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Abstract

Exosomes as a unique subtype of small extracellular vesicles (sEVs) have attracted increasing 

interest in recent years in the fields of mesenchymal stromal cell (MSC) research. Studies have 

confirmed that exosomes derived from MSCs preserve immunosuppressive phenotype and can 

mimic therapeutic benefits of their parent cells. This review briefly summarizes most recent 

findings on the potential of exosomes as an alternative of therapeutic MSCs, focusing on the role 

of MSCs and their secreted exosomes in regulation of immune cells, preclinical and clinical 

evidence of therapeutic outcomes of MSC exosomes, and the biodistribution and pharmacokinetic 

profile of systemically administered exosomes. It is appreciated that exosomes from MSCs of 

different sources have variable contents including inflammatory mediators, tropic factors, 

signaling molecules, and nucleic acids (DNA, mRNA, microRNA and long non-coding RNA). 

Diverse functions of exosomes derived from different sources are expected. More importantly, 

exosomes isolated in vitro may not mirror that from in vivo where donor MSCs are exposed to 

specific disease or injury-related conditions. Simulating in vivo microenvironment by pretreatment 

of MSCs with relevant chemical mediators may lead to their secretion of therapeutically more 

efficient exosomes/sEVs. However, we know very little about the key molecules involved and the 

differences between exosomes released under different conditions. These issues would be 

tremendous interest to preclinical research that pursues exosome biology underlain therapeutic 

mechanisms of MSCs. Further studies are expected to demonstrate the superiority of MSC-derived 

exsomes/sEVs as a pharmaceutical entity with regard to efficacy, safety, and practicability.
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Introduction

Exosomes are nano-bioactive vesicles (≈40-150 nm) derived from fusion of multivesicular 

bodies/multivesicular endosomes (MVB/MVE) and the plasma membrane and release of 
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intraluminal vesicles (ILVs) into the extracellular space. The extracellular release of these 

vesicles was originally observed as a way to remove obsolete transferrin receptors from 

reticulocytes during their maturation [1]. This phenomenon was further confirmed and the 

vesicles were named EXOSOME by Johnstone et al. [2, also see 3]. Initial work found that 

exosomes were not from other cellular elements in the blood such as matured red blood 

cells, platelets or white cells [2], but it is now appreciated that exosomes can also be secreted 

by almost all types of cells and they provide a vehicle to transfer chemical mediators as well 

as genetic materials between cells. Accordingly, the functional significance of exosomes is 

far beyond “externalization of ‘superfluous’ membrane proteins” [2], and their potential as 

biomarkers and therapeutic surrogate of stem cells are being extensively explored. It is now 

recognized that exosomes belong to a class of small extracellular membrane-bound vesicles 

(sEVs) released from multiple types of cells. Since the purity of exosomes is often uncertain 

in a particular study, the more generic term EVs are frequently used.

There has been an intense interest in mesenchymal stromal cells (MSCs) related to dental 

medicine as dental tissues are rich sources of MSCs [4-7]. Preclinical and clinical studies 

have shown therapeutic potential of MSCs in numerous diseases including those related to 

orofacial injury. For instance, application of bone marrow stromal cells (BMSCs), a major 

type of MSCs, produced long-lasting relief from orofacial pain of myogenic origin [8,9]. 

Gingiva-derived MSCs help to facilitate wound healing in the gingiva [10]. The beneficial 

effect of MSCs is underlain by interactions of transfused cells with the host immune system 

[11]. It is noted that the therapeutic outcome of MSCs could be duplicated by MSC-

conditioned medium that contains secretome of MSCs [12, 13]. Lai et al. [14] initially 

identified that cardioprotective effect of MSCs was mediated by their secreted exosomes. 

Further studies demonstrate that immune suppression by MSC-derived exosome-like EVs is 

closely correlated with their internalization by immune effector cells [15] and the effect of 

exosomes is dose-dependent [16]. Ample recent studies support that the therapeutic efficacy 

of MSCs is related to exosomes derived from MSCs [10, 17-19]. Exosomes seem to be able 

to produce effects comparable to their parent cells via similar mechanisms [20]. This essay 

will briefly discuss recent literature on the therapeutic mechanisms of MSCs with a focus on 

related exosomes and the potential of these extracellular vesicles in MSC-based therapy.

Exosomes as extracellular vesicles [21-25]

Cell-secreted membrane vesicles may be collectively called sEVs, including exosomes and 

ectosomes [24]. Although through different selection and retention mechanisms, both types 

of sEVs package content from the cytosol and may perform similar functions. Exosomes are 

considered distinct in the mechanisms of formation and possess specific marker proteins, or 

exosome-enriched proteins, such as tetraspanins CD63, CD9 and CD81 [10,26]. CD63 is 

enriched in MVB/MVE and considered hallmark of exosomes [26]. Although less specific, 

ALIX [apoptosis-linked gene 2 (ALG-2) interacting protein X] and TSG101 (tumor 

susceptibility gene 101 protein) are involved in sorting cargo into exosomes and also used as 

exosomal markers [27]. On the other hand, intracellular proteins associated with 

compartments other than endosomes are usually not found on exosomes [see 23]. Thus, 

exosomes are from the intracellular endosome compartment [1] (Fig. 1. A, B), which is 

different from ectosomes, the other major type of sEVs, that are shed directly from certain 
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regions of the plasma membrane, or some microvesicles shed from apoptotic cells. The 

formation of exosomes involves enrichment of sorted molecules in small membrane domains 

of late endosomes, accumulation of cargoes, and inward membrane budding to form ILVs, 

which leads to maturation of MVB/MVE [see 24] (Fig. 1C).

The four highly conserved protein assemblies of endosomal sorting complex required for 

transport (ESCRT) drive the key steps during biogenesis of ILVs. In general, ESCRT-0 (and 

ALIX) helps sorting ubiquitinated proteins, ESCRT-I/II are involved in luminal budding of 

ILVs, and ESCRT-III filaments take care of scission of ILVs [see 24, 28, 29]. Additionally, 

nonubiquitinated proteins can be sorted into MVBs through Cos (yeast MVB sorting factors) 

that creates distinct limiting membrane domains within the endosome [30]. Sorting of 

glycoproteins into exosomes requires N-linked glycosylation [31]. There may be cell type-

dependent differences in exosome biogenesis. In a mouse oligodendroglial cell line, budding 

of exosome-ILVs is promoted by ceramide, a cone-shaped lipid generated from 

sphingomyelin by sphingomyelinases, and ESCRT-independent [32]. In MCF-7 (Michigan 

Cancer Foundation-7) cell line, the formation of exosomes involves syndecan-syntenin-

ALIX interactions and ESCRT-dependent [33]. Unlike ILVs in the endolysosomal pathway, 

ILVs of precursor exosomes are not destined for degradation. Upon fusion of MVB/MVE 

and the plasma membrane, ILVs are exocytosed as exosomes. After traveling to the target 

site, exosomes are taken up by target cells and their cargo released to activate or suppress 

cellular activities.

In search for mechanisms underlying beneficial effects of MSCs, exosomes secreted from 

MSCs have gained much attention in recent years [14, 17, 34]. A recent report demonstrates 

the molecular machinery involved in exosome release from MSCs [10]. From gingiva-

derived MSCs, exosomes are released via activation of a common soluble N-

ethylmaleimide-sensitive factor (NSF) attachment protein receptor (SNARE)-mediated 

membrane fusion mechanism. The signaling of this process requires Fas binding with Fas-

associated phosphatase-1 (Fap-1) and caveolin-1 (Cav-1), followed by the formation of a 

complex with the synaptosome-associated protein of 25 kDa/vesicle-associated membrane 

protein 5 (SNAP25/VAMP5) (Fig. 1C). Tumor necrosis factor (TNF) selectively promotes 

this process by upregulating FAS/Fap-1 via the activation of the nuclear factor kappa B (NF-

κB) pathway. The released vesicles contain interleukin-1 receptor antagonist (IL-1ra) that 

facilitates wound healing.

To achieve functional communication between cells, exosomes carry distinct cargoes 

including nucleic acids [DNA, mRNA, long non-coding RNA (lncRNA), microRNA 

(miRNA)], proteins [tetraspanins, ESCRT-associated proteins, heat shock proteins (HSP)] 

[35], anti-inflammatory cytokines [IL-10, transforming growth factor beta (TGF-β)], and 

lipids [sphingomyelin, lysobisphosphatidic acid (LBPA)] [36, 37] (Fig. 1D). Importantly, 

cytosol soluble proteins that are not processed through the endoplasmic reticulum-Golgi 

pathway can be incorporated into the exosome via inward budding of endosome membrane. 

Exosomal proteins involved in a spectrum of functions and pathologic activities have been 

identified through proteomic analyses [38]. Exosomes from a certain cell type may only 

carry a specific set of molecules. For example, LBPA is not found in exosomes from 

oligodendroglial cell line and B-cell [32, 39]. The content of exosomes including nucleic 
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acids is affected by disease and may be developed into biomarkers [40-43]. The 

consequences of exosome-mediated intercellular communication can be physiological, 

pathological, or to the best of our interest, diagnostic and therapeutic.

MSCs, exosomes and immune regulation

MSCs have been known to be immune suppressive and shown promise in the treatment of 

immune-related diseases such as graft-versus-host disease (GvHD) [44-46]. The beneficial 

effects of MSCs are largely attributed to their ability to regulate immune responses (anti-

inflammation) and secrete trophic factors (regeneration) [34, 47-49]. It is known that 

systemically infused MSCs are largely trapped in the lungs and do not appear to stay long in 

the host [11, 50-52]. However, infused MSCs would first interact with circulating immune 

cells and impact on subsequent responses, which is essential for their lasting beneficial 

effects. Likewise, MSC-relevant exosomes are capable of regulating immune responses that 

favor the resolution of disease conditions (Fig. 1E).

Monocytes/macrophages

MSCs can interact with cells of the innate immune system [53]. MSCs are able to attract 

macrophages [54], promote monocyte survival [55], and polarize macrophages toward an 

anti-inflammatory profile [11, 55-59]. In a rat model of persistent pain, BMSC-produced 

pain relief is attenuated after clodronate- induced depletion of monocytes/macrophages [11]. 

BMSCs improve survival and organ function in a mouse model of sepsis, but the 

improvement is lost after depletion of monocytes/macrophages [60]. These findings point to 

monocyte/macrophage population as an important relay of MSCs’ action.

Bypassing MSCs, exosomes can directly impact macrophages. In the spinal injury rat model, 

MSC- derived exosomes can reach selectively to the site of injury after systemic 

administration and target CD206-expressing macrophages [61]. Willis et al. [62] isolated 

exosomes from MSC-conditioned medium and showed that MSC-derived exosomes 

modulated macrophage phenotype toward anti-inflammation. MSC-derived EVs reduced 

macrophage activation, an effect associated with reduced inflammation in abdominal aortic 

aneurysm [63]. Monocytes/macrophages are key immune cells for BMSC-produced pain 

relief [11]. Interestingly, exosome-like and immunosuppressive EVs from MSCs are 

primarily internalized by monocytes [15]. This would be consistent with a hypothesis that 

monocytes are programed to relay beneficial effects of MSCs.

Regulatory T cells

The regulatory T cells (Tregs) of CD4 cell lineage are immune suppressor cells. In patients 

with systemic lupus erythematosus, BMSCs induced Treg cells and downregulated follicular 

T helper cells [64]. In mice with injury of the infraorbital nerve and increased pain 

sensitivity, the percentage of CD4+CD25+Foxp3+ Tregs among the CD4+ population was 

decreased compared to naive mice, but increased to above the naïve level after receiving 

BMSCs; and the restore of Tregs was associated with pain relief [65]. In vitro studies 

showed that BMSCs induced T regulatory 1 (Tr1), T helper 3 (Th3) [66] and 

CD4+CD25+Foxp3+ [55] Tregs. Exposing Tregs to MSCs increased their 
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immunosuppression activity [67]. Interestingly, BMSCs induced CD4+CD25+Foxp3+ Tregs 

in human peripheral blood mononuclear cells (PBMC) in a contact-independent fashion 

[55], implying contribution of soluble factors and other medium such as EVs. Supporting 

this view, induction of CD4 T cells into functional Tregs by MSCs could be mediated by 

secreted TGF-β via paracrine signaling [68]. Immunoregulative EVs from BMSCs were 

internalized by PBMCs from patients with type 1 diabetes [69].

Mesenchymal stromal cell-derived exosomes/sEVs can induce Tregs (Fig. 1E). When treated 

PBMCs or THP-1 cells with MSC-derived exosomes/sEVs, CD4+CD25+Foxp3+ Tregs 

were induced [70-72]. In PBMCs from asthmatic patients, it is noted that MSC exosomes do 

not seem to directly contact CD4 cells. They rather are internalized by CD14+ monocytes 

and CD19+ B cells, followed by polarization of Tregs [72]. Zhang et al. [73] showed that 

induction of CD4+CD25+Foxp3+ Tregs from CD4+ T cells was dependent upon antigen 

presenting CD11C cells and MSC exosomes, while MSC exosomes alone cannot convert T 

cells to Tregs [71]. Thus, T cell activation appears to be necessary for the induction of Tregs 

by MSC exosomes. It is important to note that not only Tregs are induced, the 

immunosuppressive function of Tregs are also enhanced by MSC exosomes [72].

B lymphocytes

Human MSCs suppress antibody-producing effector B-cell proliferation in culture [74]. This 

effect can be fully reproduced by membrane vesicles from MSCs’ cell culture supernatant 

[75]. IL-10 secreting CD19+/CD38hi/CD24hi/IL 10+ B-regulatory cells (Bregs) can be 

induced by co-culturing with adipose tissue-derived MSCs [76]. Suppression of B-cell-

mediated immune responses by transplantation of human palatine tonsil-derived MSCs was 

associated with induction of Bregs [77]. It is unclear whether induction of Bregs could also 

be achieved by MSC exosomes. Cosenza et al. [16] show that the anti-inflammatory effect of 

MSC exosomes is associated with an increase in CD19+IL-10+ Breg-like cells in lymph 

nodes.

Cytokines

Inflammatory cytokines including chemokines are mediators of MSC-induced immune 

regulation. MSC- secreted anti-inflammatory TGF-β is critically important for pain-

attenuating effect of BMSC [78]. With high-passage BMSCs that showed low levels of 

cytokine/chemokine expression including TGF-β, the pain-relieving efficacy of BMSCs was 

lost [11]. Numerous studies have demonstrated the role of MSCs in promoting an anti-

inflammatory phenotype in MSC recipients. In a rat model of persistent pain induced by 

ligation injury of the masseter muscle tendon, transplantation of BMSCs downregulated pro-

inflammatory IL-1β and upregulated anti-inflammatory IL-10 and CD206 in the rostral 

ventromedial medulla (RVM), a key site of brain pain modulatory circuitry (Fig. 2) [80]. It is 

also noted that a pro-inflammatory environment favors MSC-mediated immune regulation. 

MSC-induced inhibition of B cells requires T-cell-derived interferon gamma (IFN-γ) [81]. 

Priming MSCs with inflammatory cytokines enhances immunosuppression by MSC-derived 

EVs [15]. Pretreatment of BMSCs with IL-1β led to stronger pain inhibition in animal 

neuropathic pain model [82]. Tumor necrosis factor promotes IL-1ra release from MSCs 

[10].
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The cytokine profile has similar significance in MSC exosomes. Exosome preparations from 

human BMSC donors express both anti- and pro-inflammatory cytokines including IL-10, 

TGF-β, and IFN-γ [83]. MSC exosomes also are capable of inducing IL-10 and TGF-β and 

suppressing IL-1β, IL-6 and TNF in the THP cell line [71]. MSC sEVs increased IL-10 in 

PBMC culture medium [84]. MSC exosomes improve Treg polarization via upregulation of 

IL-10 and TGF-β1 in PBMCs [72]. Small extracellular vehicles (likely exosomes) from 

IL-1β-activated MSCs induce higher expression of anti-inflammatory cytokines from splenic 

mononuclear cells derived from experimental autoimmune encephalomyelitis-affected mice 

when compared to that of sEVs from non-treated MSCs [70]. Exosomes from MSCs primed 

with IFN-γ and TGF-β are more effective in converting mononuclear cells to Tregs [85]. 

Thus, exosomes derived from MSCs are positioned to have MSC-like anti-inflammatory 

performance.

Cargo RNAs

Abundant RNA species are found in exosomes, including miRNA, mRNA and lncRNA. It is 

interesting to note that exosomes can carry RNAs that are not present in parent cells [86, 

87]. Exosomal RNAs are secured in the lumen of vesicles as they are trypsin-treatment 

resistant [86]. RNAs transported by exosomes are functional after reaching target cells, 

allowing regulation of gene expression and synthesis of novel proteins in recipient cells.

MicroRNAs

Selected miRNAs have been shown to be necessary for MSCs’ beneficial effects. MSCs 

secrete miRNA- containing exosomes [88]. Accordingly, exosomes’ cargo includes the same 

miRNAs from donor cells, even with higher amount [15]. In the cecal ligation and puncture 

sepsis model, knockout of miR-223 from MSCs eliminated their protection against sepsis-

induced injury; and exosomes isolated from miR-223 knockout MScs also lost their 

protection against sepsis [89]. Both MSCs and their derived exosomes are cardioprotective 

against myocardial infarction in animal models. However, anti-miR-125b treatment of 

exosomes significantly attenuated their protective effect [90]. MiR-181c in human umbilical 

cord MSC-derived exosomes is key to anti-inflammatory effects in burned rat inflammation 

model [91]. Exosomal miR-29c plays a role in therapeutic effects of placenta-derived MSCs 

in Duchenne muscular dystrophy mice [92]. Exogenous miRNAs can be incorporated into 

exosomes. Lee et al. [93] showed that miR-124 and miR-145 mimics regulated target gene 

expression in neural progenitor cells-astrocyte culture via delivery in MSC-derived 

exosomes. Exosomes from lipopolysaccharide (LPS)-treated MSCs specifically carry let-7b 

[94]. Exosomal shuttling of let-7b plays an important role in wound healing in diabetic 

animals.

On the other hand, exosomal miRNAs have been associated with disease conditions, such as 

allergic rhinitis [95], chronic myeloid leukemia patients with musculoskeletal pain [96], and 

lumbar radicular pain [97]. Disease-specific exosomal-associated miRNAs have potential to 

be developed into diagnostic markers as well as therapeutic targets. MiR-663 associated with 

systemic lupus erythematosus suppresses beneficial effects of BMSCs in this condition and 

accordingly, inhibition of miR-663 improves BMSCs’ therapeutic effect [64]. MSC-
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exosomes can also be used to deliver miRNA treatment. EVs derived from MSCs transfected 

with miR-147 mimic reduced aortic inflammation in elastase-treated mice model of 

abdominal aortic aneurysm [63].

mRNAs

One interesting phenomenon in exosome biology is that mRNAs can be shuttled to cells 

where new proteins of therapeutic interest can be made. For example, BMSC-derived sEVs 

containing a specific set of mRNAs are similarly effective as BMSCs in improving acute 

kidney injury in mice [98]. Human BMSC-derived exosomes contain insulin-like growth 

factor-1 receptor (IGF-1R) mRNA. Exosomal transfer of IGF-1R mRNA to damaged renal 

tubular cells promoted their proliferation and repair and this effect was significantly reduced 

when IGF-1R transcription in donor cells was silenced [99]. MSC-derived exosomes are 

able to shuttle mRNAs to different cell types, unlike somatic cells such as mast cells whose 

exosomes selectively transfer mRNAs to mast cells but not CD4 cells [86].

IncRNAs

Long non-coding RNAs are transcripts longer than 200 nucleotides that are generally not 

translated into proteins, but involved in epigenetic regulation of gene expression through 

diverse mechanisms. Although there has been no direct evidence linking lncRNAs with 

MSC-derived exosomes, cancer-derived exosomal lncRNAs are considered promising to be 

cancer biomarkers [40, review].

Therapeutic exosomes

Practically, there has been no definitive way to distinguish exosomes from other subsets of 

sEVs isolated from different sources with different isolation protocols. It is appreciated that 

unfractionated microvesicles are used in some studies where contribution of exosomes was 

not separated from other sEVs [100]. Even with characterization by exosome-specific 

markers, the used vesicles are still cautiously termed sEVs when contribution of other types 

of EVs cannot be excluded with confidence; or we may call them exosome-like vesicles 

since they do express some common exosome markers. Direct comparison showed that both 

exosomes and larger EVs (microparticles) derived from MSCs are immunosuppressive, but 

exosomes show greater anti-inflammatory effects in the in vivo models [16]. This is 

understandable as each EV subtype undergoes different genesis process and carry distinct 

cargo, and should be entitled to different functions. Thus, in understanding the literature of 

EV-related therapy and comparing findings, the nature of sEVs and variables related to 

specific study settings need to be carefully considered.

There has been numerous preclinical evidence that indicates efficacy of MSC-derived 

exosomes or EVs in treating modeled disease conditions [100-102, reviews]. Human 

embryonic stem cell-derived MSCs reduced infarct size in a mouse model of myocardial 

ischemia/reperfusion injury. The cardioprotective effect of these MSCs is attributable to their 

secreted exosomes [14]. Mice with carbon tetrachloride- induced liver failure are rescued by 

human umbilical cord MSC-derived exosomes [103]. The effect of MSCs on gingiva wound 

healing is mimicked by exosome-like sEVs secreted by gingiva-derived MSCs [10]. The 
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anti-inflammatory effect of MSC-derived exosomes is recently observed in the collagen-

induced arthritis mouse model [16] and antigen-induced synovitis pig model [17]. In the 

endotoxin-induced acute lung injury mouse model, intratracheal injection of human BMSC-

derived microvesicles (200 nm) reduced inflammation and injury [104]. Rat MSC-derived 

exosomes improved functional recovery after middle cerebral artery occlusion [105]. There 

seems donor-specificity of exosome’s effect. MSC-derived exosomes improved retinal injury 

and inflammation, but fibroblasts-derived exosomes did not have this effect [106].

Owing to the immunosuppressive property of MSCs, MSCs have shown impressive effect in 

GvHD cases. Le Blanc et al. [44] were the first to show that haploidentical MSCs improved 

severe acute GvHD of the gut and liver in a treatment-resistant patient. Inspired by 

preclinical work that suggests a role of exosomes in mediating therapeutic effect of MSCs 

[14], MSC-derived exosomes were used in a therapy-esistant GvHD patient [83]. Exosome 

preparations from MSC donors were carefully characterized. They are sized at ≈100-140 

nm, express exosomal markers CD81 and Tsg101, and contain high amount of IL-10 and 

TGF-β. Except IFN-γ, they do not contain pro-inflammatory cytokines such as IL-1β, 

IL-17a and TNF. These exosomes produced immunosuppressive effects on patient immune 

cells, as seen by a decreased number of PBMCs and natural killer cells that release 

proinflammatory cytokines upon stimulation. Escalated in a two-week period, the patient 

received a total exosome dosage of 8 units (exosomes from the supernatant of 4 × 107 MSCs 

were defined as 1 unit) without side effects. The MSC-exosomes clearly improved GvHD 

symptoms and the patient was stable for several months. This is the first clear clinical case 

supporting that MSC-derived exosomes are promising surrogate of MSC-based therapy. A 

phase I clinical study comparing the effects of umbilical cord blood MSC-derived exosomes 

(40-180 nm) and microvesicles (180-1000 nm) on type I diabetes has been registered 

(NCT02138331).

Most studies agree that MSC-derived exosomes produce comparable, but not necessarily 

greater, therapeutic benefit as that of parent MSCs [106]. For instance, MSC-derived EVs 

produced neuroprotection similar to MSCs in a mouse stroke model [107]. Del Fattore et al. 

[84] report that MSC-derived sEVs may be more immunoregulative than the parent cells. 

BMSC-EVs, but not MSCs, increased the CD4+CD25+CD127low Tregs/CD4+CD25-

CD127high Teffector cells ratio in PBMCs and the immunosuppressive cytokine IL-10 

concentration in culture medium [84]. Two recent studies report different effect of exosomes 

on Treg induction. Cosenza et al. [16] showed that MSC-derived exosomes tended to 

increase the CD4+CD25+Foxp3+ Treg population in splenocytes while parent MSCs did not 

have this effect. In contrast, MSC-exosomes were significantly less efficient in inducing 

CD4+CD25+Foxp3+ Tregs in PBMC culture from both asthma patients and healthy 

controls, compared to MSCs [72]. These results suggest differential immunoregulatory 

properties of MSCs and their exosomes under different experimental settings or disease 

conditions [Also see 108].

One advantage of using exosomes is to get around MSCs’ side effects. For example, 

exosomes are nanoparticles that can penetrate blood brain barrier. The use of MSC 

exosomes can avoid potential pulmonary embolism related to transplantation of MSCs 

[109]. Systemic DiR-labeled MSC exosomes are found in the injured rat spinal cord at 3 and 
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24 h after injection, while MSCs are trapped in the lungs and cannot reach the injured site 

[61]. Additionally, exosomes and other sEVs are potentially capable of targeted drug 

delivery and function as diagnostic biomarkers [93, 110-112].

Fate of injected exosomes

It has long been recognized that MSCs are trapped in the lungs immediately following 

systemic infusion and mostly removed from the body within days or a few weeks [11, 50, 

51, 113]. However, do MSC- derived exosomes or sEVs have a favorable biodistribution and 

pharmacokinetic profile over their parent cells? In an intracerebral hemorrhage rat model, 

Dil-labeled MSC-derived exosomes reached brain, liver, lung and spleen after intravenous 

injection, although the distribution was not quantified [114]. Studies with different labeling 

and tracking strategies consistently show that intravenous exosomes/sEVs dominantly 

appear in the liver within minutes, with significant but lesser amount in the spleen and lungs 

[115-121]. DiR-labeled unmodified tumor-derived exosomes were almost completely 

removed from the circulation at 24 h after i.v. injection [118]. Significant tissue presence of 

DiR-labeled sEVs from HEK cells was observed at 48 h after injection [119]. Other study 

showed that luciferase-biotin-labeled EVs from HEK cells were eliminated via liver and 

kidney within six hours [121]. Apparently, the pharmacokinetics of systemically applied 

exosomes is much similar to their parent cells, i.e., they are removed from the circulation 

and body in a short period of time. Accumulation of exosomes/EVs in the liver and spleen is 

consistent with removal of exogenously applied organells by the immune system involving 

complement opsonization and monocytes/macrophages. Exosomes appear to be able to 

home to the injury site [114, 116]. Similar to MSCs [122], intranasal administration led to 

better brain accumulation of exosomes at the injured brain site, compared to i.v. injection 

[123].

Priming effect and “Environment” factors

One important difference between employing MSC exosomes and MSCs is that MSCs are 

put into an environment unique to a disease state and have opportunity to interact with host 

immune cells and release trophic factors/immune mediators in the light of circumstances. 

The state of the host appears important for MSC’s action. BMSCs produce pain relief in 

injured animals but have no effect on pain sensitivity in non-injured [8], likely due to the fact 

that injury and pain hypersensitivity are associated with activated immune system [124] that 

is targeted by transplanted MSCs. Interestingly, inflammatory priming of MSCs leads to 

stronger therapeutic effect. IL-1β pretreated MSCs are more efficacious in attenuating 

neuropathic pain and suppressing glial hyperactivity [82]. In fact, human MSCs are subject 

to differential TLR priming that leads to different phenotypes. Waterman et al. [125]. show 

that TLR4-primed MSCs are pro-inflammatory and TLR3-primed MSCs are 

immunosuppressive. Apparently, MSC exosomes released in vivo under disease conditions 

may possess properties different from those derived from the cultures. Although exosomes/

sEVs obtained in vitro tend to diffuse to the injured site [e.g. 116] and are subject to 

inflammatory environment, their impact on the host may be limited. There is an impression 

that culture MSC-derived sEVs are not as efficient as their parent cells [see 108 for a 
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review], as in vivo conditions may not be reliably duplicated in vitro and culture-derived 

exosomes do not have benefits of host immune stimulation before secretion.

Exosomes from primed MSCs appear more effective. Pretreatment of MSCs with 

inflammatory cytokines enhanced their sEVs’ immunosuppression [15]. In splenic 

mononuclear cells co-culture, exosome-like EVs from IL-1β-primed MSCs induced 

significantly higher amount of IL-10 and TGF-β than EVs from untreated MSCs [70]. 

Exosomes from MSCs pretreated with TGF-β/IFN-γ were more efficient in transforming 

mononuclear cells to Tregs [85]. Exosomes from LPS-pretreated MSCs were superior to 

those from untreated MSCs in immune regulation by polarizing macrophages to anti-

inflammatory phenotype in a rat diabetic model [94]. The priming effect is also observed in 

exosomes from macrophages. LPS stimulation of macrophages culture (RAW 264.7 cells) 

led to secretion of exosomes containing an increased amount of miRNA involved in 

resolution of inflammation [126].

Thus, a selectively activated immune environment benefits MSC/exosome-involved immune 

regulation. MSC-derived exosomes induced Tregs in mouse spleen CD4 cells that were 

activated by allogeneic APC- enriched CD11C+ cells, but not by stimulation with anti-CD3/

CD28 antibodies [73]. EVs from TLR4- primed pro-inflammatory MSCs were ineffective in 

improving indices of nerve regeneration after sciatic axotomy, while EVs from rest or 

TLR3-primed anti-inflammatory MSCs significantly improved regeneration [127]. 

Exosomes isolated from serum of injured animals treated with BMSCs can produce relief of 

persistent pain in tendon-ligated animals when focally injected into the brain pain 

modulatory site RVM [Guo unpublished observations]. Compared to EVs from healthy 

MSCs, EVs separated from MSCs of leukemic patients exhibited greater effects on 

migration of leukemic cells and gene modification [128]. Hypoxia inducible factor-1α 
(HIF-1α) mediates adaptive responses to hypoxia and facilitates angiogenesis. 

Overexpression of HIF-1α in dental pulp MSCs led to enhanced exosome secretion and 

angiogenesis in vivo, compared to untreated MSCs [129].

However, IFN-γ priming of MSCs did not affect their exosomes in decreasing the 

proliferation of ConA-activated splenocytes [16]. Kilpinen et al. [130] showed that IFN-γ 
stimulation of human umbilical cord blood-derived MSCs led to changes in cargo proteins in 

their secreted exosome-like EVs including loss of complements (C3, C4A, C5) and some 

lipid binding proteins; and loss of protective effect against kidney reperfusion injury in rats. 

Kou et al. [10] showed that TNF, but not IFN-γ increased secretion of IL-1ra containing 

vesicles. These results suggest that the content of secreted exosomes is variable, depending 

on the microenvironment that their parent MSCs were facing. Inflammatory priming of 

MSCs by a single IFN-γ treatment may not be effective or even counterintuitive to the 

purpose of enhancing immunoregulation.

Concluding remarks

Exosomes as a unique subtype of sEVs have attracted increasing interest in the recent eight 

years in the fields of MSC research. Most studies have confirmed that exosomes derived 

from MSCs preserve immunosuppressive phenotype and can mimic therapeutic benefits of 
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their parent cells. Their potential as a surrogate of therapeutic MSCs has been explored 

rigorously. Their role as a medicinal modality is systematically considered [20, 110, 120]. It 

is appreciated that exosomes from MSCs of different sources have variable contents 

including inflammatory mediators, tropic factors, signaling molecules, mRNAs, miRNAs 

and lncRNAs. Diverse functions of exosomes derived from different sources are expected. 

More importantly, exosomes isolated in vitro may not mirror that from in vivo where parent 

MSCs are exposed to specific disease or injury-related conditions. Simulating in vivo 
microenvironment by pretreatment of MSCs with relevant chemical mediators may lead to 

their secretion of therapeutically more efficient exosomes/sEVs. However, we know very 

little about the key molecules involved and the differences between exosomes released under 

different conditions. These issues would be tremendous interest to preclinical research that 

pursues exosome biology underlain therapeutic mechanisms of MSCs. There have also been 

concerns on the certainty of exosomes being used in different studies, as there are no 

definitive ways to separate them from other subtypes of sEVs that are also membrane bound 

[23]. These concerns are being addressed by developing improved isolation and labeling 

strategies [120, 131, 132]. Further studies are expected to demonstrate the superiority of 

MSC-derived exosomes/sEVs as a pharmaceutical entity with regard to efficacy, safety, and 

practicability.
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Fig. 1. 
Exosome formation and role in immune regulation. A. View of a MVB or MVE sparsely 

labeled with colloidal gold-transferrin. Note ILV and the apparent fusion of the MVB/MVE 

(arrows) and the plasma membrane. This may represent incipient MVE exocytosis. 

Scale=100 nm, × 107,000. B. View of MVE exocytosis in an unfixed reticulocyte incubated 

with gold-transferrin. Note release of ILV with associated gold-labeled transferrin (arrows). 

Scale=200 nm, × 61,000. C. Biosynthesis pathway of exosomes. 1. Endocytotic vesicles 

become early endosomes after shedding clathrin coat. The ESCRT-0 helps to recruit 

ubiquitinated proteins (not drawn) that are important for cargo selection [29]. 2. Early 

endosomes develop into later endosomes (not drawn) and MVB. In the exocytic pathway of 

MVB, ILVs are formed by inward budding involving activities of ESCRT-I/II [24]. ESCRT-

III plays a role in deubiquitination and final separation of budding membrane into ILVs 

(enlarged inset). In oligodendroglial cell line, ceramide, but not ESCRT complexes, is 
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required for cargo sorting into MVB-ILVs. 3a. Shown in gingiva-derived MSCs, exocytosis 

of ILVs involves Fas/Fap-1/Cav-1 complex and SNAP25/VAMP5 (enlarged to the right) 

[10]. 3b. FAS/Fap-1 are upregulated by TNF involving activation of NF-κB pathway, 

associated with increased ILV release. 4. Ectosomes are the other type of sEVs formed by 

outward budding a piece of the plasma membrane. 5. MVBs in the degrative pathway 

receive specific enzyme-carrying vesicles from the Golgi apparatus and become lysosomes. 

Dashed circles in lysosome indicate degraded content. Also note that different stimuli (top 

right) can condition MSCs and impact on cargo content of secreted exosomes. D. Schematic 

representation of an exosome containing cargo molecules. E. The effects of exosomes on 

immune cells. Most exosomes are internalized by monocytes that may become anti-

infllammatory macropohages. APC participate in exosome-induced Tregs. IL-10-secreting 

Bregs may be induced by exosomes. Exosomal miRNAs and cytokines are released after 

internalization into target cells. See text for abbreviations.

Panels A and B are adapted from Figures 12 and 13, Harding et al., 1983. Originally 

published in The Journal of Cell Biology by American Society for Cell Biology; Rockefeller 

Institute, Vol. 97, page 336, Reproduced with permission of Rockefeller University Press via 

Copyright Clearance Center (License ID: 4400840432590).
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Fig. 2. 
Promotion of anti-inflammatory phenotype by BMSCs. A. Flowchart of the experiment. 

Tendon ligation of the rat induces pain hypersensitivity that can be attenuated by systemic 

BMSCs. A drawing of brainstem transverse section to the right at −11.30 caudal to bregma 

illustrates rostral ventromedial medulla (RVM) [79]. Dashed circle indicates the area 

punched for analysis. 4v, fourth ventricle; 7n, facial nucleus; Py, pyramidal tract; Sp5, spinal 

trigeminal tract; TL, tendon ligation. Scale = 1 mm. B. BMSCs facilitate anti-inflammatory 

immune reactions. The 20-Passage (20P) BMSCs were used as a control, since primary 

BMSCs (PRI) produced pain relief and 20P BMSCs were ineffective. IL-1β (Left) showed a 

trend of upregulation at 1w post-BMSC. At 8w, the level of IL-1β was at the naïve level in 

PRI BMSC-treated while IL-1β in 20P BMSC-treated rats remained at a higher level. IL-10 

(Middle) was upregulated at 1w and 8w after PRI BMSC treatment. SOCS3 (anti-suppressor 

of cytokine signaling 3) proteins (Right), a feedback inhibitor of signaling pathways related 

to cytokine transcription, was significantly upregulated at 8w, consistent with suppression of 

IL-1β. β-actin was a loading control. C. qPCR plot illustrating levels of CD206 genes 
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associated with microglia of anti-inflammatory phenotype. Note leftward shift of the 

amplification curves for TL+PRI BMSC (blue) samples, compared to TL+Med (diluted 

culture medium) (green) and Naïve (red), indicating increased expression. CD206 mRNA 

levels were quantified (inset). GAPDH was an endogenous control. D. Double 

immunofluorescence staining illustrates co-localization of CD206 with CD11b (arrows), a 

microglia marker. Scale=0.04 mm. *, p<0.05, **, p<0.01, vs. Naïve; #, p<0.05, ##, p<0.01, 

vs. 20P, n=3-4. See [11] for details of methods.
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