. 3.4 B).  Native MSC exosomes  (n=6) also ameliorated the disease with the mean 

clinical score of 2.2 ± 0.5 (p < 0.05) compared to the control PBS group (Fig. 3.4 B). 

Comparison of MSCs with their corresponding exosomes showed a similar efficacy in EAE 

model with the selected concentrations of MSCs or exosomes. IFNγ treated MSCs (N=6) showed 

comparable clinical scores (1.5 ± 0.6; n.s.) to that of IFNγ-Exo (1.2 ± 0.3) (Fig. 3.4 B). 

Similarly, native MSCs (n=6) displayed comparable clinical scores (2.1 ± 0.4; n.s.) compared to 

Native Exo (2.2 ± 0.5) (Fig. 3.4 B). This similarity in efficacy between MSCs and their 
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exosomes suggests that exosomes could mediate in part the MSC therapeutic effects and thus be 

considered as a surrogate to MSC therapy.  
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Figure 3.4. A) Schematic representation of procedure to induce disease in WT mice and 

treatments (exosomes or MSCs) that mice received at day 18 followed by clinical scoring till day 

40. B) Clinical scores of EAE mice after PBS injection (n=6), native MSCs (n=6) and IFN-γ 

stimulated MSCs (n=6) and their respective exosomes (n=6 for each); Mann-Whitney t-tests 

were used to determine the p values.  (*p < 0.05 ; ***p < 0.001) 
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Demyelination was reduced in exosome-treated mice 

Demyelination is considered to be one of the hallmarks of MS, which eventually results in 

clinical symptoms249.  It is also known that clinical symptoms in EAE mice are associated with a 

demyelination in spinal cord242.  Therefore, to analyze the severity of demyelination of treated 

mice, spinal cord sections of variously treated mice were stained for myelin through Luxol fast 

blue (LFB) staining.  Spinal cord sections from IFNγ-Exo treated mice (n=3) showed a dramatic 

reduction in the severity of demyelination (9.5% ± 1.09 %; p < 0.001) when compared to PBS 

control mice (n=3; 34.4% ± 1.1%)(Fig. 3.5 A, B).  The degree of demyelination was also 

reduced in Native-Exo treated mice (n=3; 13.7% ± 1.3%; p < 0.001) compared to PBS control. 

Comparison of IFNγ-Exo treated mice with Native-Exo group also showed less demyelinatd area 

(9.5% ± 1.09 % vs 13.7% ± 1.3%; p < 0.01) (Fig. 3.5 A, B). 
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Figure	3.5.	A)	Representative	Luxol	fast	blue	staining	of	spinal	cord	sections.	Dashed	lines	indicate	

areas	 of	 white	 matter	 damage.	 B)	 Quantification	 of	 demyelinated	 areas	 in	 different	 groups.		

Unpaired	t-tests	were	used	to	determine	p	values	(n=3;	**p	<	0.01;	***p	<	0.001).	
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Neuroinflammation was reduced in exosome treated mice 
 

Early MS lesions are characterized by focal infiltration of lymphocytes and monocytes into 

regions of the brain or spinal cord250. Infiltrated macrophages secrete an excessive amount of 

pro-inflammatory mediators, such as cytokines, reactive oxygen species, nitric oxide, which are 

able to induce neuronal damage251.  To investigate potential mechanisms underlying exosome 

mediated improvement in neurologic function; we examined neuroinflammation in exosome-

treated mice.  Analysis of spinal cords from exosome-injected mice at 3 weeks post injection 

revealed a marked reduction in macrophage/microglia cells infiltrated within spinal cords 

compared to the PBS controls (Fig. 3.6 A). Macrophage/microglia characterized by staining of 

ionized calcium binding adaptor protein (Iba-1), a marker of macrophage /microglia (Fig. 3.6 A) 

Iba-1 positive cells were counted in the spinal cords sections in both white and grey matter areas. 

PBS treated mice showed an enhanced infiltration (n=3; 940 ± 75 per section) of 

macrophage/microglia compared to IFNγ-Exo (n=3; 301 ± 23 per section vs 940 ± 75; p < 0.001) 

and Native-Exo group (581 ± 21 per section vs 940 ± 75 per section; p < 0.01) (Fig. 3.6 B).  

IFNγ-Exo treated mice showed fewer infiltrated cells compared to Native-Exo group  (301 ± 23 

vs 581 ± 21; p < 0.001) (Fig. 3.6 B). It is also important to note that macrophage/microglia 

morphology in healthy WT mice is different from that of activated counterparts (Fig. 3.7; 3.6 A). 

It is known that resting state of macrophage/microglia are characterized by long, ramified 

morphology with small cell bodies (Fig. 3.7), whereas activated microglia/macrophage display a 

swollen truncated amoeboid like structures (Fig. 3.6 A)252,253 as observed in PBS treated group. 

 T-cell infiltration into the CNS is also a hallmark of neuroinflammation, particularly in 

MS. Therefore; we assessed the T-cells infiltration into the spinal cord of EAE mice using flow 

cytometry.  For flow cytometry experiments, whole spinal cords from each animal excised and 
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strained to harvest the cells.  As shown in (Fig. 3.6 C) significant reduction in the number of 

infiltrated CD4+ (n=3; 77.3 ± 24 per spinal cord; p < 0.01) into the spinal cords of IFNγ-Exo 

treated mice was observed compared to PBS control (n=3; 263.3 ± 38.1 per spinal cord; p < 

0.01) (Fig. 3.6 C). IFNγ-Exo treated mice also showed a significant reduction in the number of 

infiltrated CD4+ compared to Native Exo group (77.3 ± 24 vs 165.3 ± 12.5; p < 0.01). Reduced 

number of infiltrated CD4+ was found in Native Exo group compared to PBS (165.3 ± 12.5 vs 

263.3 ± 38.1; p < 0.05). Moreover, infiltration of the CD8+ cells was dramatically reduced in 

IFNγ-Exo group (n=3) compared to PBS (n=3) control (44 ± 11.5 vs 260 ± 129; p < 0.05).  

Native Exo group (n=3) similarly showed reduction in number of infiltrated CD8+ cells (46 ± 7.5 

vs 260 ± 129; p < 0.05) into spinal cords compared to PBS control (Fig. 3.6 D). The number of 

infiltrated CD4+ and CD8+ in the WT animals was almost undetectable n=3; 1 ± 0).  

 



85 

                          

 

Figure 3.6 Infiltration of immune cells in spinal cords.  A) Immunohistochemistry of Iba-1, a 

Ca2+-binding protein indicative of macrophages and microglia, and the nuclear stain DAPI in 

spinal cord sections of EAE mice. (Left and middle panel Scale= 400 µm; Right panel Scale: 80 

µm. Yellow frames are magnified images showing the morphology of macrophages B) 

Quantification of the number of Iba-1 positive cells from immunohistochemistry images. Iba-1 

positive cells were counted in the spinal cords sections in both white and grey matter areas, (n=3; 

**p < 0.01; ***p < 0.001). C, D) Flow cytometry analysis of spinal cords stained for infiltrated 
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CD4+ and CD8+ T-cells. Unpaired t tests were used to determine p values (n=3; *p < 0.05  **p < 

0.01). 

 

Iba-1/DAPI Iba-1 
 

IFNγ Exo suppress T cell proliferation in vitro and induce Tregs in vitro and in vivo 
 
T cells play a central role in both mediating and regulating MS pathophysiology, and efforts to  

develop therapeutic strategies for MS have focused on understanding factors, which control T 

cell function254. In order to see if MSC exosomes suppress T-cell activation ex vivo,  

carboxyfluorescein succinimidyl ester (CFSE)-labeled human peripheral blood mononuclear 

cells (PBMCs) were activated with anti-CD3 mAb and IL-2 and further cultured with or without 

exosomes from IFNγ-Exo and Native-Exo. Both Native-Exo and IFNγ-Exo suppressed 

activation of the gated T cells, with IFNγ-Exo being considerably more suppressive (Fig. 3.8).  

These results are consistent with most reports where the ability of MSC exosomes in T cell 

Figure 3.7   IHC of WT mice.  Immunohistochemistry of Iba-1, a Ca2+-binding protein 

indicative of resident resting macrophages/microglia in control healthy group. Left and middle 

panel Scale= 400 µm; Right panel Scale: 80 µm. Yellow frame is magnified image showing the 

morphology of macrophages in WT animals. Note that in the resting state microglia/macrophage 

are characterized by long, ramified morphology with small cell bodies (yellow box).  
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suppression was evaluated255,163,256.  

 Regulatory T cells (Tregs) are known as critical players in the pathogenesis of CNS 

autoimmune inflammation257.  Recent reports signify that MS itself is also accompanied by 

dysfunction or impaired maturation of Tregs258.  Deletion of Tregs prompts spontaneous 

autoimmune disease in mice, whereas restoring Treg function prevents the development of 

experimental autoimmune encephalomyelitis, the animal model of MS254.  Therefore, in order to  

see if MSC exosomes induce Tregs in vitro, murine splenocytes from FOXP3-eGFP ‘Treg  

 

Figure 3.8.  T cell suppression assay. Human PBMCs were labeled with CFSE and stimulated 

for 4 d with anti-CD3 and IL-2, in the absence or presence of exosomes produced by IFNγ-

stimulated MSC.  Each peak is representative of one division. As shown, IFNγ Exo and Native 

Exo suppress T cell proliferation.  

reporter’ mice were stimulated with anti-CD3 + IL-2 with or without TGFβ, and were 

further cultured in the presence of indicated concentrations of IFNγ-Exo or Native Exo.  Tregs 

are marked by expression of their master transcription factor, FOXP3 and high levels of IL-2   

receptor alpha chain (IL-2Rα, or CD25). TGFβ is a critical factor for driving the expression of 

Foxp3 in the precursors and ultimately generating conventional Tregs259,260 Surprisingly, in the 

absence of TGFβ, IFNγ-Exo (n=3 for each concentration) enhanced the frequency of CD4+ 

CD25+ FOXP3+Tregs in a dose dependent manner; nil (5.2% ± 1.6%); 0.2 µg/well (10.3% ± 
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3.9%); 2 µg/well (12.6% ± 3.5%); 20 µg/well (14.9% ± 4.8%) in 96 cell well plate, 200 µl per 

well  (Fig. 3.9 A, B)  as well as CD8+ CD25+ FOXP3+Tregs nil (0.3% ± 0.0%), 0.2 µg/well (1.4% 

± 0.4%), 2 µg/well (2.1% ± 0.9%), 20 µg/well (4.4% ± 1.2%)(Fig. 3.9 C, D).  Moreover, in the 

presence of TGFβ, IFNγ-Exo (n=3 for each concentration) enhanced the frequency of CD4+ 

CD25+ FOXP3+ Tregs in a dose dependent manner; nil (18.1%± 4.9%); 0.2 µg/well (19.6% ± 

4.7%), 2 µg/well; (22.3% ± 5.4%); 20 µg/well (24.4% ± 2.8%)(Fig. 3.9 A, B) as well as CD8+ 

CD25+ FOXP3+ Tregs nil (4.9%± 0.5%), 0.2 µg/well (5.2% ± 0.9%), 2 µg/well (7.4% ± 2.1%), 20 

µg/well (7.4% ± 0.2%)(Fig. 3.9 C, D).   The quantifications of the results are shown in (Fig. 3.9 

B, D). Both Native-Exo (Fig. 3.10 A, B) and IFNγ-Exo enhanced Treg induction, with IFNγ-Exo 

being more potent in Treg induction for CD4+ population (Fig. 3.9 A; 3.10 A).  Note that IFNγ-

Exo enhanced Treg induction in splenocyte cultures, but not in cultures of purified CD4+ and 

CD8+ T cells stimulated (strongly by necessity of the assay) with plate-bound anti-CD3 and 

soluble cytokines, suggesting that IFNγ-Exo may target an accessory cell such as antigen-

presenting cells (APCs) and/or T cells directly.  The fact that exosomes can induce Tregs in the 

absence of TGFβ suggest that IFNγ-Exo might either provide TGFβ on their surface, and/or 

provide additional signals directly on lymphocytes or indirectly on accessory spleen cells (e.g., B 

cells, dendritic cells (DCs), splenic macrophages) that cumulatively induces or enhances Treg 

production.    
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without TGFβ, and were further cultured in the presence of indicated concentrations of Native  
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Figure	3.9	A)		Foxp3-eGFP	mice	splenocytes	were	stimulated	with	anti-CD3	+	IL-2	with	or	

without	TGFβ,	and	were	further	cultured	in	the	presence	of	indicated	concentrations	of	

exosomes	from	IFNγ-stimulated	MSC.		B)	Quantifications	of	representative	FACS	plot	of	CD4+	

gate.		C)	Representative	plots	for	CD8+	gate	(C).	D)	Quantifications	of	representative	FACS	plot	

of	CD8+	gate.	Unpaired	t-tests	were	used	to	determine	p	values.	(n=3	per	concentration;	*p	<	

0.05).		
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Representative	FACS	plots	of	CD4+	gate	(A)	or	CD8+	gate	(B).	(n=3	per	concentration;	*p	

<	0.05).	Unpaired	t-tests	were	used	to	determine	p	values.	
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We then asked whether MSC-derived exosomes could induce Tregs in vivo and also if clinical 

recovery is associated with the number of Tregs.  To this end, EAE was induced in FOXP3-eGFP 

‘Treg reporter’ model. This model labels all regulatory T cells (Tregs) with GFP therefore, 

eliminating the need for intracellular staining for FOXP3. The mice received IFNγ-Exo, Native-

Exo or PBS as vehicle controls.  Immunohistochemistry analyses revealed the presence of Tregs 

(CD4+FOXP3+) in spinal cords of exosome-treated animals (Fig. 3.11 A).  Quantification of 

number of CD4+FOXP3+ cells in spinal cords shows an increase in IFNγ-Exo (n=3, 21 ± 5.2 per 

section; p < 0.01) and Native-Exo treated mice (n=3, 9.6 ± 3.7; p < 0.05) compared to PBS 

controls (n=3, 2 ± 1) (Fig. 3.11 B). Moreover, the frequency of CD4+FOXP3+ cells was 

increased in IFNγ-Exo compared to Native-Exo (21 ± 5.2 vs 9.6 ± 3.7; p < 0.05). It is important 

to note that IHC may not be as accurate as flow cytometry in quantifying cell number but using 

IHC enables us to localize the Tregs in spinal cords. As shown in yellow boxes CD4+FOXP3+ 

are mostly in direct contact with CD4+ cells.  It has recently been shown that FOXP3+ regulatory 

T cells are so dynamic and continuously interact with conventional T cells and other immune 

cells261 (Fig. 3.11 A).  Flow cytometry analysis of dissociated cells from spinal cords showed an 

increase in the frequency of Tregs (CD4+CD25+FOXP3+) in the spinal cords of IFNγ-Exo treated 

mice (n=3, 43.3  ± 12.6; p < 0.05) compared to PBS control (n=3, 26.3 ± 4.4) (Fig. 3.12 A).  In 

flow cytometry analyses, Native-Exo treated mice (n=3, 28.2 ± 4.2) (Fig. 3.12 A) did not show a 

significant increase in the number of Tregs compared to PBS control (n=3, 26.3 ± 4.4) unlike 

what was observed in IHC analyses (Fig. 3.11 B).  One possible explanation is that flow 

cytometry and IHC experiments were performed on two different groups of mice and there is a 

lot of variability in between mice in the number of Tregs in each group.   Further analyses using 

flow cytometry on lymph nodes did not show any increase in the number of Tregs between 
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different groups; IFNγ-Exo (n=3, 15.9 ± 1.5), Native-Exo (n=3, 15.9  ± 0.6) and PBS control 

(16.06 ± 1.8) (Fig. 3.12 B).  Similar trend was observed for the number of Tregs analyzed in 

spleens of IFNγ-Exo (n=3, 13.36 ± 0.4), Native-Exo (n=3, 15.7 ± 1.0) and PBS treated controls 

(13.6 ± 0.9)  (Fig. 3.12 C).   

 This does not mean that exosomes did not have any effects on Tregs in the spleen and 

lymph node, since MOG-specific Tregs might have been increased without affecting the total 

number of Tregs. IFNγ-Exo treated mice showed the highest number of Tregs in the spinal cords 

amongst other groups. These observations suggest that there is a correlation between clinical 

recovery and number of Tregs. But, this does not mean that the recovery is due to the increase in 

the number of Tregs. IFNγ-Exo treated mice showed the superior recovery compared to other 

groups (Fig. 3.11 C). This recovery was similar to what we observed in C57BL/6J mice before 

(Fig. 3.4 B). 

Finally, MSC exosomes seems to have the potential to create a tolerogenic immune response in 

EAE mice, which is critical for sustained amelioration of the disease. Therefore, in some specific 

experiments below, we intend to further delineate the contribution of particular factors (either 

RNAs or proteins) behind this Treg enhancement by IFNγ-Exo.  In the future, adoptive transfer 

of Treg isolated from exosome-treated EAE-recovering mice should be performed to determine 

if they exert therapeutic effects in recipient diseased mice.  
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Figure 3.11.   In vivo T reg induction. A) Immunohistochemistry of CD4+/FOXP3+ cells and 

DAPI in spinal cord sections of EAE mice after injection of PBS, Native Exo and IFNγ-Exo. B) 

Quantification of number of CD4+ Foxp3+ Tregs in immunohistochemistry (IHC) staining of spinal 

cords. Unpaired t-tests were used to determine p values (n=3; *p < 0.05; **p < 0.01). C) Clinical 

scores of EAE in Foxp3-eGFP Treg reporter C57BL/6 mice after injection of PBS (n=4), Native 

Exo (n=4) and IFNγ-Exo (n=8). Mann-Whitney t-tests were used to determine the p values  (*p < 

0.05; ***p < 0.001). Scale Bar: 100 µm. 
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Figure 3.12.  In vivo T reg induction in other organs. Representative flow cytometry plots and 

their quantification for A) spinal cords B) lymph nodes C) spleens and of PBS (n=3), Native Exo 

(n=3), IFNγ-Exo (n=3), and WT (n=3) for CD4, Foxp3 (GFP) Tregs. Unpaired t-tests were used 

to determine p values. (*p < 0.05).  

MSC exosome traffic into spinal cord in vivo 
 
One of the current challenges in cell-based therapeutics in clinical trials is the lack of precise 

information on mechanisms of engraftment, homing and biodistribution in vivo262.  This results 

in not meeting the primary endpoints of efficacy in numerous clinical trials262.  Thus, to 

investigate exosome homing, which helps us unravel potential mechanisms underlying exosome-

mediated improvement in neurologic function, we performed biodistribution experiments.  IFNγ-

Exo and Native-Exo were tracked in EAE and healthy mice using Near-infared dye (NIR) DiR, a 

lipophilic dye that can be safely used for in vivo imaging in real time.  The benefit to using DiR 

is its high penetrance through tissue and low background fluorescence263, here imaged using an 

IVIS 200 imaging system.  EAE and healthy mice were treated with the same amount of DiR-
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exosomes in order to evaluate the accumulation sites in the body.  DiR free dye was used in all 

the experiments as dye controls.  All mice were imaged at different time points post DiR-

exosome injection (3 h & 24 h).  Note that the distribution of exosomes at different time points  

(15 min to 6 h) was similar, indicating the ability of these small bioparticles to distribute 

systemically quickly. To visualize the labeled exosomes, the mice were sacrificed and different 

organs, including the spinal cord were extracted and imaged.  For each experimental group, the 

mice were sacrificed at 3 h and 24 h after the exosome injection and the fluorescent signal from 

freshly dissected tissues was quantified immediately using IVIS imaging system.  Exosomes 

were mostly found in liver and spleen of healthy and EAE mice, consistent with previous 

reports238,264 (Fig. 3.13 A). Quantification of organs data can be found in (Fig. 3.13 C). It is 

worthwhile to note that no signal was observed in lungs of exosome-treated animals, suggesting 

that exosomes bypass small lung vasculature bed owing to their small size.  This hints at the 

superiority of exosome biodistribution over whole MSC, which are normally large and 

fibroblastoid, may express various integrins and other adhesion receptors that cumulatively trap 

them in the lung capillaries (known as the pulmonary first-pass effect).  Our data (Fig. 3.14 A-C) 

shows that just within a few seconds post i.v. infusion MSCs can be detected in lung and remain 

observable there for at least 48 h until the fluorescent signal decays over time (limit of signal 

detection).  Moreover, dye labeled IFNγ-Exo was observed in spinal cords of EAE, but not 

healthy animals (Fig. 3.13 B), further suggesting the involvement of IFNγ-Exo in the lesions.  

Data were quantified as shown in (Fig. 3.13 D).   For dissected spinal cords the signal decreased 

over time and was not detectable after 24 h (Fig. 3.13 B).  Similar biodistribution trend (i.e., 

localization in the spleen, liver and spinal cord) was observed for Native-Exo (data not shown). 

Since exosomes can not be detected after certain time points (72 hours), suggest that their long-
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lasting might be through “hit and run” mechanism probably through immunomodulatory 

mechanisms. For example, through induction of Tregs as these cells have a specific function in 

the tolerance and immune system regulation265. 

  These data suggest that bioengineered exosomes may be suitable as vehicles for 

therapeutics and diagnostics in CNS.  These data also may also help to understand the therapeutic 

mechanism of transplanted MSC and their released exosomes. 
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Figure 3.13.  A) Representative	IVIS	image	3	hours	post	injection shows IFNγ-Exo in different organs. 

IFNγ-Exo were purified and labeled with DiR (lipophilic dye) and injected i.v. into healthy and EAE mice. 

Using IVIS imaging system mice organs were photographed at 3h and 24 h post injection. Control groups 

received DiR dye alone (EAE-DiR, healthy-DiR) to determine the background. B) Representative IVIS 

image of spinal cords 3 and 24 hours post exosome injection. IFNγ-Exo was detected only in the spinal cord 

of EAE mice. (C) Quantification of the fluorescent signal in different organs at 3 & 24 hours. (n=3; **p < 

0.01). (D) Quantification of the fluorescent signal in spinal cords at 3 & 24 hours. (n=3; *p < 0.05 ; **p < 

0.01). Unpaired t-tests were used to determine p values.  



97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RNA elimination partially impairs the ability of exosomes to induce Tregs 
 

Exosomes host a complex mixture of surface receptors and intravesicular cargo, including 

proteins and nucleic acids, that may synergize to enhance therapeutic efficacy compared to the 

isolated factors27 but also complicating identification of their active ingredients contributing to 

the exosome mechanism of action (MoA).  Figuring out the main molecular targets is important 

since this will help us to develop novel therapeutic approaches that have enhanced efficacy by 

overexpressing selected factor(s).  Exosomes allow exchange of genetic information between 

cells, such as mRNA, long noncoding RNA (lncRNA) and microRNA101,266.  Therefore, RNA 

A	

B	

C	

Figure 3.14. Lung entrapped MSCs. Representative images of DiR-labled MSCs in the lung 

of C57BL/6J mice. A, B) 1 hour after MSC injection C) 6 hours post injection.  
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portion of exosomes is believed to be a key mediator of exosome functions8,267.  We decided to 

take a global approach by eliminating all RNAs and then evaluate exosome functions267.   

It is well known that UV-light inactivates RNA functions268,269, and moreover, UV 

irradiation traditionally has been also used to inactive RNA viruses270,271.  Therefore, IFNγ-Exo 

and Native-Exo were exposed to UV-light (254 nm) for different time points (220s, 540s and 

1800s).  In order to confirm RNA elimination by UV light, RT-qPCR was performed for β-actin 

(Native-Exo) and GAPDH (IFNγ-Exo). β-actin and GAPDH were the most abundant RNAs in 

exosome fractions based on our deep sequencing data (Table 3.1). The table represents top 10 

most abundant RNAs in Native-Exo and IFNγ-Exo condition and rationalizes the reason we 

chose β-actin and GAPDH.   

 

 

Schematic figure depicts exosomal RNA elimination process using UV treatment (Fig. 3.15 A).  

Complete elimination of RNAs was confirmed by RT-qPCR at each time point (Fig. 3.15 B). All 

different time points (220s, 540s and 1800s) resulted in the degradation of RNAs according to 

our RT-qPCR data.  It is also known that UV exposure damages proteins272.  Therefore, we 

studied the effect of UV exposure on protein content of exosome using Blue BANDit™ Protein 

Gene 
Symbol Gene Name IFN-γ 

exosome 
Native 

exosome 
HSP90AA1 heat shock protein 90kDa alpha 621 575 

SOD1 Superoxide dismutase 1 290 269 
ACTB actin, beta 13009 12091 

S100A10 S100 calcium binding protein A10 1632 1746 
ANXA1 annexin A1 467 493 
TPM4 tropomyosin 4 4228 5263 
MYL9 myosin, light chain 9, regulatory 2112 2613 

GAPDH glyceraldehyde-3-phosphate dehydrogenase 11494 12636 
TMSB10 thymosin beta 10 8439 5482 

 

Table 3.1: Most abundant RNA proteins in exosome fraction 
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Staining. The protein bands for sample with 220 s of UV illumination were found to be relatively 

similar to control, suggesting that this UV exposure regimen had minimal effect on protein 

content of exosomes (Fig. 3.15 C).  In the sample with 1 h of UV illumination, however, a 

different pattern appeared compared to control.  High molecular weight moieties appeared at top 

of the lane, which could be attributed to the UV-induced protein cross-linking, as observed in 

another report273.  

These results in their totality suggest that 220 s of UV exposure could maximize the free 

nucleotide elimination, and minimize the UV-induced protein damage.  Therefore, we decided to 

use 220 s UV exposure to inactivate RNA for downstream experiments.  
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Figure 3.15.   UV treatment of exosomes. A) Schematic overview of UV treatment regimen and 

following functional assays. B) qRT PCR for β-actin (Native-Exo) and GAPDH (IFNγ-Exo) which 

confirms elimination of RNA.  C) Blue BANDit™ protein staining experiment showing protein 

crosslinking and degradation. 
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 In order to examine the effect of UV irradiation on exosome functions, we re-visited our 

assay measuring exosome potentiation of Treg induction in different conditions (with or without 

TGFβ).   Regardless of the condition, UV-treated exosomes lost their ability to amplify Treg 

induction.  In the absence of TGFβ, UV treated exosomes IFNγ-Exo (n=3, 67.2 ± 18.7; p < 0.05) 

and Native-Exo (n=3, 65.3 ± 15.3; p < 0.05) both show a significant reduction in 

CD4+CD25+FOXP3+ percentage compared to untreated controls (Fig. 3.16 A). In TGFβ 

presence, a similar reduction in CD4+ Treg induction was observed for IFNγ-Exo (n=3, 45.7 ± 

9.9; p < 0.01) and Native-Exo (n=3, 50.7 ± 4.4; p < 0.01) compared to untreated controls (n=3).  

These trends also applied to CD8+CD25+FOXP3+, Tregs, which have been only recently 

characterized in the literature 274  (Fig. 3.16 B).  In the absence of TGFβ, UV treated IFNγ-Exo 

(n=3, 86.3 ± 8.9) and UV treated Native-Exo (n=3, 76.6 ± 23.1) both show a significant 

reduction in CD8+CD25+FOXP3+ percentage compared to untreated controls (n=3). Similarly, In 

the presence of TGFβ, UV treated exosomes IFNγ-Exo (n=3, 65.6 ± 2.5; p < 0.01) and Native-

Exo (n=3, 60.6 ± 16.1; p < 0.05) both show a significant reduction in CD8+CD25+FOXP3+ 

percentage compared to untreated controls (n=3). Quantifications of percentage reduction in Treg 

induction after UV treatment for CD4+ and CD8+ gate are shown in (Fig. 3.16 C).  It is 

important to note that even after UV irradiation exosomes still are able to induce Tregs to some 

extend.  This could be due to protein content of exosomes.  These results suggest that the 

exosomal Treg induction capability, at least in part, is mediated by exosmal RNAs and implicate 

an important role for RNA in exosome functions.  
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Figure 3.16.  UV treatment affects T reg induction. Murine splenocytes from Foxp3-eGFP 

mice were stimulated with anti-CD3 + IL-2 with without or TGFβ, and were further cultured in 

the absence or presence of IFNγ-Exo, UV IFNγ-Exo, Native Exo, and UV Native Exo A) 

Representative FACS plots of CD4+ gate for exosomes with or without UV treatment. B) 

Representative FACS plots of CD8+ gate for exosomes with or without UV treatment. C) 

Quantifications of percentage reduction in Treg induction after UV treatment for CD4+ and 

CD8+ gate. Paired t-tests were used to determine p values. (n=3 for each group; *p < 0.05 ; **p 

< 0.01).  
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Deep RNA sequencing reveals differential enrichment of MSC exosomes in anti-inflammatory 
RNAs  

	

Thus far we observed that RNA is partly responsible for exosome efficacy.  To further 

delineate exosome mediated recovery mechanism in EAE mice, we decided to perform deep 

RNA sequencing to get insight into types of RNAs that are enriched in exosomes and might be 

responsible for therapeutic effects of exosomes. Clinical recovery was observed in both IFNγ-

Exo and Native-Exo with IFNγ-Exo showing more potency.  Therefore, we decided to compare 

IFNγ and Native-Exo RNA component to understand the differences or possible enrichment of 

particular RNA, which might justify why IFNγ-Exo is being more potent. 

 

Comparison of total RNA from MSCs to their exosomes demonstrated that unlike MSCs, 

MSC exosomes are highly enriched in non-coding RNAs compared to MSCs which carry more 

coding RNAs than non-coding (Fig. 3.17 A). This enrichment of non-coding RNAs in exosome 

fraction is particularly important since non-coding RNAs have regulatory roles and one transcript 

can affect multiple pathways at the same time.  Normalized counts of long RNA sequencing for  

native exosome shows that 4.5% of all RNAs are non-coding (Fig. 3.17 B). More analysis on the 

non-coding RNA portion of Native exosomes showed that it contain different types of RNAs 

such as miRNA, long noncoding RNAs, siRNA etc. with different percentages (Fig. 3.17 C).  

Similarly, Normalized counts of long RNA sequencing for IFN-γ exosome shows that 10.5% of 

all RNAs are non-coding (Fig. 3.17 D). A slight increase in the non-coding portion of IFN-γ 

exosome can be observed compared to Native exosomes (10.5% vs 4.5%). Additional analysis on 

the non-coding RNA portion of IFN-γ exosome showed that it also contains different types of 

RNAs such as miRNA, long noncoding RNAs, siRNA etc. with different percentages (Fig. 3.17 
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E). These transcripts will be important for further investigation as potential mediators of 

therapeutic efficacy in the EAE mice. 

 

 

Figure 3.17.  RNA sequencing summary of exosomes.  A) Protein coding (mRNA) transcript 

and non-coding transcripts of MSCs and MSC exosomes.  B) Whole RNA sequence of Native 

exosomes showing coding and non-coding percentage. C) Non-coding RNA sequence summary 

(percentage of different types of non-coding RNAs) of Native exosomes. D) Whole RNA 

sequence of IFN-γ exosomes showing coding and non-coding percentage. E) Non-coding RNA 
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sequence summary (percentage of different types of non-coding RNAs) of IFN-γ exosomes. 

Whole RNA summary including the coding and non-coding percentage in native MSC and IFN-

γ MSCs are summarized in Fig. 3.18 A-D.  
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 mRNAs are loaded by cells into exosomes and may subsequently be delivered and 

translated into proteins in  recipient cells. mRNAs can also paly important role in delivering new 

factors to the recipient cells. Although how mRNA is packaged into exosomes is unclear, the 

mRNA profile of exosomes appears to be somewhat different from that of the cell of origin8,101.  

mRNA profile of IFNγ-Exo (compared to Native Exo) in our RNAseq analysis shows that they 

are highly enriched in several mRNAs with anti-inflammatory properties including (Table 3.2) 

1) mRNA of IDO, a rate-limiting enzyme of tryptophan catabolism through the kynurenine 

pathway, thus causing depletion of tryptophan, which can impair the growth of T cells.  IDO has 

been demonstrated as a key player in MSC-mediated immunomodulation31.  Induction of IDO in 

EAE results in the down-modulation of neuroinflammation and in an improvement of the 

disease275. Moreover, IDO initiates a negative feedback loop, which can down-modulate neuro-

inflammation in EAE276. These data suggest that IDO-1 might be a key discriminator of IFNγ-

Exo over Native Exo in ameliorating EAE symptoms.  Thymosin β, another potent anti-

inflammatory molecule normally produced by monocytes to inhibit inflammatory responses as 

well as inhibiting neutrophil chemotaxis277,278, also features prominently in the list. 

 

 

Figure 3.18. A) Whole RNA sequence of Native MSCs showing coding and non-coding 

percentage.  B) Whole RNA sequence of IFN-γ MSCs showing coding and non-coding 

percentage. C) Non-coding RNA sequence summary (percentage of different types of non-

coding RNAs) of Native MSCs. D) Non-coding RNA sequence summary (percentage of 

different types of non-coding RNAs) of IFN-γ MSCs. 

 

 D) Non-coding RNA sequence summary (percentage of different types of non-coding 

RNAs) of Native and IFNγ- Exos. C, E) Percentage of coding and non-coding RNAs present 

in exosomes. 
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Table 3.2 mRNA enriched in IFN-γ exosomes. 
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 miRNAs are another components of exosomal RNA that we analyzed through our 

sequencing.  miRNAs are a distinct class of smaller (~22 nucleotides) single stranded non-coding 

RNAs which can be transferred via exosomes65,279.  The evolutionary conservation across species 

of many miRNAs hints to their significant and conserved biological roles280. miRNAs function 

as post-transcriptional regulators of gene expression by binding to complementary sequences in 

the target mRNAs, leading to either translational repression or target degradation of the specific 

mRNAs.  Considering that miRNA act in catalytic-like fashion and bind to multiple mRNAs 

involve in biological processes, even relatively few numbers of exosome-delivered miRNAs can 

have a dramatic effect on the target cells280.  As mentioned above, miRNAs can have multiple 

targets and exosomes are enriched in hundreds of different types of miRNAs.  But focusing on 

few miRNAs would not help us delineate the clinical recovery mechanism.  Instead, we took a 

different approach and asked what are the top canonical pathways, which are affected by all 

enriched miRNAs in IFNγ-Exo.  Using Ingenuity pathway analysis database of gene ontology 

(GO) we narrowed down the top three canonical pathways affected by miRNAs enriched in 

IFNγ-Exo.  Phosphoinositide 3-kinase (PI3K/AKT) signaling was among the top three affected 

pathways (Table 3.3).  Our analysis shows that 19 out of 123 genes in this pathway are affected.  

Since miRNAs function through translational repression, affecting 19 genes leads to down-

regulation of 19 correspondent proteins in this pathway.  PI3K/AKT pathway is particularly 

important, as activation of this pathway has been linked to autoimmune disease281.  Various 

murine models demonstrate that overactivity of PI3K/Akt signaling pathway is associated with 

autoimmune phenotypes281, and conversely, pharmacological and genetic inhibition of 

components of PI3K/AKT dramatically reduced CNS inflammation and disease progression in 

EAE282. Together, inhibition of PI3K Signaling has been the focus of new therapeutic 
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opportunities in inflammatory/autoimmune diseases281.  These data show that deep RNAseq and 

further analyses can provide some insights into the types of RNA residing in exosomes and how 

they might affect the target cells.  As shown above, these data helped us narrow down the 

therapeutic candidates.  But it is important to note that normally MoA is a combinatorial 

functions of many different molecules5, that in the case of exosomes may function together 

synergistically. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Proteomic analysis reveals differential enrichment of MSC exosomes in anti-inflammatory 
and neuroprotective peptides 
 

Exosomes are loaded differentially and combinatorially with multiple types of proteins.  In 

addition, exosomes can serve as extracellular stores that release proteins with a different spatial 

and temporal distribution profile compared to whole cells.  Our RNA sequencing led us find 

many RNAs with anti-inflammatory functions.  In order to further investigate the potential roles 

Table 3.3 List of pathways affected by miRNAs enriched in 
IFN-γ exosomes. 

 
Top canonical pathways Number of 

affected genes 

Molecular Mechanisms of Cancer 34/365 
Pancreatic Adenocarcinoma Signaling 19/106 

PI3K/AKT Signaling 19/123 
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of proteins in exosomes in clinical recovery, proteomics analysis was performed on exosomes 

and their corresponding MSC.  Using proteomics analysis we were interested in addressing the 

following questions: 1) is there any difference between MSCs proteome compared to exosomes, 

2) how IFN-γ stimulation affect the protein content compared to the unstimulated exosomes and 

the cells.  Comparison of MSC with exosomes shows that both carry their unique peptides 

 (Fig. 3.19 A).  

 Proteomics analyses of Native and IFN-γ stimulated cells shows that MSC markers such as 

CD73, CD90, CD105, CD44 and CD166 were identified in all samples, while all samples acked 

CD14, CD19, CD34, CD11b, CD45, CD79a and MHC class II (except for the IFN-γ activated 

cells that express MHC class II).  Moreover, peptide composition comparison of Native 

exosomes with IFNγ-exo revealed 310 peptides as shared peptides and 228 and 104 for Native 

and IFNγ-exosomes, respectively. Analysis of Native Exo with Native MSC showed 348 shared 

peptides and 2095 unique peptides for Native MSC and 190 unique peptides for Native Exo 

 (Fig. 3.19 A). 

 Comparison of IFN-γ Exo with IFN-γ MSC showed 235 shared peptides and 2186 unique 

peptides for IFN-γ MSC and 179 unique peptides for Native Exo. Comparison of Native cells vs. 

IFNγ MSC showed 1994 shared peptides with 449 and 427 unique peptides for Native and IFNγ 

MSC respectively (Fig. 3.19 B). 

 GO analysis shows that for stimulated cells mostly peptides are involved in antigen presenting 

and immune response as expected in stimulated group 

 (Fig. 3.19 C). Since IFN-γ Exo treated experimental groups displayed robust efficacy, enhanced 

Treg induction and superior suppression of T cell proliferation compared to Native Exo, to 

identify and narrow down potential therapeutic proteins we decided to focus on IFN-γ Exo.  
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Our proteomics analysis identified multiple proteins enriched in IFNγ-Exo with anti-

inflammatory or neuroprotective properties including the following: (Table 3.4) summarizes 

selected peptides enriched in IFNγ-Exo), shown in bold font below. 

Cellular component 
organization or 

biogenesis 

Innate immune 
response 

Cellular component 
organization Immune response 

Multi-organism 
cellular process 

Antigen processing 
and presentation of 

peptide antigen 

Viral process Defense response 

Symbiosis, 
encompassing 

mutualism through 
parasitism 

Antigen processing 
and presentation of 
exogenous peptide 

antigen 

Interspecies 
interaction between 

organisms 

Antigen processing 
and presentation of 
exogenous antigen 

Organelle 
organization 

Multi-organism 
 cellular process 

Cytoplasmic 
 transport 

Interferon-γ�
mediated signaling 

pathway 

Intracellular transport Viral process 

Single-organism 
intracellular transport 

Response to 
interferon-gamma 

 Native Cell IFNγ�Cell 

Native Exo  IFNγ�Exo

Single-organism 
cellular process 

Extracellular matrix 
organization 

Small molecule 
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Extracellular 
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organization 

Single-organism 
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Organic acid 
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Extracellular matrix 
disassembly 

Single-organism 
metabolic process 

Response to 
 stimulus 

Cellular component 
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Cellular component 
disassembly 
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Single-multicellular 
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Cellular process Multicellular 
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Organonitrogen 
compound 

metabolic process 

Negative regulation 
 of biological process 
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IFNγ�Cell  IFNγ�Exo

A	

B	

C	  Native Cell IFNγ�Cell Native Exo  IFNγ�Exo

Fig. 3.19.  Proteomics analysis. A) Comparison of peptide composition of Native MSC 

with correspondent exosome and IFN-γ MSCs with their exosomes. B) Cross comparison 

of Native MSC with IFN-γ MSCs and Native exosomes with IFN-γ exosomes. C) Gene 

ontology (GO) of MSCs and their exosomes shows functions of peptides enriched in 

each category.  
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 Macrophage inhibitory cytokine 1 (MIC-1) (alternative name: growth differentiation 

factor-15 (GDF-15) is a novel divergent member TGF-β superfamily bearing structural 

similarities to TGF-beta283. GDF-15 displays immunosuppressive properties by inhibiting 

Table 4. Peptides found in INFγ-Exo samples 
Neuronal Protection Anti-inflammatory 

Peptide Name Function(s) Peptide Name Function(s) 

Laminin subunit 
beta-2 

1. Axon extension involved in 
regeneration 
2. Axon guidance 
3. Astrocyte development 

Extracellular 
sulfatase Sulf-1 

Negative regulation of cell 
migration 

Aggrecan Central nervous system 
development Serglycin Negative regulation of cytokine 

secretion 

Testican-1 

1. Central nervous system neuron 
differentiation 
2. Nervous system development 
3. Neurogenesis 
4. Neuron migration 

Slit homolog 2 
protein 

1. Negative regulation of cell 
migration 
2. Negative regulation of 
leukocyte, neutrophil, and 
monocyte chemotaxis 
3. Negative regulation of 
mononuclear cell migration 

Versican core 
protein 

Central nervous system 
development Gremlin-1 Negative regulation of 

monocyte chemotaxis 

Periostin 
1. Neuron projection extension 
2. Negative regulation of cell-
matrix adhesion 

Thy-1 membrane 
glycoprotein 

1. Negative regulation of cell 
migration 
2. Negative regulation of T cell 
receptor signaling pathway 

Glypican-1 
1. Axon guidance 
2. Myelin assembly 
3. Schwann cell differentiation 

Annexin A4 

1. Negative regulation of 
interleukin-8 secretion 
2. Negative regulation of NF-
kappaB transcription factor 
activity 

Hyaluronan and 
proteoglycan link 
protein 3 

Central nervous system 
development Endoglin 

1. Negative regulation of cell 
migration 
2. Promotes transforming 
growth factor beta-mediated 
Smad 1/5/8 signaling 

Hyaluronan and 
proteoglycan link 
protein 1 

Central nervous system 
development 

Latent-transforming 
growth factor β-
binding protein 

1. TGFβ stability 
2. Treg Induction 

Regucalcin Negative regulation of apoptotic 
process 

5'-nucleotidase 
(CD73) Converting AMP to adenosine 

Galectin-1 
Inhibition of soluble and cellular 
mediators of the inflammatory 
response 

Galectin-1 
Inhibition of soluble and 
cellular mediators of the 
inflammatory response Cofilin-1 Negative regulation of apoptotic 

process 
HSP70 Anti apoptotic 
Myosin-14 Neuronal action potential 
 

Table 3.4: List of peptides found in exosomes 
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proliferation of PBMCs and suppressing the secretion of inflammatory cytokines such as TNF-α, 

IL-1 by macrophages.  It also induces FOXP3 expression in CD4+ CD25+ population284. 

Galectin-1 (Gal-1) shows anti-inflammatory effects in acute inflammatory conditions by 

inhibition of both soluble and cellular mediators of the inflammatory response28.  Galectin-1 also 

exerts neuroprotective function through inactivation of activated microglia, which is believed to 

play a key role in neuronal degeneration in MS29.  Heat shock protein 70 (HSP70) display 

neuroprotective effects by preventing protein aggregation and misfolding through their 

chaperone activity, and their antiapoptotic mechanisms285. Overexpression of HSP70 in MS 

lesions protect CNS cells against the inflammatory environment that is typical of the disease285 

Latent-transforming growth factor beta-binding protein (LTBP) expression is co-regulated with 

TGF-β and enhances the secretion of TGF-β.  LTBPs have also a role in the targeting of the 

latent TGF-β to the extracellular matrix30.  Thy-1, or CD90, has also been associated with the 

immunosuppressive capacity286.  Decreased positivity for CD90 on MSCs has been associated 

with a loss of immunosuppressive activity by MSCs.  Annexin A (AnxA) inhibits neutrophil 

tissue accumulation by reducing its infiltration and activating neutrophil apoptosis.  Moreover, 

AnxA is capable of inducing macrophage reprogramming towards antiinflammatory phenotype, 

resulting in reduced production of proinflammatory cytokines and increased release of 

immunosuppressive molecules287. Glypican induces myelination by faciliating interaction of 

Schwann cells with ECM. Moreover, suppression of glypican-1 expression inhibits 

myelination288  

Production of laminin in Schwann cells is necessary for proper myelination and regeneration of 

peripheral nerves289.  Moreover, Laminin-2 substrates have been shown to enhance myelin 

membrane formation in oligodendrocytes.  CD73 (ecto-5'-nucleotidase, Ecto5'NTase): 
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Adenosine production is one of the mechanisms by which MSC exert T-cell-mediated 

immunosuppression290. Interestingly, inhibition of CD73 results in abrogation of MSC protective 

effects in a mouse model of experimental autoimmune uveitis291.  

Identification of these molecules helps to unravel key factors involved in exosome efficacy, 

which then can be further enriched in exosomes to make them more efficacious and potent.  

More importantly, this knowledge helps to shed light on MSC repair mechanisms as well.  

Collectively, proteomic analysis together with RNA sequencing, allowed us to uncover some of 

the main proteins and RNA factors which might be responsible for the MoA of exosomes. These 

data will potentially allow us to engineer exosomes to overexpress selected candidates in the 

future to improve their efficacy.  

Discussion 
 
In the context of cell therapy, the majority of i.v.-infused MSCs get entrapped in filter organs 

without significantly homing to sites of injury, and yet they frequently exhibit therapeutic 

activity in numerous animal models.  However, their mechanism of action in vivo remains 

ambiguous. It is currently believed that exogenous stem cells exert their therapeutic functions 

through secreting multiple paracrine factors that may help injured cells to recover.  However, it 

has been shown that lung entrapped MSCs could shed small vesicles to the circulation that can 

eventually reach distant organs. It is possible that transplanted cells may secrete EVs to mediate 

efficacy in vivo44,45,292 Therefore, the findings in this study facilitate the understanding of how 

stem cells exert their therapeutic effects. This study also paves the way for us and other 

researchers to quickly translate this novel treatment to better treat and manage MS and other 

diseases.  
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IFNγ-stimulated DCs release exosomes (IFNγ-DC-exo) that were tested in a phase I 

clinical trial as a cancer vaccine293, whereas in a separate application, IFNγ-DC-exo containing 

certain microRNA were capable of improving remyelination by enhancing protection from 

oxidative stress294, 295. Although many cell types are capable of releasing exosomes, we have 

chosen MSCs for a variety of reasons including their ease of isolation, high yield of production 

by in vitro culture while maintaining genomic stability after repeated passages, and demonstrated 

clinical safety in hundreds of ongoing clinical trials, which are key parameters in eventual cGMP 

manufacturing and clinical application of exosomes.  

In this report, we demonstrate IFN-γ-activated exosomes exhibit robust efficacy in EAE 

animal model of MS.   We also determine the contribution of exosomes in immunomodulation 

and myelination in the process of regeneration.  Importantly, we identify candidate molecular 

targets that might mediate the therapeutic effects of exosomes.   We are, to our knowledge, the 

first to discover that MSC exosomes possess similar therapeutic efficacy as the whole MSC in 

the EAE model.  MSC derived exosomes have been found to be efficacious in healing of injured 

tissues including bone and cartilage296-298, heart76,299,300, lung301,302, liver72,73, kidney9,303, nervous 

system64,304, and immune system105.  Here, we decided to stimulate MSC with IFN-γ, as 

stimulation of human MSC with IFN-γ has been shown to promote immunosuppressive effects 

of MSCs22.  Pretreatment of MSCs with IFN-γ increases its efficacy in treating graft versus host 

disease23 and colitis245.  Similar to others, we clearly observed that activation of MSCs and their 

exosomes resulted in enhanced efficacy in treating EAE mice.  In this study we used human 

MSCs into mice model, which is a xenogeneic model. Immunologically speaking it would be 

more favorable to use mouse MSCs in mice model but considering regulatory agencies, efficacy 

of any biologics has to be examined in the animal models. 
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Tregs are central players in the preservation of self-tolerance and tissue homeostasis, 

which are armed with a collection of immunosuppression mechanisms, including depleting 

activated target cells and disruption of metabolic pathways305. Treg impaired function has been 

reported for a number of autoimmune conditions258 and pathogenesis of CNS autoimmune 

inflammation257.  We demonstrated that exosome mediated recovery was associated with a 

marked reduction in neuroinflammation, and emergence of Tregs.  Importantly, the increase in 

the number of Tregs was associated with clinical recovery of EAE.  This observation signifies 

the role of Tregs in reducing CNS damage by halting proinflammatory processes.  Increase in 

Tregs induced by MSC exosomes has also been reported to enhance the survival of allogenic 

skin graft in a mouse model256. Another study also reported that exosomes derived from 

umbilical cord MSC induced Tregs in an ischemic acute kidney injury model163.  

Studying exosomes biodistribution is of great importance since compared to other 

therapeutic modalities little is known about exosomes.  Exosome trafficking, including tissue 

distribution and clearance dynamics are important determinants of exosome efficacy and 

potential toxicity in clinical applications238. These results are in line with our biodistribution data 

since i.v. infused MSC-exosomes were mostly found in liver and spleen in both EAE and WT 

mice.  Notably, only in EAE mice, exosomes were found in the spinal cords, which suggest 

involvement of exosmes in the spinal cord lesions.  This penetration into the lesions of spinal 

cord might be very important for exosomes to suppress the macrophage infiltration and increase 

Treg numbers in the spinal cords as shown in our results.  Our data also showed that MSC 

exosomes are able to escape lung capillaries thanks to their nanosized structures.  This is a major 

advantage over cells as pulmonary embolism due to MSC entrapment can have detrimental 

consequences for the patients306.  Future studies on the potential correlation between size, 
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dosage, and pharmacodynamic properties of exosomes will provide additional insights into 

exosome-mediated therapies especially prior to approval for clinical use.  

To the best of our knowledge, our work is also one the few studies which specifically 

investigated the roles of RNAs by inactivating them inside exosomes.  Maria Eldh et al. showed 

that ability of exosomes in inducing tolerance to oxidative stress in the recipient cells are lost 

after UV light exposure and inactivating RNAs267.  Here, we selectively inactivate exosomal 

RNA and then evaluated exosomal functions in Treg assays.   In this study we also aimed to 

dissect the molecular pathway(s) that mediate exosome therapeutic effects.  Hosting a mixture of 

proteins and RNAs by exosomes, complicates identification of their active ingredients 

contributing to the MoA.  Figuring out the main molecular targets is important since this will 

help us to develop novel therapeutic approaches that have enhanced efficacy by overexpressing 

selected factor(s).  Our observations show that exosome MoA is related to immunomodulation 

and/or neuroprotection and neuroregeneration.  The RNAseq and proteomic analyses identified 

enriched proteins (including Gal-1, HSP-70 and LTBP) and RNA content (including indoleamine 

2,3-dioxygenase [IDO], thymosin β) and miRNAs, which affect PI3K/AKT, an over-activated 

pathway in multiple autoimmune diseases.  These identified factors are implicated in anti-

inflammatory, antigen presenting, or neuronal protection pathways (Fig 3.20)  

In conclusion, we have accumulated unique data on MSC exosomes and their proteins 

and genetic materials.  We are, to the best of our knowledge, the first to discover that MSC 

exosomes possess similar therapeutic efficacy as the whole MSC in the EAE model.  Our 

research provides important basic information on how MSC exosomes function in animal models 

of MS, which offers the possibility to clinically translate them to manage MS.  As described 

above, exosomes are positioned to offer a good blend of potent and long-lasting therapeutic (like 
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cells) but with potentially fewer side effects.  In particular, MSC exosomes showed potential to 

induce a tolerogenic immune response and therefore a sustained clinical recovery.  Our work will 

potentially provide novel therapeutic platforms based on cell-free exosomes to treat MS, and in 

the future, other autoimmune and neurodegenerative diseases.  
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 MATERIALS AND METHODS 

Cell Source 
Human bone marrow derived MSCs were purchased from Texas A&M Health Science Center 

College of Medicine Institute for Regenerative Medicine. According to the guidelines of the 

International Society of Cellular therapy (ISCT) MSCs should be adherent in cell culture; 

express markers CD90, CD73, and CD105; test negative for hematopoietic markers CD34, 

CD45, markers for monocytes, macrophages, and lymphocytes; and be able to differentiate in 

vitro into osteoblasts and adipocytes under standard culture conditions. All above characteristics 

already tested by Texas A&M Health Science Center prior to purchase. αMEM supplemented 

with 4 mM L-glutamine and 15% Fetal Bovine Serum (FBS) was used to culture cells. Passages 

2-3 used for all the experiments.  For exosome collection, 80% confluent cells were cultured 

with complete media supplemented with 15% exosome-depleted FBS for 3 days. To deplete 

exosomes, fetal bovine serum (FBS) was centrifuged at 120,000 ×g for 18 h. 

 

Fig. 3.20 Schematic illustration of EAE recovery. Upon injection, exosomes bypass the 

blood spinal cord barrier either through gaps between endothelial cells. In exosome treated 

animals the frequency of regulatory T cells increased in the spinal cord. On the contrary, the 

frequency infiltrating Macrophage/Microglia was decreased. Moreover, decreased 

demyelination was observed in exosome treated animals. Possessing a complex mixture of 

RNA and proteins targeting different pathways, enable exosomes to exert their therapeutic 

efficacy probably by downregulating of inflammation and inducing tolerance by increasing 

number of Tregs. Over time, resolving inflamammtion in spinal cord is associated with 

decreased demyelination, resulting in recovery. 
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Isolation of Exosomes 
 
Conditioned media from cultures of hMSC cells grown as described above were centrifuged at 

300 ×g for 10 minutes to remove the cells. Supernatant was collected and transferred to 

ultracentrifuge tubes (Polyallomer Quick-Seal centrifuge tubes 25×89 mm, Beckman Coulter). 

Samples were then centrifuged in a Beckman Coulter ultracentrifuge (Optima L-90 K or Optima 

XE- 90 Ultracentrifuge, Beckman Coulter) for 20 minutes at 16,500 ×g (Type Ti 45, Beckman 

Coulter), to remove microvesicles. Supernatant was then carefully collected and centrifuged 

either for 2.5h with a Type 45 Ti rotor at 4°C at 120,000×g.  Exosome pellet was resuspended in 

PBS and stored at -80°C. To activate the MSCs, 10ng/ml of IFN-γ (PeproTech Inc, USA) was 

used for 3 days and correspondent exosomes were collected as mentioned above. 

 

RNA isolation for deep RNA sequencing 

MSC-exosomes (~800 µg) were re-suspended in 350 µl of lysis buffer (with 1% 2-

mercaptoethanol added; miRCURY RNA isolation kit, Exiqon) before 200 µl of 95% ethanol 

was added. The samples were vortexed and transferred to spin columns and centrifuged at 14,000 

×g for one minute. The flow-through was discarded and 400 µl Wash Buffer was added to the 

spin columns, which were centrifuged at 14,000 ×g for one minute, whereby the flow-through 

was again discarded. This step was performed three times in total. A centrifugation at 14,000 ×g 

for two minutes followed to dry the spin column. Fifty microliters of elution buffer was added 

and centrifuged for two minutes at 200 ×g, followed by one minute at 14,000 ×g. The flow-

through was collected and either used right away or kept at  -80°C. The RNA quantification and 

profiling was performed using a nano chip on a Bioanalyzer (Agilent Technologies, Santa Clara, 

CA, USA). Bioanalyzer data was not presented here. 
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Protein Quantification 
 
Isolated exosomes were re-suspended in PBS, mixed with 1X RIPA (Cell signaling technologies, 

USA) buffer and sonicated for five minutes, three times, with vortexing in between. Protein 

contents were measured using a BCA protein assay kit (Thermo Scientific Pierce, Rockford, IL, 

USA). Twenty-five microliters of BSA standard or 25 ml of sample were transferred to a 96 well 

plate to which 200 ml working reagent was added (working reagent; 50:1 ratio of assay reagents 

A and B). The plate was incubated for 30 minutes at 37°C, before being analyzed with a 

SpectraMax 384 Plus spectrophotometer at 562 nm and the SoftMax Pro software (Molecular 

Devices, 1311 Orleans Drive, Sunnyvale, CA, USA).  

Western Blotting 
 
MSC exosomes were mixed with 1X RIPA buffer (Cell signaling technologies) followed by 

sonication for five minutes, three times, with vortexing in between. Volumes corresponding to 25 

µg of protein from isolates were separated on a gradient precast polyacrylamide gel  

(Mini-PROTEAN®; Bio-Rad laboratories, Hercules, CA, USA). Samples were then transferred 

onto a nitrocellulose membrane which was then blocked with 5% Blotting Grade Blocker Non-

Fat Dry Milk (Bio-Rad Laboratories) in Tris-buffer saline (TBS) for two hours. Membrane was 

then incubated with primary antibodies against calnexin (1:1000; clone H-70; Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), TSG101 (1:1000; clone 4A10; Abcam, Cambridge, UK) 

and CD81 (1:800; clone H-121; Santa Cruz Biotechnology) dissolved in 0.25% Blotting Grade 

Blocker Non-Fat Dry Milk in TBS-Tween (TBST) overnight at 48 ºC, after which the membrane 

was washed with TBST for 10 minutes, three times. Secondary antibodies (calnexin and CD81: 

(1:10 000) ECL anti-rabbit IgG horseradish peroxidase-linked F(ab’)2 fragment (donkey, anti-

rabbit); for TSG101: (1:2000) ECL anti-mouse IgG horseradish peroxidase-linked F(ab’)2 
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fragment (sheep, anti-mouse); GE Healthcare, Buckinghamshire, UK) were diluted in 0.25% 

Blotting Grade Blocker Non-Fat Dry Milk in TBST and incubated for 1.5 hours. Membranes 

were analyzed with ECL Prime Western Blotting Detection (GE Healthcare) and a VersaDoc 

4000 MP (Bio-Rad Laboratories).  

Flow Cytometry 
 
MSC exosomes were incubated with CD63-coated magnetic beads (15 µg exosome per 7µl of 

beads) (Life Technologies AS, Oslo, Norway) overnight with gentle agitation. The bead-sample 

complexes were washed with 1% exosome-depleted FBS in PBS and then incubated with human 

IgG (Sigma- Aldrich) for 15 minutes at 4°C. The bead-sample complexes were again washed and 

then incubated with PE-labelled antibodies against CD9, CD63 and CD81 or Isotype Control 

(BD Bioscience, Erembodegem, Belgium) for 40 minutes with gentle agitation at room 

temperature (RT). Another wash step was performed before running the samples using a 

FACSAria (BD Bioscience) and data was analyzed using FlowJo Software (Tri Star, Ashland, 

OR, USA).  

Electron Microscopy 
 
MSC exosomes samples used for electron microscopy were dissolved in PBS. 15 µg of 

exosomes was loaded onto formvar carbon-coated grids (Ted Pella Inc., Redding, CA, USA). 

Samples were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde and contrasted in 2% 

uranyl acetate. Loaded grids were examined in a LEO 912AB Omega electron microscope (Carl 

Zeiss NTS, Jena, Germany). For immunogold labeling, MSC exosomes were mixed 1:1 with 

freshly prepared 8% paraformaldehyde and fixed for 10 min at RT. Then they were loaded on 

formwar membrane coated HF35Cu with carbon EM grids. Grids were blocked by 0.5% 
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BSA+0.1% in PBS for 30 min, incubated with primary antibody anti CD63 (MEM-259, Exbio, 

11-343, dilution 1:200 in 0.5% BSA in PBS) overnight at 4°C, washed 3 times for 15 min with 

0.5% BSA in PBS, then incubated with secondary anti mouse antibody conjugated with 10-nm 

gold particles (G7652, Sigma Aldrich, dilution 1:40 in PBS) for 2 h at RT, washed 3 times for 15 

min in PBS and once with dH2O. After staining with 2% ammonium molybdate for 20 s at RT, 

grids were washed with dH2O water and imaged using TEM Morgagni 268D (FEI) equipped 

with Mega ViewIII (Soft Imaging System) at 70 kV.   

Nanoparticle tracking analysis (NTA) 
 
NTA was carried out using the Nanosight system (Malvern instruments, USA) on exosomes 

resuspended in PBS at a concentration of approximately 2 µg/µl and were further diluted 100-

fold for analysis. The system focuses a laser beam through a suspension of the particles of 

interest. EVs are visualized by light scattering using a conventional optical microscope aligned 

perpendicularly to the beam axis, which collects light scattered from every particle in the field of 

view. A 60 s video records all events for further analysis by NTA software. The Brownian 

motion of each particle is tracked between frames, ultimately allowing calculation of the size 

through application of the Stokes-Einstein equation. 

Whole transcriptome (WT) sequencing 
 
For sequencing RNA prepared as mentioned above and library for small and long RNA was 

created. Illumina HiSeq 2500 were then used to perform the sequencing. For both the WT and 

small-RNA sequencing, the raw sequence image files from the Illumina HiSeq 2500 in the form 

of .bcl are converted to the fastq format and checked for quality to ensure the quality scores do 

not deteriorate drastically at the read ends. The fastqs were trimmed to remove the adapters for 
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the small-RNA sequencing runs whereas for the long RNA, they were left untrimmed. The fastqs 

were then aligned to the reference human genome (hg19, Ensembl version 75) using STAR 

v2.3.0 for the long-RNA and Bowtie for the small-RNA. The STAR/Bowtie aligned .sam files 

are converted to .bam files and sorted by coordinate position using SAMtools v0.1.19.  

For the WT sequencing runs, read counts and FPKMs for genes were generated using the hg19 

gene reference from Ensembl 75. The read counts were generated using htseq-count  

(intersection non-empty mode) and FPKMs were generated using Cufflinks v2.2.1. The libraries 

for the samples were scaled to the total number of reads mapping to the reference human genome 

(total library normalization). TPMs for each gene i was calculated by TPMi= FPKMi/∑FPKMi 

. See each of the figures for more details on the analysis.  

For the small-RNA sequencing runs, the samples were run through sRNAbench, which 

allows one to map the reads to various other RNA libraries using Bowtie. The reads were first 

mapped to the miRNA database (miRBase v21) and then were simultaneously and competitively 

mapped to the other RNA libraries, namely, rRNA (ribosomal RNA from NCBI), Mt_tRNA 

(Mitochondrial tRNA from Ensembl 75), tRNA (transfer RNA from UCSC 

http://gtrnadb.ucsc.edu/Hsapi19/hg19-tRNAs.fa), piRNA (piRBase v1.0), snoRNA (small 

nucleolar RNA from Ensembl 75), snRNA (small nuclear RNA from Ensembl 75), Vault RNA 

(Ensembl 75) and Y RNA (Ensembl 75).  

Log2 fold changes were calculated for the comparisons between cells treated with IFN-γ 

and control cells (Cells_IFN-γ vs Cells_C), and, exosomes from cells treated with Exo IFN-γ 

versus exosomes from control cells (Exo_IFN-γ vs Exo_C) for both the WT sequencing and 

miRNA reads. TPMS were used for the WT sequencing runs, whereas read counts normalized 

for total library size were used for the miRNA comparisons. For the WT sequencing, the top 350 
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genes with the highest absolute log2FoldChanges were put into Ingenuity Pathway Analysis 

(IPA) to see which pathways were affected by the IFN-γ treatment. Also, for the small RNA 

sequencing runs, the target mRNA was found by miRNA Target Explorer from IPA. The list was 

whittled down to include only those mRNA targets for the miRNA, which were experimentally 

observed. 

Proteomic analysis 
 
MSC exosomes samples (~ 2 mg per sample)_ were digested with trypsin after reducing and 

alkylationg with MMTS (methyl methanethiosulfonate). Peptides were analyzed on an Orbitrap 

Fusion Tribrid MS interfaced with a nanoLC system with a C18 column and an acetronitrile 

gradient. Raw spectra were analyzed with MaxQuant (Cox & Mann 2008), and LFQ intensities 

were compared to determine protein spectra with 2-fold change in intensity. Gene Ontology 

(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway analyses were then 

performed on proteins with a 2-fold change in LFQ intensity between samples using 

the Database for Annotation, Visualization and Integrated Discovery (DAVID).  The top 20 GO 

and KEGG categories with a Benjamani adjusted p-value < 0.05 were plotted. 

EAE induction 
 
Female C57BL/6J mice, 6 to 8 weeks old, were purchased from Charles River laboratories Inc. 

(San Diego, USA). All animals were housed in pathogen-free conditions and treated according to 

the guidelines of the Animal Ethical Committee of University of California, Irvine. Mice were 

immunized with complete Freund adjuvant (IFA; Difco, Detroit, MI) containing 4 mg/mL 

Mycobacterium tuberculosis (strain H37Ra; Difco) and 200 µg MOG35-55 (AnaSpec, CA, 

USA). Immunization with MOG35-55 was followed by i.v. administration of 400 ng pertussis 
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toxin (Sigma-Aldrich) on day 0 and after 48 hours. Each mouse was graded blinded every other 

day and assigned a clinical score ranging from 0 to 4, where 0 represent a healthy WT (Wild 

type) mice and 4 represents the dead mice.. Mice were followed for at least 40 days following 

immunization. The cumulative disease score was calculated by summing the neurologic scores 

recorded daily for each mouse along the whole period of observation. 

Histology 
 
At time of sacrifice, mice were transcardially perfused with 4% paraformaldehyde. Spinal cords 

were removed and fixed in the same fixative for 24 hours, washed in PBS, and then embedded in 

embedded in OCT in cryomolds. Sections were cut at 8-um thickness on a cryostat and stained 

for histologic examination under a Nikon (Nikon, Tokyo, Japan, http://www.nikon.com) 

microscope.  

Immunofluorescence staining 
 
Specific antibodies were detected using immunofluorescent staining. The post fixed spinal cord 

samples were sectioned at 8-um thickness with a cryostat. The sections were desiccated for an 

hour. Samples were doused with 10% normal goat serum or 0.5% triton in PBS for an hour at 

room temperature, dried and doused with a primary antibody using CD4 (1:200 dilution; BD 

Pharmingen) and IBA-1 (1:400 dilution; Wako) and placed in a 4 degree room overnight. The 

following day the samples were washed 3 times with PBS for 5 min, and incubated with the 

secondary antibodies for an hour at room temperature, washed in PBS 3 times for 5 minutes and 

mounted with DAPI. The slides were analyzed using Nikon (Nikon, Tokyo, Japan, 

http://www.nikon.com) microscope. The following secondary antibodies were used: Alexa Fluor 

488 goat anti-rabbit IgG, Alexa Fluor 594 goat anti-hamster IgG (Invitrogen). 
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Luxol fast blue 
 
The luxol fast blue (LFB) stain determined myelin differentiation. Spinal cord sections from 

mice received PBS or exosomes were desiccated for an hour, and then went through a series of 

washing steps with ethanol, lithium carbonate, Harris Hematoxylin, acid alcohol, ammonium 

hydroxide, and Eosin Y.  For LFB, three different animals were assayed with at least 10 sections 

per animal. Quantification of the proportion of myelinated and unmyelinated axons was taken 

from multiple sections at least 3 different spinal cord regions from 3 animals. All spinal cord 

slides were analyzed using Nikon (Nikon, Tokyo, Japan).  

Hematoxylin and Eosin  
 
Spinal cord slides from PBS or exosome treated mice were hydrated in deionized water (DI) and 

left in Hematoxylin for 5 minutes.  The samples went through a series of washes and left in 

Eosin Y for 1 minute and 20 seconds. The samples went through another series of ethanol 

washes and analyzed using Nikon. 

PBMC isolation 
 
Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats from healthy, 

anonymous blood donors (UCI institute for clinical and transitional science) by density gradient 

centrifugation (Ficoll-Pague plus, GE Healthcare).  25 µg of MSC-exosomes co-cultured with 

1×105 CFSE [5(6)-carboxyfluoresceindiacetate N-succinimidyl ester] solution (Molecular 

Probes, Eugene, OR) labeled PBMCs. To activate the T-cell proliferation, 100 ng/mL of the anti-

human CD3 and CD28 antibody (Tonbo Biosciences, San Diego, CA) was used. T-cell 

proliferation was recorded after 4 days of incubation as a dilution of fluorescent dye by flow 

cytometry (FACSAria, BD) and data were analyzed using the FlowJo. 
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Biodistribution experiments 
 
Male wild type and EAE induced C57BL/6 mice were injected i.v. with Native and IFNg 

exosome labeled with DIR lipophilic dye (Perkin Elmer). DiR labeled exosomes where injected 

to each mouse. EAE and wild type mice were imaged at 3 hours and 24 hours using IVIS.  This 

imager uses highly sensitive CCD camera to image high wavelength fluorescence. Mice were 

also sacrificed at 3 hours and 24 hours and organs were imaged at both time points. Mice were 

sedated with isoflurane and live imaged using 1-2 minute exposure and ICG filter at 745nm 

excitation for 3 hour and 24-hour mouse groups. After each live imaging mice organs were 

isolated and imaged using 1-2 second exposure (ICG filter at 745 nm excitation). Fluorescence 

for each mice and organ image where quantified using Live Imaging Software in IVIS.  

Blue BANDit® staining to detect protein damaged caused by U.V 
 
It is known that continuous UV-excitation damages proteins through photolysis, and generates 

reactive species leading to protein thiol oxidation307. Blue BADIT™ protein assay was 

conducted to explore the effect of UV illumination on proteins of exsosomes. Retrieved 

exosomes (2 µg/µL) were divided into 3 identical sub-batches. The first sub-batch was 

maintained without UV illumination as a control. The second and third sub-batches were 

exposed to UV illumination for 120 s and 1 h, respectively. Then, exosome proteins were 

retrieved using RIPA (as described earlier). Next, 10 µL of each sample was added to 10 µL of 

Laemmli 2X sample buffer (BIORAD, USA), and loaded into Mini-PROTEAN® TGX™ 10% 

precast gel (BIORAD, USA). 5 µL of PageRuler™ Plus protein ladder was also loaded into the 

gel. Following electrophoresis, gel was washed 3X for 5 minutes in 200 mL of deionized water 

with gentle agitation. Water was discarded and at least 20 mL of Blue BANDit™ protein stain 

was added, ensuring the gel is completely submerged. Gel was covered with Aluminum foil and 



129 

stained for 1 h with gentle agitation. Next, gel was rinsed with several changes of at least 200 mL 

of deionized water overnight with gentle agitation. Stained proteins began to appear as blue 

bands on a clear background.  
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                                       CHAPTER 4 

	

	Isolation and Characterization of MSC-derived Microvesicles or 
Shedding Vesicles 
 

Introduction:  

Small vesicles shed from the surface of cells considered for a long time to be cell garbage, are 

currently considered to be specific structures that are distinct from the exosomes released upon 

exocytosis of multivesicular bodies308,309. Recent studies indicate that shedding vesicles 

contribute in key biological processes. These processes including membrane trafficking and 

horizontal transfer of cargos (RNA and proteins310) to recipient target cells311. The budding of 

small cytoplasmic protrusions, which then detach from the membrane, forms these microvesicles 

(Fig. 4.1). The mechanisms involved in biogenesis of mirovesicles remain obscure. But, many 

reports suggest the involvement of cholesterol-rich micro domains of plasma membrane in 

biogenesis of these vesicles 106,312. Compared to exosomes, there are many similarities between 

biogenesis of microvesicles and exosomes in terms of protein complexes involved313.  

Shedding vesicles were initially thought to be larger and more heterogeneous in shape 

than exosomes but recently, however, it has been shown that microvesicles and exosomes size 

are not that much different.  Upon release from their cell of origin, it seems that they do not 

interact randomly with encountering cells, but rather they recognize specific cells. Once 

microvesicles fuse with the recipient target cells, not only they can transfer membrane 

components such as ligands and receptors but also different types of RNAs. The shedding 

vesicles first identified as mediators of a physiological process were those released by platelets. 

These microvesicles has been shown to be involved in inflammation236, blood coagulation314 and 
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tumor progression315.  

Knowing the importance of microvesicles in biological processes from the very 

beginning of the project we aimed to isolate and separate these vesicles from our exosome 

preparations.  In this chapter we provide information of Microvesicle isolation and 

characterization, which was carried out, along our exosomes preparations. We also have some 

preliminary data on functionality of these vesicles in our functional assays. 

 

 

 

 

 

 

 

Fig. 4.1 Microvesicle biogenesis.  Microvesicles or shedding vesicles simply form by budding 

off from plasma membrane 

Isolation and characterization of Microvesicles:  

To isolate microvesicles conditioned media from MSC cultures were initially centrifuged at 300 

×g for 10 minutes to remove the cells. The conditioned media were then centrifuged at 16,500 ×g 

for 20 min to harvest microvesicles (Fig. 4.2). Microvesicles will be abbreviated as “MV” for 

Microvesicles or 
Shedding Vesicles 

Plasma membrane 
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simplicity throughout this chapter. MV pellet was then resuspended in PBS and stored at -80°C. 

Microvesicles characterized using flow cytometry, western blotting, and nanoparticle tracking 

analysis (NTA). 

 

 

  

 

 

 

 

 

 

 

 

Tumor susceptibility gene 101 protein (TSG101) (a marker of microvesicles) was present in both 

IFN-γ and native microvesicles which confirmed by western blotting. On the other hand, CD81 

(general marker of extracellular vesicles) had minimal presence in microvesicles derived from 

MSCs (Fig. 4.3 A). It was surprising to us to observe such a significant difference in the 

expression of CD81 compared to exosome fraction as shown previously. Unlike exosomes, 

microvesicles are enriched in Calnexin protein  (an endoplasmic reticulum marker) (Fig. 4.3 A).  

300 x g  10 min	

Cells	

16500 x g  20 min	

 Microvesicles	

Microvesicle 
Pellet	

Microvesicle Pellet 

Collected  MSC Conditioned media 

 

Figure 4.2. Microvesicle Isolation. Schematic illustration of microvesicle 

isolation protocol. 
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Tetraspanins CD63, CD81 and CD9 are known to be general markers of extracellular vesicles 

and we decided to test MV for the presence of these markers. These markers had very low 

expression on the surface of microvesicles and this was confirmed using flow cytomety. Minor 

differences in Native and IFNγ MV in expression of tetraspanins is due to batch-to-batch 

variation (Fig. 4.3 B).  The presence of MV in the preparation was also confirmed using 

transmission electron microscopy (Fig. 4.3 C).  The size distribution of the MSC microvesicles, 

measured using NTA, shows that they are heterogeneous in size with two peaks one at 135 nm 

and the other at 95 nm in average diameter (Fig. 4.3 D).  These data suggest that we successfully 

isolated and characterized the MSC-derived microvesicles. 
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Figure 4.3. Characterization of Microvesicles.  A) Western blotting of MSC microvesicles 

for CD81, TSG101 and Calnexin.  B) Flow cytometry of MSC microvesicles using αCD63-

coated beads for CD63, CD81, CD9 on MSCs and MSC derived microvesicles. C) Electron 

microscopy of MSC microvesicles. D) Size distribution of MSC microvesicles using 

nanoparticle-tracking analysis (NTA). 
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Deep RNA sequencing revealed that microvesicles contain different types of coding and non-
coding RNAs 
 
In order to determine the RNA component of the microvesicles and also the effect of IFNγ 

stimulation on RNA profile of MV, RNA was isolated using miRCURY RNA isolation kit 

(Exiqon).  The quality and concentration of the RNA was examined using a nano-chip on a 

Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).  For RNA sequencing, Illumina 

HiSeq 2500 next generation sequencing platform was used for all sequencing experiments.  

Normalized counts of RNA show that both Native and IFNγ MV are enriched in coding and non-

coding RNAs (Fig. 4.5 A, C).  Due to important roles of noncoding RNAs regulation of gene 

expression, we further analyzed the non coding RNAs, we found out that this portion contains 

many small regulatory RNAs such as miRNAs, Small (or short) interfering (siRNAs), long non-

coding (lnc RNAs) etc for Native (Fig. 4.5 B) and IFNγ MV (Fig. 4.5 D).  Analysis of the 

miRNAs of MV showed that microvesicles have distinct profiles of miRNAs (data not shown) 

demonstrating that there might be a selective pathway to load particular miRNAs into 

microvesicles.  
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Fig. 4.5. RNA summary of Microvesicles.  A) Whole RNA sequence of Native microvesicles 

showing coding and non-coding percentage. B) Non-coding RNA sequence summary 

(percentage of different types of non-coding RNAs) of Native microvesicle. C) Whole RNA 

sequence of IFN-γ microvesicle showing coding and non-coding percentage. D) Non-coding 

RNA sequence summary (percentage of different types of non-coding RNAs) of IFN-γ 

microvesicle.  

Proteomics analysis revealed that microvesicles are enriched in specific proteins compared to 
its cell and exosome counterparts 

 By doing proteomics analysis we addressed the following questions.  First, if there would 

be any difference in terms of protein content of MSCs compared to microvesicles and exosomes. 

Secondly, how IFN-γ stimulation affects the protein content of microvesicles. Initially we 

compared the stimulated cells versus the control.  Comparison of Native microvesicle with its 

parent cell reveals that MV carries 254 unique peptides while having 756 common peptides with 

MSCs. Native microvesicles share 98 proteins with native exosomes (Fig. 4.6 A). IFN-γ 
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stimulated microvesicles carry 271 unique peptides while sharing 915 peptides and 78 with IFN-

γ MSCs and exosomes (Fig. 4.6 A). 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 1.6.  Proteomics analysis of Microvesicles.  A) Comparison of protein composition of 

Native microvesicles with its corresponding cell and exosomes. B) Comparison of protein 

composition of IFN-γ microvesicles with its corresponding cells and exosomes. 

Microvesicles derived from MSCs fail to induce Tregs in vitro. 
 
In order to see if MSC microvesicles induce Tregs in vitro, murine splenocytes from Foxp3-

eGFP ‘Treg reporter’ mice were stimulated with anti-CD3 + IL-2 with or without TGFβ, and 

were further cultured in the presence of indicated concentrations of IFNγ or Native 

microvesicles. Tregs are marked by expression of their master transcription factor, Foxp3 and 

high levels of IL-2 high affinity receptor alpha chain (IL-2Rα, or CD25). In the absence of TGFβ 

neither IFNγ nor Native microvesicles induce any Tregs (Data not shown). Even in the presence 
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of TGFβ, both Native and IFNγ microvesicles fail to induce CD4 and CD8 Tregs (Fig. 4.6 A-D). 

A slight increase can be observed in IFNγ microvesicles for CD4 population but compared to our 

previous experience with exosomes this increase is not substantial at all (Fig. 4.6 C). This 

functional readout along with some T cell suppression assays that we did previously gave us 

confidence to focus on exosome fraction. We also acknowledge that these in vitro read out may 

not be an ideal way to evaluate potency of microvesicles. Nevertheless, we never evaluated 

microvesicles efficacy under in vivo settings. Although they may not be very potent in vitro, they 

might have efficacy in vivo which needs to be determined. 

 

 Fig. 4.6  Treg induction of Microvesicles. Foxp3-eGFP mice splenocytes were stimulated with 

anti-CD3 + IL-2 with or without TGFβ, and were further cultured in the presence of indicated 
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concentrations of MSC microvesicles. A, B) Native microvesicles for CD4+ and CD8+ gate.  C, 

D) IFNγ microvesicles for CD4+ and CD8+ gate. 

Conclusion: 
 
To the best of our knowledge we are the first to systematically developed protocols to isolate and 

characterize microvesicles derived from human mesenchymal stem cells. Almost all the current 

reports focused on exosomes from MSCs. The fact that microvesicles carry unique proteins and 

RNAs was mentioned in the literature previously without the presence of compelling data to 

support it. Here, we revealed that microvesicles host specific proteins and RNAs compared to 

their exosome and cell counterparts. In our hands, unlike exosomes counterparts, we did not 

observe a potent efficacy in Treg induction with microvesicles. This observation does not 

suggest that exosomes are necessarily more powerful than microvesicles. There are many 

variables these in vitro assays. More research has to go into MSC microvesicles to determine 

their potential efficacy in different disease conditions. 

 

 

MATERIALS AND METHODS 

Cell Source 

Human bone marrow derived MSCs were purchased from Texas A&M Health Science Center 

College of Medicine Institute for Regenerative Medicine. According to the guidelines of the 

International Society of Cellular therapy (ISCT) MSCs should be adherent in cell culture; 

express markers CD90, CD73, and CD105; test negative for hematopoietic markers CD34, 

CD45, markers for monocytes, macrophages, and lymphocytes; and be able to differentiate in 

vitro into osteoblasts and adipocytes under standard culture conditions. All above characteristics 
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already tested by Texas A&M Health Science Center prior to purchase. αMEM supplemented 

with 4 mM L-glutamine and 15% Fetal Bovine Serum (FBS) was used to culture cells. Passages 

2-3 used for all the experiments.  For microvesicle collection, 80% confluent cells were cultured 

with complete media supplemented with 15% exosome-depleted FBS for 3 days. To deplete 

exosomes, fetal bovine serum (FBS) was centrifuged at 120,000 ×g for 18 h. 

Isolation of Microvesicles 

Conditioned media from cultures of hMSC cells grown as described above were centrifuged at 

300 ×g for 10 minutes to remove the cells. Supernatant was collected and transferred to 

ultracentrifuge tubes (Polyallomer Quick-Seal centrifuge tubes 25×89 mm, Beckman Coulter). 

Samples were then centrifuged in a Beckman Coulter ultracentrifuge (Optima L-90 K or Optima 

XE- 90 Ultracentrifuge, Beckman Coulter) for 20 minutes at 16,500 ×g (Type Ti 45, Beckman 

Coulter), to collect microvesicles.  

RNA isolation for deep RNA sequencing 

MSC microvesicles (~500 µg) were re-suspended in 350 µl of lysis buffer (with 1% 2-

mercaptoethanol added; miRCURY RNA isolation kit, Exiqon) before 200 µl of 95% ethanol 

was added. The samples were vortexed and transferred to spin columns and centrifuged at 14,000 

×g for one minute. The flow-through was discarded and 400 µl Wash Buffer was added to the 

spin columns, which were centrifuged at 14,000 ×g for one minute, whereby the flow-through 

was again discarded. This step was performed three times in total. A centrifugation at 14,000 ×g 

for two minutes followed to dry the spin column. Fifty microliters of elution buffer was added 

and centrifuged for two minutes at 200 ×g, followed by one minute at 14,000 ×g. The flow-

through was collected and either used right away or kept at  -80°C. The RNA quantification and 



147 

profiling was performed using a nano chip on a Bioanalyzer (Agilent Technologies, Santa Clara, 

CA, USA). Bioanalyzer data was not presented here. 

 

Protein Quantification 

Isolated microvesicles were re-suspended in PBS, mixed with 1X RIPA (Cell signaling 

technologies, USA) buffer and sonicated for five minutes, three times, with vortexing in 

between. Protein contents were measured using a BCA protein assay kit (Thermo Scientific 

Pierce, Rockford, IL, USA). Twenty-five microliters of BSA standard or 25 ml of sample were 

transferred to a 96 well plate to which 200 ml working reagent was added (working reagent; 50:1 

ratio of assay reagents A and B). The plate was incubated for 30 minutes at 37°C, before being 

analyzed with a SpectraMax 384 Plus spectrophotometer at 562 nm and the SoftMax Pro 

software (Molecular Devices, 1311 Orleans Drive, Sunnyvale, CA, USA).  

 

Western Blotting 

MSC microvesicles were mixed with 1X RIPA buffer (Cell signaling technologies) followed by 

sonication for five minutes, three times, with vortexing in between. Volumes corresponding to 25 

µg of protein from isolates were separated on a gradient precast polyacrylamide gel  

(Mini-PROTEAN®; Bio-Rad laboratories, Hercules, CA, USA). Samples were then transferred 

onto a nitrocellulose membrane which was then blocked with 5% Blotting Grade Blocker Non-

Fat Dry Milk (Bio-Rad Laboratories) in Tris-buffer saline (TBS) for two hours. Membrane was 

then incubated with primary antibodies against Calnexin (1:1000; clone H-70; Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), TSG101 (1:1000; clone 4A10; Abcam, Cambridge, UK) 

and CD81 (1:800; clone H-121; Santa Cruz Biotechnology) dissolved in 0.25% Blotting Grade 
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Blocker Non-Fat Dry Milk in TBS-Tween (TBST) overnight at 48 ºC, after which the membrane 

was washed with TBST for 10 minutes, three times. Secondary antibodies (Calnexin and CD81: 

(1:10 000) ECL anti-rabbit IgG horseradish peroxidase-linked F(ab’)2 fragment (donkey, anti-

rabbit); for TSG101: (1:2000) ECL anti-mouse IgG horseradish peroxidase-linked F(ab’)2 

fragment (sheep, anti-mouse); GE Healthcare, Buckinghamshire, UK) were diluted in 0.25% 

Blotting Grade Blocker Non-Fat Dry Milk in TBST and incubated for 1.5 hours. Membranes 

were analyzed with ECL Prime Western Blotting Detection (GE Healthcare) and a VersaDoc 

4000 MP (Bio-Rad Laboratories).  

Flow Cytometry 

MSC microvesicles were incubated with CD63-coated magnetic beads (15 µg microvesicle per 

7µl of beads) (Life Technologies AS, Oslo, Norway) overnight with gentle agitation. The bead-

sample complexes were washed with 1% exosome-depleted FBS in PBS and then incubated with 

human IgG (Sigma- Aldrich) for 15 minutes at 4°C. The bead-sample complexes were again 

washed and then incubated with PE-labeled antibodies against CD9, CD63 and CD81 or Isotype 

Control (BD Bioscience, Erembodegem, Belgium) for 40 minutes with gentle agitation at room 

temperature (RT). Another wash step was performed before running the samples using a 

FACSAria (BD Bioscience) and data was analyzed using FlowJo Software (Tri Star, Ashland, 

OR, USA).  

Electron microscopy 

MSC microvesicle samples used for electron microscopy were dissolved in PBS. 15 µg of 

microvesicles was loaded onto formvar carbon-coated grids (Ted Pella Inc., Redding, CA, USA). 

Samples were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde and contrasted in 2% 

uranyl acetate. Loaded grids were examined in a LEO 912AB Omega electron microscope (Carl 
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Zeiss NTS, Jena, Germany). The girds were imaged using TEM Morgagni 268D (FEI) equipped 

with Mega ViewIII (Soft Imaging System) at 70 kV.   

 

Nanoparticle tracking analysis (NTA) 

NTA was carried out using the Nanosight system (Malvern instruments, USA) on microvesicles 

resuspended in PBS at a concentration of approximately 2 µg/µl and were further diluted 100-

fold for analysis. The system focuses a laser beam through a suspension of the particles of 

interest. EVs are visualized by light scattering using a conventional optical microscope aligned 

perpendicularly to the beam axis, which collects light scattered from every particle in the field of 

view. A 60 s video records all events for further analysis by NTA software. The Brownian 

motion of each particle is tracked between frames, ultimately allowing calculation of the size 

through application of the Stokes-Einstein equation. 

 

Whole transcriptome (WT) sequencing 

For sequencing RNA prepared as mentioned above and library for small and long RNA was 

created. Illumina HiSeq 2500 were then used to perform the sequencing. For both the WT and 

small-RNA sequencing, the raw sequence image files from the Illumina HiSeq 2500 in the form 

of .bcl are converted to the fastq format and checked for quality to ensure the quality scores do 

not deteriorate drastically at the read ends. The fastqs were trimmed to remove the adapters for 

the small-RNA sequencing runs whereas for the long RNA, they were left untrimmed. The fastqs 

were then aligned to the reference human genome (hg19, Ensembl version 75) using STAR 

v2.3.0 for the long-RNA and Bowtie for the small-RNA. The STAR/Bowtie aligned .sam files 

are converted to .bam files and sorted by coordinate position using SAMtools v0.1.19.  
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For the WT sequencing runs, read counts and FPKMs for genes were generated using the hg19 

gene reference from Ensembl 75. The read counts were generated using htseq-count  

(intersection non-empty mode) and FPKMs were generated using Cufflinks v2.2.1. The libraries 

for the samples were scaled to the total number of reads mapping to the reference human genome 

(total library normalization). TPMs for each gene i was calculated by TPMi= FPKMi/∑FPKMi 

. See each of the figures for more details on the analysis.  

For the small-RNA sequencing runs, the samples were run through sRNAbench, which 

allows one to map the reads to various other RNA libraries using Bowtie. The reads were first 

mapped to the miRNA database (miRBase v21) and then were simultaneously and competitively 

mapped to the other RNA libraries, namely, rRNA (ribosomal RNA from NCBI), Mt_tRNA 

(Mitochondrial tRNA from Ensembl 75), tRNA (transfer RNA from UCSC 

http://gtrnadb.ucsc.edu/Hsapi19/hg19-tRNAs.fa), piRNA (piRBase v1.0), snoRNA (small 

nucleolar RNA from Ensembl 75), snRNA (small nuclear RNA from Ensembl 75), Vault RNA 

(Ensembl 75) and Y RNA (Ensembl 75).  

Log2 fold changes were calculated for the comparisons between cells treated with IFN-γ 

and control cells (Cells_IFN-γ vs Cells_C), and, exosomes from cells treated with Exo IFN-γ 

versus exosomes from control cells (Exo_IFN-γ vs Exo_C) for both the WT sequencing and 

miRNA reads. TPMS were used for the WT sequencing runs, whereas read counts normalized 

for total library size were used for the miRNA comparisons. For the WT sequencing, the top 350 

genes with the highest absolute log2FoldChanges were put into Ingenuity Pathway Analysis 

(IPA) to see which pathways were affected by the IFN-γ treatment. Also, for the small RNA 

sequencing runs, the target mRNA was found by miRNA Target Explorer from IPA. The list was 
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whittled down to include only those mRNA targets for the miRNA, which were experimentally 

observed. 

Proteomic analysis 

MSC microvesicles samples (~ 2 mg per sample)_ were digested with trypsin after reducing and 

alkylationg with MMTS (methyl methanethiosulfonate). Peptides were analyzed on an Orbitrap 

Fusion Tribrid MS interfaced with a nanoLC system with a C18 column and an acetronitrile 

gradient. 

Raw spectra were analyzed with MaxQuant (Cox & Mann 2008), and LFQ intensities 

were compared to determine protein spectra with 2-fold change in intensity. Gene Ontology 

(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway analyses were then 

performed on proteins with a 2-fold change in LFQ intensity between samples using 

the Database for Annotation, Visualization and Integrated Discovery (DAVID).  The top 20 GO 

and KEGG categories with a Benjamani adjusted p-value < 0.05 were plotted. 

PBMC isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats from healthy, 

anonymous blood donors (UCI institute for clinical and transitional science) by density gradient 

centrifugation (Ficoll-Pague plus, GE Healthcare).  25 µg of MSC microvesicles co-cultured 

with 1×105 CFSE [5(6)-carboxyfluoresceindiacetate N-succinimidyl ester] solution (Molecular 

Probes, Eugene, OR) labeled PBMCs. To activate the T-cell proliferation, 100 ng/mL of the anti-

human CD3 and CD28 antibody (Tonbo Biosciences, San Diego, CA) was used. T-cell 

proliferation was recorded after 4 days of incubation as a dilution of fluorescent dye by flow 

cytometry (FACSAria, BD) and data were analyzed using the FlowJo. 
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                                       CHAPTER 5  

Exosome repurposing for age related macular degeneration (AMD)  
 

Introduction: 

Drug repurposing also known as drug repositioning is the application of currently approved 

drugs and compounds to treat new indications in order to provide the quickest possible transition 

from bench to bedside316. Drug repurposing has many significant advantages over traditional 

drug development. 1) According to FDA regulations repurposed drugs can skip conducting phase 

IIa clinical trials 317 and I. There reason is that these drugs already passed potential toxicity 

evaluations and phase I clinical trials. 2) They can bypass much of the early cost to bring it to 

phase II clinical trial such as preclinical studies and phase I. 3) It will be a significant time saving 

by passing the early steps and it can be considered as a fast track approach. 

Recently, there has been an unprecedented transition of drug discovery from big pharma 

to small start-ups, academic and nonprofit institutions318. This transition was facilitated by the 

emergence of numerous innovative start-ups far beyond the innovation that major 

pharmaceutical companies brought to market recently319. This strategy though developed and 

been used by big pharma, received much attention in academic institutions lately. AMD is retinal 

condition, which results in blurry to no vision in the central vision320. This condition in the early 

phase shows no clinical signs and often times left undiagnosed. Over time, however, affected 

individuals start to recognize gradual worsening of their vision. Eventually, results in loss of 

central vision and sometimes blindness, which dramatically affects quality of life. In some cases 

visual hallucinations can occur and it is not considered to be a mental illness rather than a retinal 

disease complications321.  



 

154 
 

Macular degeneration is commonly occurs in people older than 60 years of age322. The 

etiology of the disease is not currently known. But, genetic factors and smoking have been linked 

to the disease. Currently, there is no cure or a potent treatment for the disease. In some cases, 

anti-vascular endothelial growth factor (VEGF) is injected into the eye or less commonly laser 

intervention. All current treatments only slow down the progression of the disease323. The 

projected number of people with age-related macular degeneration in 2020 is 196 million. And, it 

is a leading cause of vision loss in the U.S324. 

Pathogenesis of AMD is not very well known, although it is suggested that oxidative 

stress, mitochondrial dysfunction and inflammatory responses might have some roles in the 

disease322.  It is currently believed that initiation of the disease starts with accumulation of some 

protein aggregates called Drusen bodies. Drusen bodies are extracellular protein aggregates, 

which is formed as a result if imbalance production and degradation of damaged cellular 

components by retinal pigment epithelium (RPE)320. AMD condition is categorized into Wet and 

Dry AMD. 90 % of all diagnosed people with AMD have Dry AMD in which layers of the 

macula (including the photoreceptors and the retinal pigment epithelium) get thinner and 

degenerate. About 10% all cases suffer from Wet AMD, a condition in which new blood vessels 

grow in the choroid layer behind the retina. This condition is called choroidal 

neovascularizationmbati320,322.  

  Drusen bodies consist of aggregated intracellular, extracellular and secreted proteins, and 

lipids and cellular components. Once accumulated in the RPE layer macrophages start to migrate 

to the area to clean up the Drusen aggregates. It’s also been shown that resident macrophages are 

also responsible for the initiation of this process. The macrophage involvement creates a potent 

pro-inflammatory and pro-angiogenic environment, which leads to the degeneration of RPE and 
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photoreceptor cells eventually320,322,325.  This complicated process can be simplified into the 

following process. 1) Initiation of proinflammatory environement by macrophages and Drusen 

bodies. Moreover, there are multiple studies suggesting that other than Drusen bodies other 

factors such as complement system components such as C1q. 2) Neovascular phase in which 

inflammatory environment leads to the breakdown of blood retina barrier with recruitment of 

dendritic cells, NK cells, inflammatory cytokines such as IL-1β and tumor necrosis factor (TNF). 

3) These lead to the production of VEGF in excess and eventually formation of abnormal 

vascular network 322.  

Current FDA approved treatments323 for Wet AMD includes the following: Lucentis, 

anti-VEGF, from Genentech; Avastin, anti-VEGF, from Genentech (cheaper version); Mucagen, 

aptamer against VEGF and finally Eylea which is a VEFG inhibitor fusion protein by 

Regeneron326.  There are also many stem cell-based development and anti complement agents for 

AMD treatment, which are currently in clinical trials323.  

Stem cells, in particular MSCs, secrete multiple biological factors, including secreting 

neurotrophins, angiogenesis factors, immunomodulatory molecules and anti-apoptosis agents. 

These factors enable MSC to exert therapeutic properties in a wide spectrum of diseases327.  

Furthermore, due to their low immunogenicity, MSCs are also an ideal carrier for introducing 

exogenous neurotrophic factors. Therefore, MSCs might be promising candidates for treating dry 

AMD. 

It has been shown that MSC conditioned medium delay photoreceptor apoptosis328. Following 

intravitreal injection of MSCs conditioned media, photoreceptor degeneration was decelerated, 

and retinal function was slightly protected in The Royal College of Surgeons (RCS) rats, 

suggesting that that MSCs may secrete soluble factors, which inhibit apoptosis of photoreceptor 
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cell layer. In light-damaged retina model329, it was shown that MSCs produce brain-derived 

neurotrophic factor (BDNF) and can protect the outer nuclear layer. Xu et al.330,331 also reported 

that MSCs release basic fibroblast growth factor (bFGF), which protects neurons.  

In summary, these results suggest that MSCs and their secretome have therapeutic effects 

in animal models of retinal disease.  Therefore, having known that MSC exosomes are 

efficacious in EAE animal model based on our experience as well as other report showing the 

efficacy of MSC secretome in RCS rat model, decided to repurpose the exosomes for Age related 

macular degeneration (AMD) animal model in RCS as animal model.  

Materials and methods:  

Animals  
A total of 23 dystrophic RCS rats were used for this study. All animals were pigmented with the 

brown-eyed, dark-hooded RCS phenotype. The RCS rats were bred in a colony at the University 

of California, Irvine, and maintained under a 12-h light/dark cycle. Animals were housed and 

handled according to the guidelines by the Institutional Care and Use Committee at the 

University of California, Irvine.  

Isolation and characterization of exosomes:  
 
As previously mentioned in chapter 3, MSC derived exosomes (IFN-γ and Native) were used in 

the following experiments. Isolation and characterization was similar to what discussed 

previously in chapter 3. In brief, serial ultracentrifugation was used to isolate exosomes from 

MSC conditioned media. Isolated exosomes were then resuspended in PBS and kept in -80°C 

freezer and characterized by western blotting, flow cytometry. Exosomes were quantified using a 

BCA protein assay kit (Thermo Scientific Pierce, Rockford, IL, USA).  
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Exosome Injections:  
 
At the age of P21, RCS rats under ketamine- dexmedetomidine anesthesia received 2 µl volume  

(per eye) of exosome solution (total 4µg of exosomes) of either vehicle (PBS, sham) or IFN-

γ exosomes or Native exosomes via single intravitreal injection under ophthalmic surgical 

microscope, the contralateral eye served as untreated control. 

Electroretinography recording  
 
Retinal function was analyzed by full-field electroretinography (ERG) using a Ganzfeld 

stimulator at early (P35), mid (P45); (P60), and late (P90) time points. All animals were dark 

adapted overnight (>12 h) and prepared for testing under dim red light. Animals were 

anesthetized with a combination of Ketamine 70mg/kg (Mylan Institutional Galway or 

equivalent) and Xylazine 3.5mg/kg (Akorn or equivalent) delivered using a single intraperitoneal 

injection. Prior to the test, pharmacologic mydriasis was induced with 1 drop each topical 

Tropicamide 1% ophthalmic solution (Bausch & Lomb) and Phenylephrine 2.5% ophthalmic 

solution (Akorn). Animals were placed on a heated platform (37°C) to maintain a constant body 

temperature during measurement. ERGs were recorded from both eyes simultaneously using 

gold wire loops on each cornea as the active electrode with a drop of methylcellulose applied to 

the corneal surface for hydration during the testing procedure. Stainless steel needle electrodes 

(Rhythmlink) were placed sub-dermally at the base of the tail as ground and midline in the 

ventral aspect of the chin as the reference. Standard electroretinographic measurements were 

performed using the commercial Espion e3 recording unit coupled to the ColorDome Ganzfeld 

LED stimulator (Diagnosys LLC). The protocol included scotopic flash ERG at light intensities 

of 0.5 and 5cds/m2, photopic flash ERG at an intensity of 50 cds/m2 after 10 min of light 
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adaptation and 30 Hz photopic flicker at an intensity of 25cds/m2 (background of 30 cds/m2).  

Histology  
 
Animals were euthanized by CO2 asphyxiation. Globes were enucleated and post-fixed in 

Davidson’s solution for 48 h, then embedded in paraffin wax. For each eye, sagittal sections of 5 

mm thickness were cut from lens to the optic nerve and routinely stained with hematoxylin and 

eosin (H&E). Selected slides from the perioptic nerve area were imaged using a Nikon Eclipse Ti 

inverted research microscope (Melville) for morphological evaluation of retinal architecture and 

outer nuclear layer (ONL) thickness.  

Results:  

Intravitreal delivery of exosomes improves retinal function measured by ERG 

At the age of P21, dystrophic Royal College of Surgeon (RCS) rats under ketamine- 

dexmedetomidine anesthesia received either vehicle (PBS, sham) or IFN-γ or Native exosomes 

(4 µg) via single intravitreal injection under ophthalmic surgical microscope; the contralateral 

eye served as untreated control.  Eye exam were performed prior and post injection, animal were 

excluded if any surgical complication or other abnormality.  Visual function electroretinography 

(ERG) testing was performed at P35, P45, P60 and P90. The results on day 35 post treatment 

(Fig. 5.1 A) shows that there is no difference between groups. Higher b-wave signal implies that 

retinal is more functional regardless of the different intensities tested and can be seen on X axis 

(Fig. 5.1 A). On day 45 post treatment, both exosome treated groups show significant 

improvement in ERG functional analysis compared to PBS or sham groups (Fig. 5.1 B) (p < 

0.05). Analysis of ERG on day 60 shows improvement in retinal function in exosome treated 

group compared to PBS and sham group (Fig. 5.1 C) (p < 0.05). On day 90 post treatment no 
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significant difference found between the groups (Fig. 5.1 D).  In clonclusion, these data suggest 

that minor efficacy can be observed on day 45 and 60 post exosome treatment. It seems that 

exosomes only slow down the degeneration of retina in time. And, the efficacy of exosomes has 

a window between day 45 and 60. This is probably the time where we think more exosome 

injection would be beneficial to increase the efficacy of exosomes in this model. 

Fig. 5.1. ERG analysis of retina.  A) ERG analysis on day 35 post treatment shows no 

difference between groups. B) On day 45 post treatment, or IFN-γ exosomes and Native 

exosomes shows improvement in retinal function by having higher b-wave amplitude. C) 

ERG functional analysis of retina on day 60 post treatment shows that both IFN-γ  and 

Native exosomes treated mice have more functional retina by having higher b-wave signal. D) 

On day 90 no different between groups observed in ERG functional analysis. Unpaired t-test was 

used to determine p values. 
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IFN-γ  exosome treated group shows mild neuroprotection based on histological analysis 
 
In this animal model, RCS rat, the retinal layer that degenerates in time is photoreceptor layer. 

Therefore, any therapeutic modalities, which can delay this process or potentially regenerates 

photoreceptor layer can be considered as promising therapeutics. ERG only gives us information 

on how responsive the retina is to the signals. It indirectly provides information about 

photoreceptor layer and ERG results has to always be confirmed by histology analysis. Here, the 

RCS rats were sacrificed at day P90 and different layers of retina were evaluated based on their 

integrity and presence. Outer nuclear layer (ONL) is the layer that photoreceptor cells are located 

in retina. Inner nuclear layer (INL) is where the bipolar cells reside. As shown in Fig. 5.2 A the 

ONL and INL merged and made only one layer in untreated (UT) and sham controls whereas in 

healthy WT rats these layer are intact well separated (2 layers) (Fig. 5.2 D). In native exosome 

treated group (Fig. 5.2 B) only one layer can be found and although some efficacy observed with 

this group between days 45 and 60, it seems that this protection is lost in time till day 90. In IFN-

γ exosome treated group these layers are thicker since they have more cells survived in these 

layers as shown by arrows in Fig. 5.2 C. Although ONL and INL have better preserved in this 

group still they are merged and not separated as found in WT controls. In conclusion, this 

histological data suggests that IFN-γ exosome treated group has a mild neuroprotective effect.  
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Fig. 5.2.  Histology evaluation shows retinal ONL (photoreceptor, arrow) preservation for 

different treatment conditions at age P90. A) UT or sham treated, merged ONL and INL. B) 

Native exosome, merged ONL and INL. C) IFN-γ exosome treated, better separation of ONL 

and INL but still one layer. D) WT control, 2 separate ONL and INL layers. ONL: outer nuclear 

layer; GCL: Ganglion cell layer; INL: Inner nuclear layer. Scale bar: 50 µm 

Conclusion:  
Previously with our EAE model we observed efficacy with IFN-γ and Native exosomes. 

Therefore, we decided to evaluate the efficacy our exosomes in another model in this case RCS 

rat. RCS is a model commonly used model for age related macular degeneration.  Our data 

shows mild efficacy with IFN-γ and Native exosomes on days 45 and 60 based on ERG analysis 

and only with IFN-γ treated mice on day 90 based on histological analyses. The efficacy is not 

substantial and only mild protection was observed. We think more exosome injections during 

days 45 and 60 might result in a better protection and efficacy with exosomes. 
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																																																				CHAPTER 6  

                                                  Conclusion 

 
In this project, we tested the hypothesis that stem cell-derived exosomes can be an alternative but 

effective replacement of stem cell therapy. Specifically, we demonstrated that MSC exosomes 

exhibit robust efficacy in EAE animal model of MS. Moreover, we determined the relative 

contribution of exosomes in immunomodulation and reduction in demyelination in exosome-

mediated recovery of EAE model. Additionally, we identified candidate molecular targets that 

might mediate the therapeutic effects of exosomes. We believe we have generated new 

knowledge to advance our understanding of the biology of stem derived exosomes as potential 

mediators for cellular communication and signaling in general and how transplanted cells exert 

their therapeutic functions. In addition, using identified candidate proteins and RNAs molecules 

obtained with our sequencing and proteomics data we will then be able engineer exosomes by 

overexpressing these markers to increase efficacy and reduce potential side effects.  

Here we carried out all of our studies with human MSC exosomes, as its safety has been 

shown in hundreds of clinical trials thus far. We also proposed that stem cells exosomes have the 

potential to be used in the future as “off-the-shelf” product. We acknowledge that this 

phenomenon has to be tested in trials to assure that lyophilization process does not affect 

exosomes active ingredients and finally render their efficacy.  

Current clinical and experimental treatments for MS, include small molecule receptor antagonists 

such as fingolimod, higher molecular weight peptide co-polymers such as glatiramer acetate, 

biologics such as interferon beta, anti-CD3 to deplete T cells, anti-CD20 to deplete B cells, IL-

2/anti-IL-2 immune complex to enhance Tregs, etc.  However the delivery of these small 
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molecule or biologic drugs to the CNS is limited by the presence of the blood-brain barrier 

(BBB), a dynamic interface that restricts and controls the passage of substances between the 

blood circulation and the CNS to protect it from harmful substances in blood or overzealous 

immune responses.   

Therapy with immune and stem cells for various autoimmune diseases, including MS, has 

become increasingly popular, but the injected cells also typically get entrapped by the BBB, and 

by lungs and other filter organs.  Intriguingly, small blebs or vesicles that pinch off from cells, 

called exosomes, can have therapeutic effects similar to the whole cells.  In addition, exosomes 

have the following advantages as potential therapeutics compared to the whole cells: 1) the much 

smaller size of exosomes reduces entrapment in small capillaries and BBB); 2) exosomes have 

less risks since they are only cell fragments and not living, dividing cells with full genetic 

material; 3) exosomes can be modified and loaded with additional reagents of interest; 4) 

exosomes potentially have less issues with immune rejection. We are, to our knowledge, the first 

to discover that MSC exosomes possess similar therapeutic efficacy as the whole MSC in the 

EAE model.  

Our research also provides important basic information on how stem cells and their 

vesicles function in animal models of MS, which will pave the way for us to quickly translate 

this novel treatment to better treat and manage MS.  As described above, exosomes are 

positioned to offer a good blend of potent and long-lasting therapeutic (like cells) but with better 

biodistribution and fewer side effects. In particular, we hope to harness exosomes’ potential to 

induce a tolerogenic immune response and therefore a sustained clinical recovery. As in cell-

based therapies, once the exosome mechanism of action (MoA) has been delineated, then assays 

that test for the active ingredient(s) within specified parameters can assure the utilization of 
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maximum exosome product quality and potency.  Indeed, according to regulatory agencies, the 

pharmaceutical classification of exosome preparations is biological medication, which is defined 

as one or more active substances derived from living cells. In the USA, exosome-based therapies 

for human use are regarded as biological products, regulated by the Center for Biologics 

Evaluation and Research (CBER), a division within the Food and Drug Administration (FDA).  

Exosomes arguably are more amenable than cells to logistical operations such as potency assays, 

freeze/thawing, batch tracking and related quality control tests, therefore makes exosome as new 

candidates for clinical trials and translational research in autoimmune diseases like MS in the 

near future. 

In summary, this study represents one of the first attempts to exploit stem cell-derived 

exosomes for treatment of autoimmune neurodegenerative diseases, and we believe that it will 

pave the way for IND-enabling studies and clinical trials of a novel tolerogenic immunotherapy 

to treat patients with MS and other autoimmune diseases. 

 
 




