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Abstract 
 

The inflammatory bowel diseases (IBD) are characterized by relapsing 

inflammation and immune activation diseases of the gastrointestinal tract. 

Extracellular vesicles, which elicit similar biological activity to the stem cell 

themselves, have been used experimentally to treat dextran sulfate sodium (DSS)-
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induced colitis in murine models though immunosuppressive potential. However, the 

underlying mechanisms have not been fully elucidated.  

Tumor necrosis factor (TNF)-α stimulated gene/ protein 6 (TSG-6) secreted 

from stem cells is a major factor responsible for regulation of inflammatory responses. 

However, studies on TSG-6 in EVs have not yet been conducted, and, thus, further 

studies are required. This study aimed to assess therapeutic effects of canine adipose 

tissue derived mesenchymal stem/stromal cell (cASC)-produced EV in IBD mice 

models and explore the mechanism underlying the immunomodulatory properties.  

In first, the role of extracellular vesicles secreted from cASCs was 

investigated. GW4869, an exosome production inhibitor, was pretreated on stem cells 

to confirm the role of extracellular vesicles. In the case of stem cells treated with 

GW4869, it was confirmed that the immunomodulatory ability decreased significantly. 

Concanavalin A treated canine lymphocytes showed significantly increased level of 

pro-inflammatory cytokines, such as tumor necrosis factor α (TNF-α), interferon-γ 

(IFN-γ), interleukin-1β (IL-1 β) and interleukin-6 (IL-6) compared to the naïve group 

(TNF-α, 27.7 fold, p<0.001; IFN-γ, 125 fold, p<0.001; IL-1 β, 13.9 fold, p<0.001; 

IL-6, 7.9 fold, p<0.001). Pretreatment with GW4869 significantly reduced the 

immunosuppressive effects of cASCs (TNF-α, p<0.05; IFN- γ, p<0.05; IL-1β, 

p<0.005; IL-6, p<0.05). In addition, as a result of co-culturing the extracellular 

vesicle obtained through repeated ultra-high-speed centrifugation with immune cells, 

it was confirmed that it has an immunomodulatory effect such as stem cells. 

In second, I designed to demonstrate whether EV obtained by stimulating 

inflammatory cytokine on cASC improved anti-inflammatory and/or 
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immunosuppressive potential of EVs, and/or their ability to alleviate inflammation in 

colitis. I also explored the correlation between immune cells and the inflammatory 

repressive effect of primed EVs. Pro-inflammatory cytokines such as TNF-α and IFN-

γ increased immunosuppressive protein such as HGF, TSG-6, PGE2 and TGF-β in 

EVs (HGF, p<0.01; TSG-6, p<0.01; PGE2, p<0.05; TGF-β, p<0.001). DSS-induced 

colitis mice (C57BL/6, male, Control=4, DSS=6, DSS with EVs=6, DSS with primed 

primed EVs)were intraperitoneally administered EVs (100 ug/mice) on day 1, 3, and 

5; colon tissues were collected on day 10 for histopathological RT-qPCR, western blot 

and immunofluorescence analysis. It was confirmed that the protein expression of pro-

inflammatory cytokine in the inflamed colon was significantly reduced in the group 

of mice injected with primed EV than in the mice injected with naive EV (IL-6, 0.5 

fold, p<0.001; TNF-α, 0.38 fold, p<0.001; IL-17, 0.33 fold, p<0.001). Importantly, 

EVs obtained from primed stem cells effectively induced macrophage polarization 

toward an anti-inflammatory M2 phenotype and enhanced regulatory T cells(Tregs) 

in colon using IF analysis (M2, 1.6 fold, p<0.001; Treg, 1.9 fold, p<0.05).  

In third part, I hypothesize that the tumor necrosis factor-α-stimulated 

gene/protein 6 (TSG-6) in EVs is a key factor influencing the alleviation of colitis 

symptoms. DSS-induced colitis mice (C57BL/6, male, Naïve=6, Sham=8, PBS=8, 

EV=8, CTL-EV=8, TSG-6 depleted EV=8) were intraperitoneally administered EVs 

(100 ug/mice) on day 1, 3, and 5. Colon tissue were collected on day 10 for 

histopathological, RT-qPCR and IF analysis. In mice injected with EVs, mRNA 

expressions of pro inflammatory cytokine in inflamed colon were decreased 

significantly ((TNF-α, 0.04 fold, p<0.0001; IFN-γ, 0.36 fold, p<0.01; IL-1β, 0.3 fold, 
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p<0.05; IL-6, 0.29 fold, p<0.01; iNOS, 0.42 fold, p<0.001). However, when injected 

with TSG-6 depleted EVs, It was confirmed that mRNA expressions of pro 

inflammatory cytokine in the colon, which decreased when EV was injected, were 

significantly increased (TNF-α, 9.21 fold, p<0.05; IFN-γ, 2.26 fold, p<0.05; IL-1β, 

2.45 fold, p=ns; IL-6, 1.86 fold, p<0.05; iNOS, 1.93 fold, p<0.05). In addition, it was 

confirmed that TSG-6 depletion EV administered intraperitoneally decreased the 

ability to induce the M2 phenotype in the inflammatory colon and enhance Tregs 

compared to naive EV (M2, 0.35 fold, p<0.001; Treg , 0.54 fold, p<0.01). 

In conclusion, I demonstrated here that TSG-6 in EV from cASCs can 

alleviated IBD in mice. In addition, EV obtained from ASC stimulated with TNF-α 

and IFN-γ confirmed that the immunomodulatory factors (such as TSG-6, PGE2, HGF 

and TGF-β) were increased and were effective in alleviating inflammation of colitis 

by increasing the polarization of macrophage from M1 to M2 and increasing the Tregs. 

These findings might provide a new and effective therapy for the EVs obtained from 

cASC against not only IBD, but also immune-mediated disease.  

                                                                   

Keywords: Dog /Colitis mice /Extracellular Vesicles /M2 macrophage / Regulatory 

T cells  

Student number: 2016-21778 
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LITERATURE REVIEW 

 

1. Generalities of extracellular vesicles (EVs) 

Extracellular vesicles (EVs) are lipid bilayer-delimited particles that are 

naturally released from a cell (Andreu and Yáñez-Mó, 2014). EVs are considered to 

consist of two main families: the exosomes (Exos) and the microparticles (MPs)(Maas 

et al., 2017). They are characterized by their size, biogenesis and expression of 

membrane markers (Akers et al., 2013, Simons and Raposo, 2009). Exos are generated 

via the endosomal compartment in multivesicular bodies and express endosomal 

markers (CD9, CD63 and CD81) while MPs are released by cell membrane budding 

and express markers from the parental cells (Cosenza et al., 2018) (Figure 1). 

The function of EVs can be based on the delivery of certain biomolecules to 

other cells as an effective means for intercellular communication (Wiklander et al., 

2015). Evidence that EV plays an important role in cell-to-cell delivery showed that 

EV can contain functional mRNA and micro RNA, which can either be translated into 

proteins or regulate transcription cells once into recipient cells (Tetta et al., 2013). 

Since these vesicles have been found to have both mRNA and miRNA, they are 

interpreted to exert new endocrine system mechanisms by regulating gene expression 

even in distant cells (Yang et al., 2018b). 

EV can interact with recipient cells by different mechanisms, such as 

interaction at the cell surface, internalization into the intracellular compartment, and 



2 

 

fusion with the plasma membrane. Following ligand interaction, EVs can transfer their 

content to the recipient cells, which have been reprogrammed to them (Maas et al., 

2017). 

For this reason, EVs have become increasingly interesting in many areas of 

research that represent a new role as regulators of cell-cell communication in various 

biological processes. 

  

2. Properties of EVs derived from mesenchymal stem/stromal 

cells (MSCs) 

Mesenchymal stem/stromal cells (MSCs) have various unique features, 

including differentiation potential and colony forming and self-renewal abilities. They 

can be differentiated into mesenchymal lineages, namely osteoblasts, chondrocytes, 

adipocytes, endothelial cells, and cardiomyocytes, as well as non-mesenchymal 

lineages, such as hepatocytes, and neuronal cell types (Chae et al., 2017, Baksh et al., 

2004, Fakhry et al., 2013).  

In addition to its potential for differentiation, MSCs have the ability to 

secrete some trophic factors such as growth factors and cytokines (Bai et al., 2012, 

AN et al., 2018). Recently, the focus on the therapeutic effect of MSCs in regenerative 

medicine is shifting to their activity through paracrine secretion instead of engraftment 

and differentiation into functional cells (Song et al., 2017a, Ju-Hyun et al., 2020). 

It is known that this immune modulating effect of MSC on immune cells is 

related to the secretion of as prostaglandin-E2 (PGE2), indoleamine 2,3-dioxygenase-
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1 (IDO-1), nitric oxide (NO), transforming growth factor- (TGF-) β1, hepatocyte 

growth factor (HGF), and interleukin- (IL-) 10 (Tsuji et al., 2020, Al-Ghadban and 

Bunnell, 2020). These factors are known to play a major role in maintaining the 

microenvironment for tissue homeostasis and are known to inhibit activation when 

immune cell responses of T cells, B cells, macrophages, and NK are excessive (Wang 

et al., 2018, Abdi et al., 2008). Indeed, this immune modulating ability of MSC has 

been investigated for the treatment of a variety of immune related disorders including 

inflammatory bowel disease, collagen-induced arthritis, sepsis, graft versus host 

disease, multiple sclerosis and type 1 diabetes(Song et al., 2018, Rai et al., 2008, 

Fisher et al., 2019, Muraro et al., 2017). 

Even if the mechanism is not fully understood and the results remain 

controversial, secretion of extracellular vesicles plays an important role in the 

paracrine effect of stem cells (Rani et al., 2015). EVs produced entirely by 

mesenchymal stromal cells are believed to carry bio-activators such as micro RNA, 

transcription factors, growth factors and other regulatory proteins that help mediate 

potentially effective properties (Robbins and Morelli, 2014). In addition, the cell-free 

product MSC-derived EV overcomes all safety concerns associated with the long-

term survival of transplanted MSCs, including uncontrolled differentiation, malignant 

alteration or rejection due to activation of allogeneic immune responses in MHC 

mismatch recipients (Burrello et al., 2016). In this reason, mesenchymal stromal cell-

derived extracellular vesicles (MSC-EVs) may represent a safer cell-free alternative 

to whole cell injections. 
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3. Immunomodulatory effect of MSC-EVs in animal of immune 

disorders 

Regulatory T cells (Tregs) maintain peripheral immunological tolerance by 

controlling autoreactive T cells and dampening inflammation (Brusko et al., 2008). 

These cells represent 5–10% of all the circulating CD4+ T lymphocytes and 

constitutively express high level of CD25 and FOXP3(Benkhoucha et al., 2010). 

Tregs use a plethora of mechanisms to suppress the activation and proliferation of 

different immune cell subsets (Sakaguchi et al., 2006). The release of 

immunosuppressive cytokines such as interleukin-10 (IL-10) and transforming grow 

factor-β (TGF-β) is essential for Treg function as they can modulate both T 

lymphocytes and antigen-presenting cells (APCs) activation(Marie et al., 2005, Yang 

and Zheng, 2017, Soukou et al., 2018, Murai et al., 2009). 

Macrophages are a diverse and dynamic population of cells that have the 

capacity to perform a wide range of critical functions (Atri et al., 2018). They can be 

classified into two major functional subsets: Classically activated macrophages (M1), 

which are defined by antimicrobial and cytotoxic properties, and alternatively 

activated macrophages (M2), which are characterized by anti-inflammatory and 

regulatory properties (Chen et al., 2008). 

It has been reported that EV released from MSC exerts an inhibitory effect on 

the differentiation and activation of T cells and activates monocytes to produce high 

levels of anti-inflammatory cytokines, polarizing the activated CD4 + T cells into 

regulatory T cells (Du et al., 2018). This suggests that EV can play an important role 
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in immune suppression potential mediated by MSC. 

MSC-EVs lowers inflammatory cytokines by regulating macrophage 

phenotyping from M1 to M2, and, conversely, they enhance anti-inflammatory 

cytokines to induce immune resistance and eventually promote severe reduction of 

inflammation (Sicco et al., 2017).  

Because of its ability to modulate phenotypic and immune cell function, MSC-

EV has been considered a potentially new treatment for the treatment of autoimmune 

and inflammatory diseases. The large number of experimental and clinical studies 

demonstrated beneficial effects of MSCs-EVs in alleviation of immune cell-driven, 

organ-specific and systemic inflammatory disorders (Table 1).  

Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the 

gastrointestinal system associated with multifactorial disease, causing significant 

gastrointestinal symptoms including diarrhea, abdominal pain, bleeding, anemia and 

weight loss (Cerquetella et al., 2010). The mechanism is uncertain, but it has been 

shown that failure of the immune system's epithelial barrier and dysregulation 

contributes to mucosal inflammation (Xavier and Podolsky, 2007). Current drug 

therapy aims to alleviate and maintain the patient and improve the secondary effects 

of the disease, rather than modifying or reversing the underlying pathogenic 

mechanisms (Isaacs et al., 2005). 

Recently, it has been found that the method of switching macrophage from M1 

to M2 type plays a major role in suppressing activated inflammation in colon. Song 

et al applied stem cells as a therapeutic agent to a colitis model induced by Dextran 

sulfate sodium and demonstrated that stem cells alleviate colitis by increasing 
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macrophage to the M2 type (Song et al., 2018). In addition, there are various studies 

showing that increasing regulatory T cells in an inflamed colon is a major treatment 

method for suppressing activated immunity (Asseman et al., 1999). In my previous 

study, as a result of applying stem cells as a therapeutic agent in the IBD mouse model, 

it was proved that an increase in regulatory T cells plays a major role in alleviating 

inflammation (AN et al., 2018). 

These studies have demonstrated that the paracrine effect of stem cells has a 

major effect in alleviating inflammation in colitis. However, studies on the application 

of stem cell derived EV as a therapeutic agent in colitis are still insufficient, and 

further research is needed. 

 

4. Clinical application of MSC-EVs in veterinary medicine 

With the increase in immune-mediated diseases (such as canine atopic 

dermatitis, feline chronic gingivostomatitis, inflammatory bowel disease, feline 

asthma, among others) in veterinary medicine, interest in research into these diseases 

and treatments is growing (Whitley and Day, 2011, Jergens and Simpson, 2012, Lyon, 

2005, Padrid, 2000). Conventional immunomodulatory drug therapies, such as 

glucocorticoids, or other new therapies, such as cyclosporine or monoclonal 

antibodies, are associated with more side effects that limit long-term use, resulting in 

the need to develop more effective and safe treatment strategies (Moghadam‐Kia and 

Werth, 2010). MSC is mainly obtained from adipose tissue and bone marrow (BM), 

considering location and harvesting procedures. BM represents a rich source of MSC, 
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but harvesting this tissue is more invasive and requires younger donors, so adipose 

tissue is preferred (Lockhart et al., 2017). MSC plays an important role in the 

regulation of the immune system (Al-Ghadban and Bunnell, 2020). Moreover, They 

are relatively easy to separate and can be expanded in culture system.  

MSCs are not part of the immune system, but they interact with all kinds of 

immune cells (Gao et al., 2016). They produce a variety of factors related to 

inflammation, among which are cytokines, chemokines and prostaglandins, which 

target immune cells and affect function (Wang et al., 2018). 

A number of most recent experimental evidences suggest that MSC-derived 

EVs might carry similar immunomodulatory properties of MSCs, which could be 

beneficial for the treatment of inflammatory diseases via direct immunosuppressive 

function, as well as for the regenerative purpose through the improvement of the 

inflammatory niche (Burrello et al., 2016). In addition, EVs possess valuable 

advantages in that they can overcome the reported limitations of parental cells, 

including safety, reproducibility, and cost effectiveness related with storage and 

maintenance, there is no doubt that MSC-EVs might be novel promising therapeutics 

(Katsuda et al., 2013). For this reason, various experiments are being conducted in 

human medicine to apply stem cell derived EV as a new therapeutic agent (Eirin et 

al., 2017, Tsuji et al., 2020, Bai et al., 2017, Hu et al., 2016, Kang et al., 2015). 

However, studies to apply in veterinary medicine are still insufficient, and further 

studies are needed to apply EV in dogs with naturally occurring immune diseases. 

Similar to human, the development of IBD in dogs is thought to originate as 

a consequence of a deregulation of mucosal immunity in predisposed animals 
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(Cerquetella et al., 2010). The loss of tolerance to antigens (food, intestinal bacteria, 

etc.) is one of the most studied mechanisms that could justify the development of 

chronic intestinal inflammation (Isaacs et al., 2005). The immune-mediated basis of 

the disease can be inferred by the response to the administration of immunomodulant 

drugs; the presence of increased IgE positive cells in diseased dogs compared to 

healthy dogs is a further aspect that also suggests the involvement of hypersensitivity 

reaction in the pathogenesis of canine IBD, as well as the increased concentration of 

eosinophils and mast cells in many dogs (Jergens and Simpson, 2012).  

In veterinary medicine, various studies have been conducted to confirm stem 

cell immunomodulatory ability in disease models to use stem cells as an IBD 

treatment agent (Table 2), but research on stem cell derived EV has not been 

conducted. 

Although EV's modes of action in macrophage polarization and B/NK/T cell 

suppression have been reported as in their parental cells (Burrello et al., 2016), a 

variety of further investigations are required to precisely elucidate their mechanisms 

regarding immunosuppression or tolerance induction, specific for each disease 

condition. Furthermore, the standardization and optimization of EV production should 

be established along with the investigation of their efficacy and underlying 

mechanisms to resolve the current hurdle in the development of EV-based therapy. 

Applying canine MSC-EV to the immune disease model such as IBD to 

reveal the therapeutic effects and mechanisms will be the main basic data for 

application as a therapeutic agent to patients with naturally occurring immune diseases 

in dogs. 



9 

 

 

Figure 1. Formation of extracellular vesicle derived from parent cells 

Extracellular vesicles (EVs) are small membrane vesicles secreted by various types 

of cells into biological fluids or culture media. EV contains DNA, mRNA and proteins 

derived from cells of its origin and can transfer these molecules to other targeted cells. 

Extracellular vesicles are subdivided into exosomes and microvesicles. The exosomes 

are the smallest vesicles (30-100 nm) released by the fusion of a plasma membrane in 

the lumen. Microvesicles are shed directly from the plasma membrane. EVs uptake 

by target cells may occur via fusion of the vesicle membrane with the cell membrane 

or by endocytosis. Designed by Ju-Hyun An.  
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Table 1. The effect of alleviating inflammation of extracellular vesicles derived 

from stem cells in disease models 

Disease models Animals Stem cell 

Sources 

Therapeutic effects References 

IBD Mouse Human UC Regulation of IL-7 production in macrophage (Mao et al., 

2017) 

AKI Rat Rat AT Reduce proinflammatory cytokines (TNF-α, NF-

κB, IL-1β) and Protect against acute kidney 

ischemia/reperfusion injury 

(Lin et al., 

2016) 

Renal ischemia-

reperfusion 

injury 

Rat human 

Wharton’s 

Jelly 

ameliorate renal injury in both the acute and 

chronic stage, and alleviate inflammation through 

suppression of CX3CL1  

(Zou et al., 

2014) 

Uveitis  Rat  Rat UC Reduce the infiltration of T cell subsets, and 

other inflammatory cells in eyes.  

(Bai et al., 

2017) 

TBI Rat   Promote endogenous angiogenesis and 

neurogenesis and by reducing inflammation  

(Zhang et al., 

2015) 

GvHD Human Human BM Reduce pro-inflammatory cytokine response of 

the patient’s PBMCs 

(Kordelas et 

al., 2014) 

Cardiotoxin-

induced skeletal 

muscle damage 

Mouse Human AT Induced the switch from M1 to M2 phenotype. (Sicco et al., 

2017) 

Chronic renal 

inflammation 

Pig Pig AT Alleviated inflammation and induced a switch of 

macrophages from M1 to M2 via an IL-10-

dependent mechanism 

(Eirin et al., 

2017) 

IBD, inflammatory bowel disease; UC, umbilical cord; T1DM, Type 1 diabetic mellitus; AT, 

adipose tissue; BM, bone marrow 
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Table 2. Results of applying canine-derived stem cells to the disease models 

IV, intravenous; IP, intraperitoneally; IA, intra-artery; ID, intra-derma 

Stem cell 

sources 

Routes Injection 

volumes 

Disease models Therapeutic effects References  

Canine 

AT  

IV 2 × 106 

cells/kg 

Dog: IBD patients  Improved gastrointestinal lesions 

and slightly reduced gastrointestinal 

inflammation 

(Pérez-

Merino et 

al., 2015) 

Canine 

AT 

IP 2 × 106/mice Mice: DSS induced 

colitis model 

TSG-6 released from cAT-MSCs can 

alleviate dextran sulfate sodium-

induced colitis by inducing a 

macrophage phenotypic switch to 

M2 

(Song et 

al., 2018) 

Canine 

AT 

IA 12 × 106/dose Dog: elbow 

osteoarthritis 

MSC transplantation induces 

hyaline-like cartilage formation 

(Kriston-

Pál et al., 

2017) 

Canine 

BM 

ID 1 × 107 /dose Dog: skin wound 

model 

Decreased expression of pro‐

inflammatory cytokines 

(interleukin‐2 and interferon‐γ) and 

wound healing‐related factors (basic 

fibroblast growth factor and matrix 

metalloproteinase‐2). 

(Kim et al., 

2013) 

Canine 

UC 

Intra-

SCI 

site 

1 × 106/dose Dog: spinal cord 

injury 

Recovery of nerve function in dogs 

with a spinal cord 

(Lim et al., 

2007) 
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CHAPTER Ⅰ 

 

Immunomodulatory effect of extracellular vesicles 

secreted from canine adipose tissue derived 

mesenchymal stem/stromal cells 

 

1. Introduction 

Mesenchymal stem/stromal cells (MSCs) are increasingly being used recently 

for application in tissue engineering and immunotherapy (Kolf et al., 2007, Doorn et 

al., 2011). The main functions of MSC include the ability to differentiate into other 

lineages such as osteoblasts, adipocytes and chondrocytes, support of hematopoiesis 

and immune regulation.  

It has recently been demonstrated that MSC plays an important role in 

regulating the inflammatory microenvironment and interacting with immune cells 

including T cells, B cells, natural killer (NK) cells and macrophage through paracrine 

effect (Gnecchi et al., 2008, Chen et al., 2008, Yang et al., 2018a). Due to its 

immunomodulatory properties, MSCs have a beneficial promise in the treatment of 

allograft rejection reactions as well as the suppression of abnormal immune responses 

in autoimmune and inflammatory diseases (Song et al., 2018). 

It has been shown that paracrine function of MSC can be mediated at least in 
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part by extracellular vesicles (EVs) (Biancone et al., 2012). EVs are predominantly 

released from the endosomal compartment and contain a cargo that includes miRNA, 

mRNA, and proteins from their cells of origin. Recent animal model-based studies 

suggest that EVs have significant potential as a novel alternative to whole cell 

therapies (Baglio et al., 2012). The mechanisms underlying the anti-inflammatory and 

pro-regenerative effects of MSC-EVs have not yet fully elucidated and are likely to 

vary from one disease target to another (Li et al., 2012, Kang et al., 2015, Cosenza et 

al., 2018, Wu et al., 2018). Nevertheless, the basis of the effectiveness of MSC-EV 

therapy lies in its ability to deliver biological information in the form of proteins, 

glycoproteins, lipids and ribonucleic acids from stem cells to recipient cells (Elahi et 

al., 2019). 

Due to its small size, treatment with EV has several advantages over cell therapy, 

preventing it from being trapped in filter organs such as the lungs, liver and spleen 

(Elahi et al., 2019). Therefore, as a promising candidate for new cell-free therapy, EV 

can be widely used as an alternative to MSC in the management of various immune-

related diseases for tissue homeostasis and tissue regeneration upon damage and 

maintenance of a microenvironment (Du et al., 2018). 

In addition, MSC-EVs were reported to inhibit immune cell activation and 

promote an immunotolerant microenvironment (Cosenza et al., 2018). The immune 

responses regulated by MSC-EVs are comparable with those mediated by 

stem/progenitor cells.  

However, in veterinary medicine, no research has been done on extracellular 

vesicles derived from canine MSCs. Therefore, studies on this may be necessary in 
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order to be applied to patients with naturally occurring immune diseases. 

This study examined the effect of EVs on the paracrine effect of canine MSC 

and confirmed how EVs regulates immune cells in an inflammatory environment.  

 

2. Materials and Methods 

2.1. Canine adipose tissue derived mesenchymal stem cells 

(cASCs) preparations 

Adipose tissue (AT) was obtained from a healthy adult female dog during 

ovariohysterectomy at the Seoul National University Veterinary Medicine Teaching 

Hospital with the consent of the owner. Procedures were approved by the Institutional 

Animal Care and Use Committee (IACUC) of Seoul National University (SNU; 

protocol no. SNU-180502-4). The donor dog was determined not to have any 

infectious diseases and showed normal blood analysis and imaging findings. Tissue 

samples were washed 4 times in Dulbecco’s phosphate buffered saline (DPBS; PAN-

Biotech, Aidenbach, Germany) with 1% penicillin-streptomycin (PS; PAN-Biotech). 

Mechanical dissociation was performed with a sterile scissors. Adipose tissue was 

incubated for 1 h at 37°C in 5% CO2 with 0.1% collagenase type 1A (1mg/mL; Sigma-

Aldrich) solution. After incubation, same volumes of high glucose Dulbecco’s 

modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS; Pan-Biotech) 

was added to neutralize the sample then centrifuged at 1200 × g for 10 min. the 

supernatant was removed, and remaining pellets were suspended with DMEM 
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containing 10% FBS and 1% PS. The cell suspension was passed through a 70 μm 

cell strainer (Fisher Scientific), then was centrifuged at 1200 × g for 10 min and 

remove the supernatant. Remaining pellets were resuspended in RBC lysis buffer 

(Sigma-Aldrich, St. Louis, MO, USA), and incubated at Room temperature for 5 min. 

then pellets were resuspended with DPBS and centrifugated at 1200 × g for 5 min. the 

supernatant was removed. Then pellets were resuspended in DMEM containing 10% 

FBS and 1% PS and transferred to 100mm dishes at a density of 3,000/cm2. Cell were 

incubated at 37 °C and 5% CO2 in DMEM with 10% FBS and 1% PS, and medium 

was replaced every 2 days until the adhered cells showed a fibroblast-like morphology. 

In additions, cASCs were tested by flow cytometry using specific surface 

marker; being negative for CD34 (FITC), CD45 (FITC), and positive for CD44(FITC), 

CD90(PE), CD29 (FITC), CD73 (PE) (all from BD Biosciences, Franklin Lakes, NJ, 

USA). Characterization results were analyzed using Flowjo 7.6.5 software (Tree Star, 

Inc., Ashland, OR, USA). 

 

2.2. Isolation and characterization of EVs 

cASCs were cultured for 48 h in Dulbecco's Modified Eagle's Medium 

(DMEM; PAN-Biotech, Aidenbach, Germany) supplemented with 10 % Exosome-

depleted Fetal bovine serum (FBS; Systembio, CA, USA) and 1 % penicillin-

streptomycin (PS; PAN-Biotech). The supernatant from each cultured cASC sample 

was collected on ice and centrifuged at 300 × g for 10 min to remove the cells. Each 

supernatant was transferred to a fresh tube, centrifuged at 2000 × g for 30 min to 
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remove cellular debris, and then passed through a 0.22-μm filter (Millipore, Billerica, 

MA, USA) to remove the large vesicles. Each supernatant was transferred to a fresh 

tube and centrifuged at 110,000 × g (Beckman Avanti Centrifuge J-26XP with 70Ti 

rotor, Brea, CA, USA) for 80 min, washed with Dulbecco’s phosphate-buffered saline 

(DPBS), and purified by centrifugation at 110,000 × g for 80 min. All centrifugation 

steps were performed at 4 °C. Each pellet was resuspended in DPBS and sterilized by 

filtration through a 0.22-μm filter (Figure 1C). The total protein concentration in each 

EV preparation was quantified by performing bicinchoninic acid (BCA) assays, and 

the samples were stored at −80 °C until use. Protein markers of purified EVs were 

determined by western blotting with antibodies against cluster of differentiation 63 

(CD63; NBP2-42225; Novus Inc., Littleton, CO, USA) and CD9 (GTX76185; 

GeneTex, Irivine, CA, USA). The EV morphology was characterized by transmission 

electron microscopy. Briefly, 10 μL of an EV suspension was placed on clean parafilm. 

A 300-mesh formvar/carbon-coated electron microscopy grid was floated on the drop, 

with the coated side facing the suspension, and allowed to adsorb for 20 min at 23 ± 

2℃. The grid was transferred to a 100 μL drop of distilled water and left to stand for 

2 min. The grid was then transferred to a 50 μL drop of 2 % uranyl acetate for negative 

staining for 10 min, followed by observation under a TEM (LIBRA 120, Carl Zeiss, 

Germany) at 120 kV. The size distribution of the particles was measured using a Zeta-

potential & Particle size Analyzer (ELSZ-1000ZS, Otsuka Electronics, Osaka, Japan). 

This experiment was repeated a minimum of three times to confirm reproducibility. 
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2.3. Isolation of peripheral blood mononuclear cells (PBMCs) 

and non-adherent cells 

Using citrate phosphate dextrose adenine-containing tubes, I collected blood 

samples (30 mL) from three healthy dogs. The blood samples were diluted with an 

equal volume of phosphate-buffered saline (PBS) and then layered over Ficoll-Plaque 

PLUS (GE Healthcare Life Sciences, Little Chalfont, UK) in a conical tube. After 

centrifugation at 400 × g for 30 min, the buffy coat layer was carefully collected. The 

collected samples were incubated with red blood cell-lysis buffer at room temperature 

for 10 min. After adding PBS, each sample was centrifuged at 400 × g for 10 min, and 

the washing and centrifugation steps were repeated. Canine PBMCs (cPBMCs) were 

resuspended in Roswell Park Memorial Institute (RPMI) medium (Pan-Biotech, 

Aidenbach, Germany) supplemented with 10 % EV-free FBS and 1 % PS. Non-

adherent cells were obtained after 24 hours. 

 

2.4. Co-culture experiments 

DH82 cells, a canine macrophage-like cell line, were purchased from the 

Korean Cell Line Bank (Seoul, Korea). DH82 cells were seeded in 6-well plates 

(1×106 cells/well), then incubated for 24 h. After adherence to the plates was 

confirmed, the DH82 cells were treated with LPS (200 ng/mL; Sigma-Aldrich) or 

control for 24 h. Similarly, canine lymphocytes were seeded in 6-well plates (1×106 

cells/well) and exposed to Con A (5 μg/mL) or control for 24 h. Next, the medium 

was removed and replaced with media containing EV (100 μg/well) derived from 
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cASCs. Next, the cells were incubated for 48 h and then harvested for RNA extraction. 

 

2.5. RNA extraction, cDNA synthesis, and reverse 

transcription-quantitative polymerase chain reaction 

RNA was extracted using the Easy-BLUE Total RNA Extraction Kit (Intron 

Biotechnology). Next, cDNA was synthesized using LaboPass M-MuLV Reverse 

Transcriptase (Cosmogenetech, Seoul, Korea), according to the manufacturer’s 

instructions. cDNA samples were assayed using AMPIGENE® qPCR Green Mix Hi-

ROX with SYBR Green Dye (Enzo Life Sciences, Farmingdale, NY, USA), according 

to the manufacturer’s instructions. Expression levels were normalized to those of 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The sequences of the primers 

used in this experiment are shown in Table 3. 

 

2.6. Statistical analysis 

Differences between more than two groups were analyzed using one-way 

analysis of variance (ANOVA), and the differences between two groups were 

analyzed using Student’s t-tests. The statistical analysis was performed using 

GraphPad Prism Version 6.01 (GraphPad, Inc., La Jolla, CA, USA). 
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3. Results 

3.1. Characteristic of cASCs 

Immunophenotypes of the cultured cASCs were examined by flow 

cytometry. The vast majority of cells were positive for CD90, CD44, CD29, and CD73, 

but a few cells expressed CD34 and CD45 (Figure 2). cASCs were maintained in 

specific differentiation media for 3 weeks, and the differentiated cells were stained by 

Oil red O to identify adipocytes, Alizarin Red S for osteocytes and Alcian blue for 

chondrocytes (Figure 3) 

 

3.2. Immunoregulatory effect of EV secreted from cASCs  

I investigated whether the main effect of stem cell paracrine is mediated 

through extracellular vesicles. The role of EVs in stem cells was confirmed using 

GW4869, a commonly used pharmacological agent that inhibits EVs production After 

co-culture of Concanavalin A stimulated canine PBMC-derived lymphocytes and 

stem cells, immunological biomarker in PBMC were observed through RT-qPCR. 

Treatment with 0.005% DMSO, 10 μM, 20 μM GW4869, or 1% DMSO 

showed no cytotoxic effects on cASCs, as shown by similar viability rates following 

all treatments, compared to the non-treated group. Pre-treatment with GW4869 (10 

μM, for 12h) significantly reduced production of EV proteins by cASCs . EV 

production was reduced by more than 70% in the GW4869-treated group (Figure 4) 
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Concanavalin A -treated lymphocytes showed significantly increased levels of pro-

inflammatory cytokines, such as TNF-α, IFN-γ, IL-1β, and IL-6, compared to the 

untreated group. cASCs depressed activated lymphocyte. however, pre-treatment with 

GW4869 significantly reduced the modulatory effects of cASCs (Figure 5).  

 

3.3. Characteristic of EVs 

The EVs were separated from stem cell culture media by ultracentrifugation. 

Schematic overview describing this protocol is presented in Figure 6A. 

Approximately 100 µg of EVs was produced in the media in which 1 × 106 cells were 

seeded and grown for 2 days. Electron microscopic analysis demonstrated that the 

EVs were round-shaped and 50–100 nm in diameter (Figure 6B). Using a particle-size 

analyzer, the EVs were confirmed to be less than 100 nm in diameter (Figure 6C). In 

addition, positive markers of EVs such as CD63 and CD9 were identified by western 

blotting, whereas negative markers of EVs such as Lamin A (a nuclear marker) and 

beta actin (a cytosolic marker) were present in lower abundance (Figure 6D). Whole-

cell lysates were used as a positive control. Our findings suggest that the EVs 

contained little or no cellular matrix and nuclei, which are intracellular components. 

 

3.4. Immunomodulatory effects of cASC-EVs 
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Changes in the expression levels of mRNAs encoding several canine 

lymphocyte-derived cytokines including TNF-α, IL-1β, IFN-γ, IL-6, and IL-10 in the 

presence of cASC-EVs (100ug/well). After Con A-stimulated lymphocytes were 

cocultured with EV (100 ug), the levels of activated pro-inflammatory cytokines 

(TNF-α, IFN-γ, IL-1β, and IL-6) decreased significantly. Production of the anti-

inflammatory cytokine IL-10 significantly increased, compared to that in the untreated 

group. Changes in the expression levels of mRNAs encoding several canine 

macrophage-derived cytokines including TNF-α, IL-6, iNOS and IL-10 in the 

presence of cASC-EVs (100 ug/well) (Figure 7).  

After LPS-stimulated DH82 were cocultured with EV (100 ug/well), the 

levels of activated pro-inflammatory cytokines (TNF-α, IL-6 and iNOS) decreased 

significantly. Expression of the anti-inflammatory cytokine IL-10 significantly 

increased, compared to that in the untreated group. The data show that EVs exerted 

immunosuppressive effects as much as stem cells (Figure 8).  

 

4. Discussion 

Although therapeutic potential of stem cells has been proven in preclinical 

studies and clinical trials for myriad diseases, conventional stem cell therapy has 

several critical limitations to overcome(Lin et al., 2013); since stem cells act as a 

“living material” derived from different individuals, quality control is one of the major 

hurdles for their therapeutic use. Isolation procedure, culture condition, storage 
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methods, and administration of stem cells can significantly affect cell viability as well 

as efficacy, leading to high cost and low reproducibility. Further genetic modification 

can be applied to improve therapeutic potency but must be tightly monitored and 

regulated to prevent unexpected safety issues such as ectopic differentiation and tumor 

formation (Lin et al., 2013). In this aspect, several attempts have been made to apply 

EVs as cell-free therapeutic candidates since EVs seem to reflect biophysical 

characteristics of parent cells (Rani et al., 2015).  

It is widely accepted that stem cells provide protective paracrine effects, 

which are at least partially exerted by the secretion of EVs (Tetta et al., 2013). Indeed, 

it has been reported that stem cell-EVs contain various cytokines, growth factors, 

metabolites, and even microRNAs produced by stem cells itself and, therefore, have 

similar anti-inflammatory and regenerative effects as stem cells (Katsuda et al., 2013). 

Since EVs are cell free, storage and handling procedure can be much cost effective 

and safety concerns regarding immunogenicity, tumorigenicity, and embolism 

formation after EV injection are negligible compared to stem cells. However, no 

research has been conducted on EV in veterinary medicine, and further research is 

needed to apply therapeutic agents. 

GW4869 is an inhibitor of neutral sphingomyelinase (nSMase), a neutral pH-

active form of the enzyme SMase, which converts sphingomyelin to ceramide (Cer) 

(Essandoh et al., 2015). Treatment of stem cell with GW4869 significantly decreased 

the levels of released EVs. In addition, when co-cultured with GW4869 pretreated 

stem cells and activated immune cells, it was confirmed that the immunomodulatory 
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effect of stem cells suppressing the activated immunity was reduced. These results 

show the same tendency as previous studies and prove that EVs play a major role in 

paracrine effect of stem cells. In addition, it was confirmed that stem cell-derived EVs 

decreased pro-inflammatory cytokines and increase the phenotype of IL-10 in 

lymphocyte and macrophage. 

Interleukin 10 (IL-10) is a potent anti-inflammatory cytokine that plays a 

crucial, and often essential, role in preventing inflammatory and autoimmune 

pathologies (Sanjabi et al., 2009). Thus IL-10 plays a largely nonredundant role in 

mediating host anti-inflammatory response and, therefore, identifying the cellular 

sources of IL-10 as well as the molecular mechanisms that regulate IL-10 expression 

are critical to developing therapeutic strategies directed against pathology-associated 

impaired IL-10 production. Interleukin 10 was first identified as a molecule that limits 

inflammation and supports humoral immune responses (Couper et al., 2008). 

Given, the pleiotropic effects of IL-10 biological function, understanding 

tissue-specific mechanisms of IL-10 transcription regulation is paramount to 

harnessing its potential as a therapeutic agent against chronic infection and 

autoimmune disease. 

Among effect cells producing IL-10, natural T regulatory cells are 

constitutively produced in the thymus and express very high levels of CD25 and the 

transcription factor Foxp3. IL-10-producing natural Tregs have been implicated in 

maintaining the balance between pathogen clearance and immunopathology against 

viral, bacterial, and fungal infection (Smits et al., 2005, Coquerelle et al., 2009). 
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M1 macrophages were described as the pro-inflammatory type, important in 

direct host-defense against pathogens, such as phagocytosis and secretion of pro-

inflammatory cytokines and microbicidal molecules. M2 macrophages were 

described to have quite the opposite function: regulation of the resolution phase of 

inflammation and the repair of damaged tissues (MacKenzie et al., 2013).  

Various strategies to increase the macrophage M2 type and regulatory T cell 

in various immune diseases are being established. Revealing the effects and 

mechanisms of canine stem cell derived EVs on these immune cells will help in 

applying EVs as therapeutic agents. 
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Figure 2. Immunophenotypic analysis of cASC by flow cytometry. cASCs were 

tested by flow cytometry using specific surface marker; being negative for CD34 (PE), 

CD45 (FITC), and positive for CD44(FITC), CD90(PE), CD29 (FITC), CD73 (PE). 
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Figure 3. Differentiation of cASCs. Adipogenic (Oil Red O staining), osteogenic 

(Alizarin Red S staining), and chondrogenic (Alcian Blue staining) differentiation of 

cASCs. Scale bar, 200μm. 
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Figure 4. cASC pretreated with GW 4869. (A) Treatment with 0.005% DMSO, 10 

μM, 20 μM GW4869, or 1% DMSO showed no cytotoxic effects on cASCs, as shown 

by similar viability rates following all treatments, compared to the non-treated group 

(B) Pre-treatment with GW4869(10 μM, for 12h) significantly reduced production of 

EV proteins by cASCs. EV production was reduced by more than 70% in the 

GW4869-treated group. the results are presented as the mean ± deviation.  

* p< 0.05 by student t-test. 
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Figure 5. Immunological biomarkers observed upon co-culturing total 

lymphocytes with cASCs. The mRNA levels of TNA-α, IL-1β, IL-6, IFN-γ, and IL-

10 were detected by RT-qPCR. Con A-treated lymphocytes showed significantly 

increased levels of pro-inflammatory cytokines, such as TNF-α, IFN-γ, IL-1β, and IL-

6, compared to the untreated group.  cASCs depressed activated lymphocyte. 

however, pre-treatment with GW4869 significantly reduced the modulatory effects of 

cASCs. The results are presented as the mean ± standard deviation.  

**P < 0.01, ***P < 0.001, ****P < 0.0001 by one-way ANOVA analysis. 
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Figure 6. Characterization of cASC-EVs. (A) Schematic overview of the UC-based 

purification protocol (B) Scanning electron microscopy micrographs of cASC-EV 

showed spheroid shaped vesicles with diameters of approximately 20–100 nm. Scale 

bar, 50 nm. (C) Size-distribution analysis of purified cASC-EVs showed that the 

vesicle diameters were approximately 20–100 nm. (D) Immunoblotting analysis of 

common EV markers, where 10 μg of total protein was loaded in each lane. cASCs-

EVs expressed CD63 and CD9, while beta actin and lamin A showed lower expression. 

The displayed data represent at least three repeated experiments with consistent results. 
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Figure 7. Immunomodulatory effects of cASC-EVs in Con A stimulated canine 

PBMCs. Changes in the expression levels of mRNAs encoding several canine 

lymphocyte-derived cytokines including TNF-α, IL-1β, IFN-γ, IL-6, and IL-10 in the 

presence of cASC-EVs (100ug/well). After Con A-stimulated lymphocytes were 

cocultured with EV (100 ug), the levels of activated pro-inflammatory cytokines 

(TNF-α, IFN-γ, IL-1β, and IL-6) decreased significantly. Production of the anti-

inflammatory cytokine IL-10 significantly increased, compared to that in the untreated 

group. The results are presented as the mean ± standard deviation.  

**P < 0.01 and ***P < 0.001 by one-way ANOVA analysis. 
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Figure 8. Immunomodulatory effects of cASC-EVs in LPS stimulated canine 

macrophage cell lines. Changes in the expression levels of mRNAs encoding several 

canine macrophage-derived cytokines including TNF-α, IL-6, iNOS and IL-10 in the 

presence of cASC-EVs (100ug/well). After LPS-stimulated DH82 were cocultured 

with EV (100 ug), the levels of activated pro-inflammatory cytokines (TNF-α, IL-6 

and iNOS) decreased significantly. Production of the anti-inflammatory cytokine IL-

10 significantly increased, compared to that in the untreated group. The data show 

that EVs exerted immunosuppressive effects as much as stem cells. The results are 

presented as the mean ± standard deviation.  

*P<0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA analysis. 
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Table 3. RT-qPCR primer sequence 

Genes Forward (5’-3’) Reverse (5’-3’) References 

cGAPDH TTAACTCTGGCAAAGTGG

ATATTGT 

GAATCATACTGGAACATG

TACACCA 

(Yi et al., 2014) 

cTNF-α TCATCTTCTCGAACCCCA

AG 

ACCCATCTGACGGCACTA

TC 

(Yi et al., 2014) 

cIFN-γ TTCAGCTTTGCGTGATTTG CTGCAGATCGTTCACAGG

AA 

(Schmitz et al., 

2012) 

cIL-1β AGTTGCAAGTCTCCCACC

AG 

TATCCGCATCTGTTTTGC

AG 

(Manning et al., 

2010) 

cIL-6 ATGATCCACTTCAAATAG

TCTACC 

AGATGTAGGTTATTTTCT

GCCAGTG 

(Yi et al., 2014) 

cIL-10 ATTTCTGCCCTGTGAGAA

TAAGAG 

TGTAGTTGATGAAGATGT

CAAGCTA 

(Yi et al., 2014) 

ciNOS GAGATCAATGTCGCTGTA

CTCC 

TGATGGTCACATTTTGCT

TCTG 

(Manning et al., 

2010) 

cCD206 GGAAATATGTAAACAGGA

ATGATGC 

TCCATCCAAATAAACTTT

TTATCCA 

(Manning et al., 

2010) 

GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; TNF-α, Tumor necrosis 

factor-α; IFN-γ, Interferon-γ; IL, Interleukin; iNOS, inducible nitric oxide synthase; 

CD206, Cluster of differentiation 206; all gene are originated from dogs. 
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CHAPTER Ⅱ 

 

TNF-α and INF-γ primed canine stem cell-derived 

extracellular vesicles alleviate experimental murine 

colitis 

 

1. Introduction 

Inflammatory bowel disease (IBD) is a comprehensive term used to describe 

diseases related to the chronic inflammation of the gastrointestinal tract (Arseneau et 

al., 2007). The exact cause of IBD is unknown, but the immune system responds 

incorrectly to environmental triggers, which causes inflammation of the 

gastrointestinal tract. In addition to lowering the quality of life, IBD is likely to 

progress to rectal cancer if not managed properly, which increases the risk of death in 

IBD patients and results in a mortality rate of 15% among IBD patients (Lakatos et 

al., 2006). Despite recent advances in antibiotic therapies and immune suppressors 

(Isaacs et al., 2005, Sandborn, 2008), there is an unmet clinical need for IBD treatment 

strategies. 

One promising strategy for the management of IBD is the use of adipose 

mesenchymal stem cell-derived EVs (ASC-EVs) (Mao et al., 2017). EVs are a kind 
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of membrane lipid vesicles with 30-100nm in diameter, and they were previously 

thought to be metabolic produced of cells(Mao et al., 2017). The functions of ASC-

EVs are a subject of ongoing investigation. Although the therapeutic mechanisms 

underlying stem cell released extracellular vesicles have not yet been elucidated, 

which elicit similar biological activity to the stem cells themselves (Camussi et al., 

2013). Being taken up (Hu et al., 2016), EVs are known to promote the activation of 

immune regulatory pathways by transferring proteins, mRNAs, and microRNAs 

(miRNAs) to target cells, which induce phenotypic and functional changes (Bang and 

Thum, 2012).  

Exposure of stem cells to inflammatory cytokines increased the immune 

suppressive activity by stimulating the production of inhibitors of inflammations, such 

as prostaglandin E2(PGE2) (Noone et al., 2013), TGF- β, HGF (Ryan et al., 2007) and 

TSG-6(Song et al., 2017a). In addition, conditioned medium (CM) of cultured canine 

stem cells primed with tumor necrosis factor-alpha (TNF-α) and interferon-gamma 

(IFN-γ) increase ability to relieve inflammation by pro- and anti-inflammatory 

cytokine modulation in peripheral blood mononuclear cells and macrophage cell lines 

(Yang et al., 2018a). Recently, it has been proposed that the predominant way by 

which stem cells participate is through a paracrine activity (Doorn et al., 2011), and it 

has been suggested that extracellular vesicle plays a major role in this paracrine 

activity (Camussi et al., 2013) thus playing a role in immunoregulation.  

These evidences suggested that by adjusting the culture conditions of stem 

cells, it is possible to enhance or inhibit certain functions of EVs secreted from stem 

cells (Zhang et al., 2018, Kang et al., 2015, Cosenza et al., 2018). This has led to 
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increased interest in EVs generated from stem cells exposed to inflammatory 

conditions (Domenis et al., 2018). Moreover, several research groups have shown that 

EVs generated from inflammatory cytokine-stimulated stem cells provide beneficial 

effects against a variety of in vitro and in vivo pathological conditions (Burrello et al., 

2016, Duijvestein et al., 2011). Domenis et al showed that an inflammatory stimulus 

activate stem cells and can induce the released of EVs immunosuppressive abilities, 

since they are able to polarized macrophage towards the anti-inflammatory M2 

phenotype (Domenis et al., 2018). Cosenza et al. showed that IFN-γ primed stem cells 

derived EVs were more efficient in suppressing inflammation in inflammatory 

arthritis model (Cosenza et al., 2018). While much interest in ASCs-EVs for the 

treatment of many diseases has been shown, little is known on their exact function. 

Moreover, no study has evaluated the role of primed ASCs-derived EVs in pre-clinical 

models relevant for DSS-induced colitis.  

The present study investigated the immunomodulatory properties of EVs 

released by canine ASCs after stimulation with TNF-α and IFN-γ to evaluate the 

influence of the inflammatory environment on the function of ASC-derived EVs. I 

also assessed the effect of EVs on the anti-inflammatory activity of M2 macrophages 

and regulatory T cells (Tregs) in an animal model of dextran sulfate sodium (DSS)-

induced colitis. These findings suggest that canine ASCs pretreated with TNF-α and 

IFN-γ secreted EVs with enhanced immunoregulatory activities and that these EVs 

may be an effective therapeutic agent for the management of immune-mediated 

inflammatory diseases. 
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2. Materials ad Methods 

2.1. Canine adipose tissue derived mesenchymal stem cells 

(cASC) activation with TNF-α and IFN-γ 

cASCs were used and isolated as previously described. The cASCs were 

seeded in 6-well plates (5×105 cells/well) and cultured in Dulbecco’s modified Eagle’s 

medium with 4.5 g/L glucose (DMEM; PAN-Biotech, Aidenbach, Germany) 

containing 10% Exo-free fetal bovine serum (FBS; PAN-Biotech) and 1% penicillin-

streptomycin (PS; PAN-Biotech). After 6 h, the cells were stimulated for 24 h with 

TNF-α (20 ng/mL; PROSPEC, Ness Ziona, Israel) and IFN-γ (20 ng/mL; Kingfisher 

Biotech, Saint Paul, MN). The morphology and viability of cASCs were assessed prior 

to their use in the experiments (CCK-8; Donginbio, Seoul, South Korea). In addition, 

the expression of several stem cell markers on these cells was determined by flow 

cytometry (fluorescence‐activated cell sorter (FACS) Canto II; BD Pharmingen, San 

Diego, CA, USA) using the CD90-PE (Invitrogen, Carlsbad, CA), CD44-FITC 

(Invitrogen, Carlsbad, CA), CD29-FITC (BD Biosciences, Franklin Lakes, NJ), 

CD73-PE (BD Biosciences, Franklin Lakes, NJ), CD45-FITC (BD Biosciences, 

Franklin Lakes, NJ), and CD34-PE (BD Biosciences, Franklin Lakes, NJ) antibodies. 

Their cell-differentiation capacity was assessed using the StemPro Osteogenesis, 

Adipogenesis, and Chondrogenesis Differentiation Kits (Thermo Fisher Scientific, 

Waltham, MA) according to the manufacturer’s instructions. Adipocytes, osteocytes, 

and chondrocytes were identified via Oil-Red-O, Alizarin-red, and Alcian-blue 
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staining (Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s instructions. 

Additionally, cells were harvested for RNA extraction. 

 

2.2. cASC-derived EVs isolation and characterization 

Naive and primed cASCs (5×105 cells/well) were maintained in 2 mL of 

DMEM containing 10% EVs-free fetal bovine serum and 1% PS for 72 h. The medium 

was then harvested on ice, centrifuged (300 g, 4°C, 10 min), transferred to fresh tubes, 

and centrifuged once more (2000 g, 4°C, 30 min), after which the supernatant was 

filtered through a 0.22-μm filter (Millipore). The resultant supernatants were 

transferred to fresh tubes and centrifuged twice at 110,000 g (4°C, 80 min) in an Avanti 

Centrifuge J-26XP equipped with a 70Ti rotor (Beckman Coulter, Brea, CA), with a 

PBS washing step between the two centrifugation steps. The final pellet was 

resuspended in 100 μL PBS and sterilized via filtration through a 0.22-μm filter. The 

total protein concentration of each EVs preparation was quantified via a BCA assay, 

and the preparations were stored at -80°C until further use. The morphology of the 

purified EVs was characterized via transmission electron microscopy (TEM). Briefly, 

a 10 μL EVs suspension was placed on a clean piece of parafilm. A 300-mesh 

Formvar-carbon-coated electron microscopy grid was then floated on the drop with 

the coated side facing the suspension and left to absorb for 20 min at room temperature. 

The grid was transferred to a 100-μL distilled water and incubated for 2 min, before 

being transferred to 50 μL 2% uranyl acetate and left to incubate for 10 min for 

negative staining. The grid was then observed using a LIBRA 120 (Carl Zeiss, 
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Germany) at 120 kV. The particle size distribution was measured using a Zeta-

Potential & Particle Size Analyzer (ELSZ-1000 ZS, Otuka Electrons, Japan). In 

addition, the expression of several EVs markers on these EVs was determined by 

western blot analysis. 

 

2.3. Western blot analysis 

Total proteins from EVs, cASCs, and colon tissues were extracted using the 

PRO-PREP Protein Extraction Kit (iNtRON Biotechnology, Seongnam, South Korea) 

and measured using the Bio-Rad DC Protein Assay Kit (Bio-Rad Laboratories, 

Hercules, CA, USA). The total protein content in each 20 μg sample was subjected to 

SDS-PAGE and immunoblotting with antibodies against TSG-6 (Santa Cruz 

Biotechnology, CA, USA), COX-2(Santa Cruz Biotechnology), HGF, beta-

actin(Santa Cruz Biotechnology), CD206 (Santa Cruz Biotechnology), Arginase 

(Santa Cruz Biotechnology), FOXP3 (Santa Cruz Biotechnology), TGF-β (Cusabio 

Biotech, Wuhan, China), CD63 (LSBio, Seattle, WA, USA), CD9 (GeneTex, Irvine, 

CA, USA), beta-actin (Santa Cruz Biotechnology), TNF-α (Cusabio Biotech), IL-6 

(Cusabio Biotech), IL-10 (ABclonal Tech, MA, USA) and IL-17 (ABclonal Tech). 

 

2.4. Enzyme-linked immunosorbent assay 

The PGE2 content of the cASC-secreted EVs was detected using a PGE2 

Enzyme-linked immunosorbent assay (ELISA) Kit (Cusabio Biotech) according to 

the manufacturer’s instructions. 
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2.5. Co-culture experiments 

RAW 264.7 cells, a murine macrophage-like cell line, and DH82 cells, a 

canine macrophage-like cell line, were purchased from the Korean Cell Line Bank 

(Seoul, Korea). RAW 264.7 and DH82 cells were seeded in 6-well plates (1×106 

cells/well) in triplicate and incubated for 24 h. After adherence to the plates was 

confirmed, the RAW 264.7 and DH82 cells were treated with LPS (200 ng/mL; 

Sigma-Aldrich) or control for 24 h. Similarly, with the consent of the owners, 10 mL 

of blood was obtained from each of 3 dogs and canine peripheral blood mononuclear 

cells (cPBMCs) were obtained using ficoll-plaque PLUS (Sigma-Aldrich) according 

to the manufacturer’s instructions. cPBMCs were seeded in 6-well plates (1×106 

cells/well) in triplicate, incubated for 24 h, and exposed to Con A (5 μg/mL) or control 

for 24 h. Next, the medium was removed and replaced with media containing EVs (50 

μg/well) derived from naive (unstimulated) or primed (stimulated) cASCs. Next, the 

cells were incubated for 48 h and then harvested for RNA extraction and 

immunofluorescence analysis.  

 

2.6. Dextran sodium sulfate-induced colitis mice 

Male C57BL/6J mice aged 6 weeks were purchased from Nara Biotech 

(Seoul, Korea) and housed under controlled temperature, humidity, and light cycle 

conditions. Acute colitis was induced by the administration of 3% dextran sulfate 

sodium (DSS; Molecular weight 36-59 kDa; MP Biomedicals, Santana, CA, USA) 
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from day 0 to day 7 in the drinking water ad libitum. The water was no longer treated 

after day 8, as previously described (Rani et al., 2015) (Figure 1A). Mice were 

randomly divided into the following four groups (n= 4-6 mice/group): (1) Control 

(n=4); (2) DSS(n=6); (3) DSS with EVs (n=6); (4) DSS with primed ASC-derived 

EVs (n=6). At days 1, 3, and 5, mice were intraperitoneally injected with 100 µg EVs, 

from either naïve or primed cASCs, diluted in 200 µL PBS or vehicle control (PBS). 

Mice were euthanized at day 10. These procedures were approved by the Institutional 

Animal Care and Use Committee of Seoul National University (SNU), Republic of 

Korea, and all protocols were in accordance with approved guidelines (SNU; protocol 

no. SNU-190117-4). 

 

2.7. Evaluating colitis severity  

The severity of colitis was assessed daily by clinical disease activity scoring, 

including assessing general activity, stool consistency, presence of fecal blood, and 

weight loss. The entire colon was removed from the cecum to the anus, and colon 

length was measured. Overall disease severity was assessed as follows: general 

activity: 0 (normal), 2 (mild depression), or 4 (severely depressed); stool consistency: 

0 (normal), 1 (loose stool), or 2 (diarrhea); fecal blood: 0 (no blood), 1 (visual pellet 

bleeding), or 2 (gross bleeding, blood around anus); weight loss: 0 (no loss), 1 (1-5%), 

2 (5-10 %), 3 (10-15%), or 4 (>15%). 

 

2.8. Histological analysis 
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The colon was fixed in 10% formalin, embedded in paraffin, and sectioned 

at 3 μm. To assess colonic damage microscopically, the slides were stained with H&E. 

Histological scores are provided in Table 4. The degree of inflammatory cell 

infiltration and the degree of barrier integrity were combined to give a histological 

inflammatory score. Because DSS injury varies, two slides from each section of the 

colon were assessed per mouse, and at least three areas on each slide were examined. 

 

2.9. Immunofluorescence analysis 

RAW 264.7 and DH82 were washed three times with DPBS and fixed with 

4% paraformaldehyde for 20 min at room temperature. After washing with PBS, the 

cells were permeabilized for 1 h with 0.2% Triton X-100 (Sigma-Aldrich), then 

blocked for 1 h at room temperature with 2% FBS. The cells were incubated 

sequentially with PE-conjugated CD11b (1:200) and FITC-conjugated CD206 (1:200; 

Santa Cruz Biotechnology) antibodies at 4°C overnight in the dark. Finally, the cells 

were washed three times with PBS and mounted. Paraffin sections were cut at a 

thickness of 4 μm for immunostaining. Sections were deparaffinized and rehydrated, 

and antigen retrieval was carried out in 10 mM citrate buffer. Sections were then 

washed and blocked with blocking buffer containing 5% bovine serum albumin and 

0.3 % Triton X-100 for 1 h. The sections were then incubated overnight at 4℃ with 

mouse monoclonal FITC-conjugated CD4 (1:100; Santa Cruz Biotechnology) and 

PE-conjugated CD25 (1:100; Santa Cruz Biotechnology) or FITC-conjugated CD11b 

(1:100; Abcam) and PE-conjugated CD206 (1:100; Santa Cruz Biotechnology). The 
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colon sections were washed three times. All samples were mounted using Vectashield 

mounting medium containing 4’,6-diamidino-2-phenylindole (DAPI; Vector 

Laboratories, Burlingame, CA, USA). The samples were observed using an EVOS FL 

microscope (Life Technologies, Darmstadt, Germany). Immunoreactive cells were 

counted in 20 random fields per group, and the percentage of CD206+CD11b+ positive 

cells and CD25+CD4+ positive cells was calculated in colon sections. 

 

2.10. RNA extraction, cDNA synthesis, and RT-qPCR 

RNA was extracted from RAW 264.7, DH82, cPBMCs, cASCs, mouse 

spleen tissue, and colon tissue using the Easy-BLUE Total RNA Extraction Kit 

(iNtRON Biotechnology). cDNA was then synthesized from the isolated RNA using 

the LaboPass M-MuLV Reverse Transcriptase Kit (Cosmogenetech, Seoul, South 

Korea) according to the manufacturer’s instructions. The resultant cDNA samples 

were then subjected (in duplicate) to qRT-PCR using AMPIGENE qPCR Green Mix 

Hi-ROX with SYBR Green Dye (Enzo Life Sciences, USA) according to the 

manufacturer’s instructions. The mRNA expression levels were normalized to that of 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The sequences of primers 

used throughout this study are given in Table 5. 

 

2.11. Statistical analysis 

All experiments were performed in triplicate for each condition and are 

expressed as the mean ± standard deviation, representative of three independent 
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experiments with similar results. Statistical comparisons between two groups were 

performed using an unpaired two-tailed Student’s t-test. Differences between multiple 

groups were statistically analyzed using a one-way analysis of variance (ANOVA). P 

values < 0.5 were considered to indicate statistical significance. All statistical analyses 

were performed using GraphPad Prism v6.01 (GraphPad Software Inc., La Jolla, CA, 

USA). 

 

3. Results  

3.1. Primed EVs improved the immune regulation of inflamed 

colons  

Using an established model, I investigated the effects of primed EVs on DSS-

induced colitis. Accordingly, IBD mice began showing signs of diarrhea and rectal 

bleeding within four days of DSS exposure, and they began to lose weight and show 

signs of depression within five days. However, treatment with EVs significantly 

inhibited weight loss, and the severity of IBD-related clinical symptoms, such as fecal 

consistency and bloody diarrhea (Figure 9B, 9C). The length of the colon was also 

longer in EVs-treated than in untreated IBD mice, and this effect was enhanced by 

primed EVs (Figure 9D). Histologically, colon tissue of IBD mice showed signs of a 

loss of epithelial integrity accompanied by increased inflammatory cell infiltration. In 

contrast, EVs treatment rescued the integrity of colonic tissues and reduced 

inflammatory cell infiltration. Administration of primed EVs was associated with a 

further improvement (Figure 10A, 10B). In addition, as a result of checking the 
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content of EVs in colon through western blot, canine EVs was not found in naive 

group and PBS group, while EVs was confirmed in group injected with EVs. 

Moreover, in the mucosa and submucosa, in the group injected with EVs, a number 

of cells with EVs in the cytoplasm were identified (Figure 10C and 10D). 

 

3.2. Effect of TNF-α/IFN-γ stimulation on cASCs and 

characterization of c ASC 

I examined whether inflammatory cytokine stimulation affects cASC 

morphology or viability after stimulation of cASC with TNF-α and IFN-γ for 24 h. 

No significant differences in morphology or viability were observed between the 

naive and primed cASCs (Figure 11A, 11B). Flow cytometric analysis demonstrated 

that very few of both stem cells expressed the known hematopoietic markers, CD34 

and CD45, but that > 95% expressed the known stem-cell markers, CD29, CD44, 

CD73, and CD90 (Figure 11C). Furthermore, both stem cells were found to be capable 

of differentiating into adipocytes, osteocytes, and chondrocytes (figure 11D). These 

results confirmed that stem cell differentiation and surface markers are maintained 

following stimulation with inflammatory cytokines. However, I observed significant 

increases in the expression of TSG-6, TGF-β, HGF, and COX-2 genes in primed 

compared to naïve cASCs (Figure 11E). 

 

3.3. The effect of TNF-α and IFN-γ on the immunomodulation 

of cASCs and EVs  
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EVs were isolated from the media of naive and primed cASCs. Interestingly, 

there was no difference in the relative EVs production of naive or primed cASCs 

(Figure 12B) Specifically, EVs production occurred at a rate of 50 μg/ 5×105 

cASCs/72 h (data not shown) and TEM demonstrated that both the naïve and primed 

cASC-derived EVs were predominantly round and ranged in size from 30–120 nm 

(Figure 12C, 12D). Both naive and primed cASC-derived EVs were also found to 

express exosomal markers such as CD63 and CD9, while the concentration of the 

cytosolic marker, β-actin, was low, but high in stem cells (Figure 12E). Further, the 

primed EVs showed significantly higher expression of TSG-6, TGF-β, HGF, and 

PGE2 proteins than did naïve cASC-derived EVs (Figure 12F). 

 

3.4. Effects of primed EVs enhanced Tregs in vitro and in vivo 

The expression of TNF-α, IL-1β, and IFN-γ decreased when Con A-

stimulated cPBMCs were exposed to EVs and the expression of IL-10 was increased. 

Furthermore, this effect was greater when the cells were treated with primed than with 

naive EVs (Figure 13). Tregs are known to play important roles in the alleviation of 

inflammation, and FOXP3 is specifically expressed in naturally occurring Tregs. As 

such, the expression of FOXP3 was increased in Con A stimulated-cPBMCs cultured 

with EVs, compared to the expression in cells cultured without EVs, and this effect 

was greater in activated cPBMCs cultured with primed EVs than in those cultured 

with naïve EVs (Figure 13). 

In addition, Tregs are known to regulate inflammation and to alter the 
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composition of lymphocytes, and thus, the level of Th1/Th17 and Th2/Treg cells was 

assessed using spleen tissue to confirm the overall lymphocyte regulation in IBD mice. 

The differentiation of Th1 lymphocytes is known to be associated with a specific 

transcription factor, T-bet; thus, the upregulation of Th1 activity in DSS-induced 

colitis and the reduction of Th1 activity after EVs treatment was confirmed by the 

analysis of T-bet expression. The reduction was more significant when primed EVs 

were administered relative to naïve. Similarly, the expression of TNF-α showed the 

same trend in DSS-induced colitis mice (Figure 14), although there was no significant 

difference in TNF-a between the primed and naïve EVs groups. 

Next, the role of primed EVs in promoting the Th2 subset was investigated 

by analyzing IL-10, as well as the Th2 lineage transcription factor, GATA3. 

Accordingly, there was no significant change in the expression of GATA3 or IL-10 in 

the DSS-induced colitis group. However, levels of GATA3 and IL-10 were increased 

in the EVs-treated groups, an effect that was more significant in the primed than in 

the naïve EVs (Figure 14). 

Moreover, the expression of retinoic acid-related orphan receptor γt (RORγt) 

revealed that EVs inhibited the differentiation of pathogenic Th17 effector cells, as 

RORγt regulates the development of Th17 cells. Further, primed EVs were found to 

suppress Th17 differentiation compared with naïve EVs. Expression of IL-17 was also 

significantly increased in the DSS-induced colitis but was downregulated in the 

primed and naïve EVs groups. It was also confirmed that primed EVs decreased IL-

17 compared with naïve EVs (Figure 14). Likewise, the expression of FOXP3 was 

increased in the EVs group relative to that in the PBS group. Also, primed EVs 
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significantly increased FOXP3 expression in the spleen relative to naïve EVs. Notably, 

there were significantly elevated CD4+CD25+ Tregs in primed EVs treated mice 

compared to that in naïve EVs-treated mice (Figure 15)  

 

3.5. Induction of M2 macrophage polarization by primed EVs 

in vitro and in vivo  

The expression levels of TNF-α, IL-1β, IL-6, and IL-10 were measured in 

LPS-stimulated DH82 cells to assess the immunomodulatory capacity of cASC-

derived EVs. Expression of TNF-α, IL-1β, and IL-6 was significantly reduced, while 

IL-10 levels were significantly increased in the LPS-stimulated DH82 cultured with 

EVs relative to control. Furthermore, the effect was more significant when primed 

EVs were administered than when naïve cASC-derived EVs were administered 

(Figure 16). Next, to assess the ability of EVs to induce anti-inflammatory 

macrophage phenotypes, the expression of anti-inflammatory genes was examined in 

LPS-stimulated DH82 via RT-qPCR. Targets known to promote the differentiation of 

the M1 (inducible nitric oxide synthase [iNOS]) and M2 (CD206 and Arg) phenotypes 

were selected. Accordingly, iNOS levels were significantly reduced in LPS-stimulated 

DH82 cells cultured with EVs relative to control. Furthermore, iNOS levels were 

significantly reduced in macrophages cultured with primed compared to naive EVs. 

Conversely, CD206 and Arg levels were both significantly increased when the 

macrophages were cultured with EVs, and this effect was greater when the EVs were 

primed (Figure 26). Quantitative immunofluorescence examination of macrophage 
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marker proteins also showed that the percentage of CD206+ M2 macrophages was 

significantly increased in LPS-stimulated DH82 cells cultured with EVs. Similarly, 

the primed EVs group exhibited a significantly higher percentage of CD206+ M2 

macrophages than the naïve-EVs group. These results suggest that the EVs derived 

from the primed cASCs induced the M2 macrophage phenotype better than the naïve 

EVs. Thus, stimulating stem cells with inflammatory cytokines produces EVs with 

improved immunomodulatory properties (Figure 16). Furthermore, RAW 264.7 cells 

pretreated with LPS and co-cultured with primed EVs showed similar results to those 

of DH82 cells (Figure 17). 

I next investigated the effects of primed EVs on the immune cell profile of 

DSS-induced colitis mice. In the peritoneal cavity, the levels of CD11+ M1 

macrophages were significantly decreased in the EVs-treated mice relative to those in 

untreated IBD mice, but there was no difference between the mice treated with naïve 

and primed EVs. However, CD206+ M2 macrophages were decreased in DSS-treated 

mice but significantly increased in EVs-treated mice. Moreover, M2 macrophages 

were significantly more prevalent in mice treated with primed EVs than in naïve EVs-

treated mice (Figure 18). 

 

3.6. Primed cASC-derived EVs enhance regulatory T cells and 

regulate the M1/M2 balance in the inflamed colon 

Next, the efficacy of EVs to attenuate DSS-induced colitis by regulating the 

immune response was assessed. Accordingly, RT-qPCR and western blot analysis 
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demonstrated an increase in the expression of proinflammatory cytokines, such as 

TNF-α, IL-6, and IL-17, in the colon tissues of IBD mice and this was decreased in 

EVs-treated mice relative to that in untreated IBD mice. In particular, the reduction of 

IL-17 was most notable following administration of primed EVs. Further, the 

expression of anti-inflammatory cytokines, such as IL-10, was increased in the tissues 

of EVs-treated IBD mice compared to that in control mice; again, this was most 

significant in mice that received primed EVs (Figure 19 and 20). 

Inflamed colon tissue has a remarkable capacity for regeneration through a 

complex injury/repair process that includes inflammation. The observation that 

different macrophage subsets are associated with different stages of colon 

regeneration led us to investigate whether EVs treatment could influence macrophage 

polarization in vivo. This observation was accompanied by a significant increase in 

the expression of the M2 marker arginase 1 (Arg1) in the colon of mice treated with 

primed and naïve EVs. This effect was paralleled by the decreased expression of the 

M1 marker nitric oxide synthase 2 (NOS2). Furthermore, in mice that received primed 

EVs, the expression of M2 marker increased compared to that in those treated with 

naïve EVs (Figure 29 and 30). The latter results were also confirmed by 

immunofluorescence, wherein the number of M2 macrophages (CD11b+CD206+cells) 

was increased in the colon of IBD mice that received EVs, and this effect was more 

notable in the primed than in naïve EVs groups (Figure 21). Finally, western blotting 

and real-time PCR results showed that the expression of FOXP3 in the colon was also 

increased in EVs groups compared to that in the control group, and this effect was 

more significant in the primed EVs than in the naïve EVs groups (Figure 22). The 
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upregulation of Treg activities in DSS-induced colitis was further confirmed by 

analysis of CD4 and CD25 expression using immunofluorescence, and CD4+CD25+ 

cells were found to increase in the EVs groups, and the primed EVs group had more 

regulatory cells in the colon than the naïve EVs group (Figure 22).  

 

4. Discussion 

Recently, studies have focused on the utility of stem cell-derived EVs as 

treatments for immune-mediated diseases (Kang et al., 2015, Song et al., 2017b). EVs 

have been reported to mediate paracrine effects on receptor cells through membrane 

receptors or through intracellular incorporation or membrane fusion (Lai et al., 2011). 

After fusion, various factors transferred by EVs can be translated into protein, and 

these proteins affect cellular processes (Valadi et al., 2007). The cargo and function of 

EV depends on their producing cells, and it has been shown that also stress of cells 

affects EV content (Bobrie et al., 2011).  

TNF-α and IFN-γ are not only important inflammatory cytokines but are also 

mediators of the development of DSS-induced colitis (Obermeier et al., 1999, Wang 

et al., 2012, Swaidani et al., 2013). Although TNF-α and IFN-γ are known to enhance 

the immunosuppressive properties of ASCs (Yang et al., 2018a), the therapeutic 

efficacy of EVs produced from ASCs pretreated with TNF-α and IFN-γ in colitis is 

unclear. 

The purpose of this study was to evaluate the efficacy and 

immunomodulatory capacity of EVs derived from inflammatory cytokines primed 
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canine stem cells in a colitis model with a normal immune system. Therefore, efficacy 

of EVs in the normal immune system was confirmed by inducing colitis in 

immunocompetent mice. The DSS-murine colitis model is useful for evaluating novel 

therapeutics designed to promote epithelial repair and proliferation as well as mucosal 

wound repair in the presence of an acute inflammatory response (Chassaing et al., 

2014). In addition, the main advantage of this model is the ability to investigate the 

first immunological events associated with the induction of intestinal inflammation 

(Pizarro et al., 2003).  

In addition, the immune cells (such as macrophages and T lymphocytes) of 

mice after treatment with canine ASC-EVs were focused. The canine ASCs were also 

immunoprivileged, partly due to the low expression of major histocompatibility 

complex class II molecules (Le Blanc et al., 2003). Similar strategies involving the 

administration of human or canine ASCs to immunocompetent animal models have 

been adopted by several groups, and no obvious cross-species-induced immunological 

responses have been reported (Qi et al., 2014, Kim et al., 2015). Therefore, the 

efficacy of canine stem/stromal cell-derived EVs in a mouse model before application 

to canine patients were evaluated  

According to the results of injecting EVs into mice, biodistribution occurred 

mainly in the lungs and liver when injecting intravenously (IV), whereas infusion by 

intraperitoneally (IP) was evenly distributed in liver, pancreas and gastrointestinal 

tract (Morishita et al., 2017, Wiklander et al., 2015). When injected into IP, it was 

confirmed that EV is more specifically distributed in the intraperitoneal organ 

Therefore, IP is considered a suitable method to confirm the therapeutic effect of EVs 
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in the gastrointestinal disease (Wang et al., 2017, Wang et al., 2016, JIANG et al., 

2019). However, little has been done about the distribution pattern of primed EVs in 

inflamed colon of murine model.  

Previous study has shown that EVs generated from primed stem cell reach 

more damaged tissues, increasing the protection effect (Ciullo et al., 2019). However, 

unlike other studies, this study demonstrated that similar amount of primed EVs and 

naïve EVs have been found in colon, and that primed EVs is effective in mitigating 

inflammation. This suggested that primed EVs can be more efficient at treating colitis. 

However, further research is needed on how primed EVs have increased their ability 

to mitigate colitis.  

Under immunofluorescence microscope, in the group injected with EVs, a 

number of cells with EVs in the cytoplasm were identified in mucosa and submucosa. 

These infiltrated inflammatory cells, such as lymphocytes, which play an important 

role in regulating inflammatory responses in colon, are implicated in IBD etiology 

(Abdelbaqi et al., 2006). Among them, Tregs and macrophages are able to control the 

functions of lymphocytes, which have been widely shown to be involved in process 

of tissue repair (Hayashi et al., 2013, Murai et al., 2009). Therefore, it is very 

important to clarify the correlation between primed EVs and these immune cells.  

The immunomodulatory capacity of stem cells is not entirely innate, and the 

immunosuppressive ability is known to be derived from inflammatory cytokines in 

the external environment (Fan et al., 2012). Although studies have been made on 

primed stem cells (Noone et al., 2013, Song et al., 2019), the effects on pretreatment 

of stem cell derived EVs are lacking, and further research is needed on therapeutic 
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effects in vivo immune mediated models. In this research, pre-stimulation of stem 

cells with TNF-α and IFN-γ significantly increased TSG-6, TGF-β, HGF and PGE2 

expression in EVs. TSG-6 is known as a potent inhibitor of neutrophil migration, 

suppresses inflammatory signaling in tissue-resident immune cells, and polarizes 

macrophage to the M2 phenotype (Bruno et al., 2015, Maeda et al., 1995). Kota et al 

reported that TSG-6 produced by human stem cells enhancing T reg regeneration in 

diabetes model (Kota et al., 2013). Similarly, TGF-β, which is a major pluripotential 

cytokines with a pronounced immunosuppressive effect, inhibits macrophage 

activation by polarizing macrophage from M1 to M2 (Zhang et al., 2016, Gong et al., 

2012), and supports the maintenance of regulatory function, and homeostasis in 

peripheral CD4+CD25+ T reg cells (Marie et al., 2005). HGF exerts anti-

inflammatory activities via immune cell regulation, including differentiation and 

cytokine production, and T cell effector function (Coudriet et al., 2010, Fan et al., 

2012). Choi et al reported that HGF has a healing effect on damaged tissues by 

polarizing Macrophage from M1 to M2 (Choi et al., 2019). In addition, Benkhoucha 

et al showed that HGF is a potent immunomodulatory factor that inhibits dendritic 

cell function along with differentiation of IL-10–producing Treg cells (Benkhoucha 

et al., 2010). PGE2 alters the cytokine secretion profile of the T cell subset to change 

from a proinflammatory to an anti-inflammatory environment (Kühl et al., 2015, AN 

et al., 2018). Previous studies confirmed the efficacy of ASC in murine-derived 

macrophage cell lines in inflammatory environments and demonstrated that PGE2 

secreted from stem cells is a key factor in polarizing macrophage (Yang et al., 2018a, 

Chae et al., 2017). Although other immunomodulatory effects of primed cASC-
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derived EV-mediated miRNA, mRNA or protein should be studied, these findings 

demonstrate that proinflammatory cytokine stimulation was sufficient to induce the 

cASCs to release EVs containing more potent immunoregulatory factors. Furthermore, 

these study showed that EVs could effectively polarized macrophage from M1 to M2 

and switch T cells from a Th1/Th17 immune profile towards a Th2/Treg immune 

profile. In addition, primed EVs were found to increase T reg and M2 inflamed colon.  

Taken together, primed EVs were thought to increase the ability to alleviate 

colitis by enhancing the regulation of immune cells. However, more research is 

needed to determine which of these two immune cells regulates more preferentially.  

Previous other studies showed that stem cell derived EVs could modulate 

monocyte toward M2-like phenotype and macrophage colony-stimulating factor 

polarized M2 monocytes could induce T regs (Zhang et al., 2013, Martinez et al., 

2006). However, in other study, expanded Tregs have the capacity to induce 

phenotypical and functional changes in monocytes that might be crucial for tolerance 

induction in transplantation and the prevention/treatment of autoimmune diseases 

(Romano et al., 2019). Previous study found that in the DSS-induced mouse colitis 

model, it is important to convert the polarization of macrophage to M2 type in 

controlling inflammation (Song et al., 2017a). However, other studies have 

demonstrated that increasing T cells in the colon is a major factor in relieving 

inflammation (Yamada et al., 2016). Although which is more dominant is still 

controversial, monocytes and Treg may interact with each other, and it is obvious that 

T regs and M2 play a major regulator in colitis alleviation.  

This study is important in that it provides an essential basis for the 
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application of canine stem cells derived EVs to canine IBD patients. Spontaneous 

lymphoprotein-plasmocytic colitis in dogs and human IBD share several 

histopathological and molecular features (Schmitz, 2012; Strober, 1985). Thus, 

spontaneous canine IBD is an appropriate model for the study of the multifactorial 

pathogenesis of IBD, EVs immune modulation mechanisms, determining dose 

equivalence, and the biological effect of stem cell-derived EVs therapies in refractory 

IBD (Gold et al., 2014). Therefore, this study is important not only in terms of 

increasing the immune modulatory effect of stem cell derived EVs but also as a basis 

for future translational research. Thus, the present study provides a basis for further 

research into the potential use of EVs to treat immune-mediated diseases in canines. 

Immune-related diseases have serious consequences not only in canines but also in 

humans. This study will be the basis for applying EV as a treatment for colitis to 

researchers in various scientific fields, including canine and human basic and medical 

research. 
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Figure 9. cASC-derived EVs ameliorates DSS-induced colitis in mice. Naïve or 

primed EVs (100 μg in 100 μl PBS) or vehicle control (100μl PBS) were 

intraperitoneally (IP) injected into intraperitoneally on days 1, 3 and 5 after mice fed 

with 3% DSS. (A) Experimental scheme of EVs administration in DSS induced colitis 

mice. (B) Mice were monitored for body weight. Value are calculated as percent of 

body weight from day 0. (C) The disease activity index (DAI) were monitored 

described for 10 days. (D) Colon length were assessed at day 10. The length of the 

colon was also longer in EVs-treated than in untreated IBD mice, and this effect was 

enhanced by primed EVs. Results were shown as mean ± standard deviation.  

*P<0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA analysis.  
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Figure 10. cASC-derived EVs ameliorates DSS-induced colitis in mice. (A) H&E 

staining of the colon section and (B)histological score are shown. The primed EVs 

effectively inhibits inflammatory response in the inflamed colon. (C) Canine EVs 

levels in colon were detected by using western blot analysis. canine EVs was not 

found in naive group and PBS group, while EVs was confirmed in group injected with 

EVs. (D)Immunofluorescent staining showed that a number of cells with EVs in the 

cytoplasm were identified in the mucosa and submucosa of colon. Black Bars=100 

μm. White Bars=200 μm. Results were shown as mean ± standard deviation.  

ns=not statistically significant. *P<0.05 and ***P < 0.001 by one-way ANOVA 

analysis and student’s t-test. 
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Figure 11. Characterization and immunomodulatory factors of naïve- and 

primed cASCs. (A) Representative phase contrast images of cASCs incubated with 

TNF-α and IFN-γ at concentration of 20 ng/mL for 24 h. Scale bars = 200 μm. (B) 

Cell viability of cASCs incubated with TNF-α and IFN-γ at concentration of 20 ng/mL 

for 24 h was determined by CCK-8 assay. (C) Naïve and primed cASCs have high 

expression of CD29, CD44, CD73, and CD90 and low expression of CD34 and CD45. 

(D) Naïve and primed cASCs have the ability to differentiate into adipocyte (Oil Red 

O staining), osteocytes (Alizarin Red S staining), and chondrocytes (Alcian Blue 

staining), Scale bars = 200 μm. (-) = non primed. Data are shown as mean ± standard 

deviation.  

ns=not statistically significant. **P < 0.01 and ***P < 0.001 by student’s t-test. 
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Figure 12. Characterization and immunomodulatory factors naïve- and primed 

cASCs derived EVs. (A) Scheme of EVs isolation. (B) Relative protein concentration 

of EVs produced from naïve or primed cASCs (C) Representative electron micrograph 

of EVs isolation from naïve or primed cASCs. Bar = 100 nm. (D) Nanoparticle 

tracking analysis of EVs obtained from naïve or primed cASCs. The size of EVs 

ranged from 30-120 nm. (E) Representative image of western blot for the presence of 

CD63, CD9 and β-actin in cASCs and EVs isolation from naïve or primed cASCs. (F) 
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The TSG-6, HGF and TGF-β levels in EVs from primed cASCs were higher than in 

EVs from naïve cASCs using western blot analysis. (G) In ELISA, higher levels of 

PGE2 concentration was measured in EVs of TNF-α and IFN-γ-primed cASC than in 

EVs of naïve cASC. Data are shown as mean ± standard deviation. ns = not 

statistically significant.  

*P < 0.05, **P < 0.01 and ***P < 0.001 by student’s t-test. 
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Figure 13. EVs from primed cASCs induce the expression of regulatory T cell in 

vitro and in vivo. (A) Con A-stimulated canine PBMCs were co cultured with EVs 

from naïve or primed cASCs for 48h. TNF-α, IL-1β and IFN-γ mRNA levels were 

decreased and IL-10 and FOXP3 mRNA levels were increased in Con A-stimulated 

canine PBMC cultured with EVs. Furthermore, this effect was greater when the cells 

were treated with primed EVs. cPBMC +: exist, Con A -: non-treated, Con A+: treated, 

EVs -: absence. Data are shown as mean ± standard deviation.  

ns = not statistically significant. *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way 

ANOVA analysis. 
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Figure 14. Changed in mRNA expression of Th1, Th2, Th17 and Tregs-related 

inflammatory mediators in spleen of IBD mouse model. The level of Th1/Th17 and 

Th2/Treg cells was assessed using spleen tissue to confirm the overall lymphocyte 

regulation in IBD mice. Th1 activity after EVs treatment was confirmed by the 

analysis of T-bet and TNF-α expression. Th17 activity were determined by assessing 

mRNA expression of RORγt and IL-17. Th2 subset was investigated by analyzing IL-

10, as well as the Th2 lineage transcription factor, GATA3. Activity of Treg was 

determined by mRNA expression of FOXP3. (-) = Naive Data are shown as mean ± 

standard deviation.  

ns = not statistically significant. *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way 

ANOVA analysis. 
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Figure 15. CD4+CD25+Treg cell levels in spleen of DSS induced colitis mice. There 

were significantly elevated CD4+CD25+ Tregs in primed EVs treated mice compared 

to that in naive EVs-treated mice. (-) = Naïve. Data are shown as mean ± standard 

deviation.  

ns = not statistically significant. *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way 

ANOVA analysis. 
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Figure 16. EVs from primed cASCs induce the expression of M2 macrophage 

marker in vitro and in vivo. LPS-stimulated DH82 were co-cultured with EVs from 

naïve or primed cASCs for 48 h. (A) Relative mRNA expression levels of TNF-α, IL-

1β, IL-6 and IL-10 in RAW 264.7 and DH82 cells. (B) Relative mRNA expression of 

iNOS, CD206 and Arg are shown. DH82 +: exist, LPS -: non-treated, LPS +: treated, 

EVs -: absence. (C) Representative immunofluorescence staining using anti-CD11b-

PE or anti-CD206-FITC positive cell, and the calculated percentage of CD206-FITC 

positive cells among the CD11b-PE positive cell are shown. Data are shown as mean 

± standard deviation.  

ns = not statistically significant. *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way 

ANOVA analysis. 
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Figure 17. EVs from primed cASCs induce the expression of M2 macrophage 

marker in RAW 264.7 cells. LPS-stimulated RAW 264.7 cells were co-cultured with 

EVs from naïve or primed cASCs for 48 h. (A) Relative mRNA expression levels of 

TNF-α, IL-1β, IL-6 and IL-10 in RAW 264.7 and RAW 264.7 cells. (B) Relative 

mRNA expression of iNOS, CD206 and Arg are shown. RAW 264.7 +: exist, LPS -: 

non-treated, LPS +: treated, EVs -: absence. (C) Representative immunofluorescence 

staining using anti-CD11b-PE or anti-CD206-FITC positive cell, and the calculated 

percentage of CD206-FITC positive cells among the CD11b-PE positive cell are 

shown. Scale bars = 200 μm. Data are shown as mean ± standard deviation.  

ns = not statistically significant *P < 0.05, **P < 0.01, ***P < 0.001 by one-way 

ANOVA analysis.   
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Figure 18. Primed cASCs derived EVs regulate the M1/M2 balance in colitis mice 

model. M1(CD11c+cells) and M2 macrophage (CD206+ cells) level in DSS induced 

colitis mice peritoneal cavity. Data are shown as mean ± standard deviation.  

**P < 0.01, ***P < 0.001 by one-way ANOVA analysis. 
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Figure 19. Changed in mRNA expression of M2 macrophage and T reg-related 

mediator following treatment with primed EVs. The primed EVs effectively 

inhibits inflammatory response in the inflamed colon. mRNA expression levels of pro-

inflammatory cytokines (TNF-α, IFN-γ and IL-17), anti-inflammatory cytokines (IL-

10), macrophage related markers (iNOS, Arg) and Tregs related marker (FOXP3) in 

colon tissue were determined by RT-qPCR. Data are shown as mean ± standard 

deviation.  

ns = not statistically significant, *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way 

ANOVA analysis. 
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Figure 20. Changed in protein level of M2 macrophage and T reg-related 

mediator following treatment with primed EVs. (A) The primed EVs effectively 

inhibits inflammatory response in the inflamed colon. Relative expression levels of 

pro-inflammatory cytokines (TNF-α, IFN-γ and IL-17), anti-inflammatory cytokines 

(IL-10) were determined by western blot analysis. Data are shown as mean ± standard 

deviation.  

**P < 0.01 and ***P < 0.001 by one-way ANOVA analysis. 
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Figure 21. M2 related expression in inflamed colon. (A) Relative protein level of 

Arg, CD206 and beta-actin in colon tissue. (B) Number of CD11b+CD206+ M2 cells 

in colon. Data are shown as mean ± standard deviation. 

ns = not statistically significant, *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way 

ANOVA analysis. 
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Figure 22. Expression of FOXP3+ cells in inflamed colon. (A) Relative protein 

level of FOXP3 and (B) Number of CD4+CD25+ Treg cells in colon. Data are shown 

as mean ± standard deviation.  

ns = not statistically significant, *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way 

ANOVA analysis. 
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Table 4 Histological inflammatory score  

Score Infiltration Epithelium 

0 No infiltration Normal morphology 

1 Infiltrate around crypt basis Loss of goblet cells 

2 Infiltrate reaching to lamina muscularis mucosa layer Loss of goblet cell in large 

areas 

3 Extensive infiltration reaching the muscularis mucosa  

with abundant edema 

Loss of crypts 

4 Infiltration of the submucosa layer Loss of crypts in large areas 
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Table 5 Primers for RT-qPCR 

Genes Forward (5’-3’) Reverse (5’-3’) References 

mGAPDH AGTATGTCGTGGAGTCTACTGGTGT AGTGAGTTGTCATATTTCTCGTGGT (Gold et al., 2014) 

mTNF-α CCAGGAGAAAGTCAGCCTCCT TCATACCAGGGCTTGAGCTCA (Ding et al., 2003) 

mIFN-γ GATGCATTCATGAGTATTGCCAAGT GTGGACCACTCGGATGAGCTC (Yang et al., 2007) 

mIL-1β CACCTCTCAAGCAGAGCACAG GGGTTCCATGGTGAAGTCAA (Tamaki et al., 2008) 

mIL-6 TCCAGTTGCCTTCTTGGGAC GTACTCCAGAAGACCAGAGG (Abebayehu et al., 2019) 

mIL-10 TGGCCCAGAAATCAAGGAGC CAGCAGACTCAATACACACT (Günzl et al., 2010) 

miNOS AAAGGAAATAGAAACAACAGGAACC GCATAAAGTATGTGTCTGCAGATGT (Chae et al., 2017) 

mCD206 AACGGAATGATTGTGTAGTTCTAGC TACAGGATCAATAATTTTTGGCATT (Song et al., 2017a) 

mArg1 CAGAAGAATGGAAGAGTCAG CAGATATGCAGGGAGTCACC (Maloney et al., 2015) 

mFOXP3 TTGGCCAGCGCCATCTT TGCCTCCTCCAGAGAGAAGTG (Monk et al., 2012) 

mIL-17 GAGAGCTGCCCCTTCACTTTCA GGCTGCCTGGCGGACAAT (Chen et al., 2013) 

mGATA3 AGGTGCATGACGCGCTGGAG GGAGTGGCTGAAGGGAGAG (Chen et al., 2013) 

mT-bet ACCTCTTCTATCCAACCAGTATCC GAGGTGTCCCCAGCCAGTA (Chen et al., 2013) 

mPORγt GAAGGCAAATACGGTGGTGTGG GCTGAGGAAGTGGGAAAAGTC (Chen et al., 2013) 

cGAPDH TTAACTCTGGCAAAGTGGATATTGT GAATCATACTGGAACATGTACACCA (Yang et al., 2018a) 

ciNOS GAGATCAATGTCGCTGTACTCC TGATGGTCACATTTTGCTTCTG (Nascimento et al., 2015) 

cCD206 GGAAATATGTAAACAGGAATGATGC TCCATCCAAATAAACTTTTTATCCA (Nascimento et al., 2015) 

cArg AAATTATGTCCTGTCCCCTTTCTAC TTTAAGTTGAATCTTTTTCCTGTGG (Yang et al., 2018a) 

cTNF-α TCATCTTCTCGAACCCCAAG ACCCATCTGACGGCACTATC (Manning et al., 2010) 

cIL-1β AGTTGCAAGTCTCCCACCAG TATCCGCATCTGTTTTGCAG (Manning et al., 2010) 

cIL-6 ATGATCCACTTCAAATAGTCTACC AGATGTAGGTTATTTTCTGCCAGTG (Yang et al., 2018a) 

cIL-10 ATTTCTGCCCTGTGAGAATAAGAG TGTAGTTGATGAAGATGTCAAGCTA (Song et al., 2018) 

cFOXP3 AAACAGCACATTCCCAGAGTTC AGGATGGCCCAGCGGATCAG (Biller et al., 2007) 

m, Mouse; c, Canine; GAPDH, Glyceraldehyde 3-phsphage dehydrogenase; TNF-α, Tumor 

necrosis factor-α; IFN-γ, Interferon-γ, IL, Interleukin; TSG-6, Tumor necrosis factor-α-

stimulated gene/protein-6; iNOS, Inducible nitric oxide synthase; CD, Cluster of 

differentiation; Arg, Arginase; FOXP3, Forkhead box P3; GATA, erythroid transcription factor; 

RORγt, Retinoic acid-related orphan receptor γt. 
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CHAPTER Ⅲ 

 

Tumor necrosis factor-alpha stimulated gene/protein 6 

in extracellular vesicles from canine mesenchymal 

stem/stromal cells is a major factor in relieving 

dextran sulfate sodium induced colitis 

 

1. Introduction 

Inflammatory bowel disease (IBD) is a chronic debilitating disease that 

affects both humans and dogs, characterized by abdominal pain and diarrhea. It may 

result in significant morbidity and mortality, with compromised quality of life and 

life expectancy. Clinical signs may be controlled by single or combination therapy, 

including dietary modifications, antibiotics and immune suppressants. However, since 

there is no clear treatment method, clinical recurrence frequently occurs even after 

treatment, and thus, new therapeutic agents need to be sought (Cerquetella et al., 2010). 

Mesenchymal stem/stromal cells (MSCs) are of great interest as novel 

therapeutics for IBD patients because of their unique ability to regulate immune cells 

and heal damaged colonic tissue (Yi et al., 2014). Particularly, it has been found that 

extracellular vesicles (EVs, 40–1000 nm sized circular membrane fragments shed 
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from the cell surface) secreted from cells can mediate the delivery of secreted 

molecules in cell-to-cell communication. Thus, studies on the use of EVs as an 

alternative to stem cells have been actively conducted (Katsuda et al., 2013, Burrello 

et al., 2016). Recently, various studies have been carried out on the application of EVs 

as therapeutic agents in various pre-clinical models such as acute kidney injury, 

hepatitis, cystitis and uveitis (Hartjes et al., 2019, Qian et al., 2016, Bai et al., 2017, 

Bruno et al., 2012). Although these studies have reported that inflammation is 

alleviated following treatment with EVs, the factors responsible for the protective 

effects have yet to be elucidated. In addition, injecting EVs into DSS-induced colitis 

mouse models has shown that not only does it improve activity and appetite, but it 

also alleviates inflammation in the colon (Mao et al., 2017).  

Although the protective effects exhibited by EV has been suggested to be 

related to immunomodulatory factors such as transforming growth factor-beta (TGF-

β), indoleamine-2,3-dioxygenase (IDO), prostaglandin-E2 (PGE2), and nitric oxide 

(NO)[10], the mechanisms associated with this therapeutic mechanism have yet to be 

examined. If stem cell-derived EVs are to be used as therapeutic agents in the future, 

in-depth mechanistic studies to determine which factors are most highly associated 

with the ability of EVs to alleviate inflammation must be conducted. 

Tumor necrosis factor (TNF)-α stimulated gene/ protein 6 (TSG-6) secreted 

from stem cells is a major factor responsible for regulation of inflammatory responses 

(Lee et al., 2014, Song et al., 2017a, Wang et al., 2012). Moreover, several studies 

have shown that TSG-6 plays important roles in attenuating DSS-induced colitis in 

mice by altering the composition of immune cells in the colon (Li et al., 2018, Day 
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and Milner, 2018). However, studies on TSG-6 in EVs have not yet been conducted, 

and, thus, further studies are required.  

In particular, IBD is related to an immunological imbalance in the intestinal 

mucosa, which is primarily associated with cells of the adaptive immune system that 

respond to self-antigens produced under inflammatory conditions in such patients 

(Arseneau et al., 2007, Sartor, 1997). Among the intestinal immune cells, regulatory 

T cells (Tregs) and M2 type macrophages (M2) control the balance of immune cell 

functions and play critical roles in self-tolerance and homeostasis in the colon (Banz 

et al., 2003). Additionally, macrophages of the colon are essential for local 

homeostasis and play an important role in inflammation and protective immunity 

(Mowat and Bain, 2011). And they are classically divided into two major types: A 

very basic dichotomous view classified M1 as having an inflammatory phenotype, 

while M2 was considered an anti-inflammatory macrophage (Atri et al., 2018). For 

this reason, various methods of increasing Tregs and macrophage M2 types in the 

colon in colitis experimental models have been proposed as treatment options, with 

stem cell derived EV being one of them (Mao et al., 2017, Liu et al., 2019). However, 

there is still a lack of research on mechanisms, and there is a need for further study.  

Therefore, this study focused on elucidating the role of TSG-6 in EVs in 

mitigating colitis and as well as to describe potential mechanisms responsible for any 

protective effects observed in DSS-induced mouse models of colitis. I also 

investigated the effect that EVs have on Treg and M2 within the colon and how TSG-

6 in EVs affects the Treg and M2 population in inflamed colons. 
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2. Materials and Methods 

2.1. Isolation and characterization of cASCs 

The adipose tissue was obtained from a healthy adult female dog during 

ovariohysterectomy at the SNU Veterinary Medicine Teaching Hospital, with the 

owner’s consent. cASCs were isolated from tissues and cultures as previous described 

(Song et al., 2017a, Li et al., 2018). The cells were characterized for the expression of 

several stem cell markers by flow cytometry before they were used in the experiments. 

Additionally, the differentiation ability of cells was confirmed for cASCs at passages 

3 and 4, and these cells were used in subsequent experiments. The methods used for 

isolating, culturing, and characterizing stem cells are described in detail in Chapter 1.  

The differentiation capacity of the cells was confirmed by identifying 

differentiated cells using special differentiation media (StemPro Adipogenesis 

Differentiation, Stem Pro Osteogenesis Differentiation and StemPro Chondrogenesis 

Differentiation kits; Gibco/Life Technologies) according to the manufacturer’s 

instruction. Cells in adipogenic and osteogenic differentiation media were each 

cultured for two weeks, and cells in chondrogenic differentiation medium were 

cultured for three weeks. After differentiation, all cells were fixed with 4% 

paraformaldehyde. Cells were then stained with oil red O, 1% alizarin red or alcian 

blue (all from Sigma-Aldrich) for confirmation of adipocyte, osteoblast, and 

chondrocyte differentiation, respectively.  
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2.2. Small interfering RNA (siRNA) transfection of cASCs 

When cASCs reached approximately 70 % confluence, they were transfected 

for 48 h with TSG-6 siRNA or control siRNA (sc-39819 and sc-27007, respectively, 

Santa Cruz Biotechnology, Dallas, TX, USA) using Lipofectamine RNAiMAX 

(Invitrogen, Carlsbad, CA, USA) as described previously (Wang et al., 2012, Atri et 

al., 2018, Liu et al., 2019). TSG-6 knockdown was confirmed by RT-qPCR. The cells 

were washed twice with PBS, and the media was exchanged with DMEM containing 

exosome-depleted FBS for an additional 48 h before collecting TSG-6-depleted EVs. 

EVs were obtained using an ultracentrifuge as above described, and the relative TSG-

6 protein levels in EVs were measured by western blot analysis. Protein 

concentrations were determined by performing BCA assays. The total protein content 

(20 μg) of each sample was subjected to sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and immunoblotting with antibodies against CD63 

(Novus Inc) and TSG-6 (sc-30140; Santa Cruz Biotechnology). This experiment was 

repeated a minimum of three times to confirm reproducibility. 

 

2.3. Isolation and characterization of EVs 

cASCs were cultured for 48 h in Dulbecco's Modified Eagle's Medium 

(DMEM; PAN-Biotech, Aidenbach, Germany) supplemented with 10 % Exosome-

depleted Fetal bovine serum (FBS; Systembio, CA, USA) and 1 % penicillin-

streptomycin (PS; PAN-Biotech). The supernatant from each cultured cASC sample 

was collected on ice and centrifuged at 300 × g for 10 min to remove the cells. Each 
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supernatant was transferred to a fresh tube, centrifuged at 2000 × g for 30 min to 

remove cellular debris, and then passed through a 0.22-μm filter (Millipore, Billerica, 

MA, USA) to remove the large vesicles. Each supernatant was transferred to a fresh 

tube and centrifuged at 110,000 × g (Beckman Avanti Centrifuge J-26XP with 70Ti 

rotor, Brea, CA, USA) for 80 min, washed with Dulbecco’s phosphate-buffered saline 

(DPBS), and purified by centrifugation at 110,000 × g for 80 min. All centrifugation 

steps were performed at 4 °C. Each pellet was resuspended in DPBS and sterilized by 

filtration through a 0.22-μm filter (Figure 1C). The total protein concentration in each 

EV preparation was quantified by performing bicinchoninic acid (BCA) assays, and 

the samples were stored at −80 °C until use. Protein markers of purified EVs were 

determined by western blotting with antibodies against cluster of differentiation 63 

(CD63; NBP2-42225; Novus Inc., Littleton, CO, USA) and CD9 (GTX76185; 

GeneTex, Irivine, CA, USA). The EV morphology was characterized by transmission 

electron microscopy. Briefly, 10 μL of an EV suspension was placed on clean parafilm. 

A 300-mesh formvar/carbon-coated electron microscopy grid was floated on the drop, 

with the coated side facing the suspension, and allowed to adsorb for 20 min at 23 ± 

2℃. The grid was transferred to a 100 μL drop of distilled water and left to stand for 

2 min. The grid was then transferred to a 50 μL drop of 2 % uranyl acetate for negative 

staining for 10 min, followed by observation under a TEM (LIBRA 120, Carl Zeiss, 

Germany) at 120 kV. The size distribution of the particles was measured using a Zeta-

potential & Particle size Analyzer (ELSZ-1000ZS, Otsuka Electronics, Osaka, Japan). 

This experiment was repeated a minimum of three times to confirm reproducibility. 
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2.4. Isolation of peripheral blood mononuclear cells (PBMCs) 

and non-adherent cells 

Using citrate phosphate dextrose adenine-containing tubes, I collected blood 

samples (30 mL) from three healthy dogs. The blood samples were diluted with an 

equal volume of phosphate-buffered saline (PBS) and then layered over Ficoll-Plaque 

PLUS (GE Healthcare Life Sciences, Little Chalfont, UK) in a conical tube. After 

centrifugation at 400 × g for 30 min, the buffy coat layer was carefully collected. The 

collected samples were incubated with red blood cell-lysis buffer at room temperature 

for 10 min. After adding PBS, each sample was centrifuged at 400 × g for 10 min, and 

the washing and centrifugation steps were repeated. Canine PBMCs (cPBMCs) were 

resuspended in Roswell Park Memorial Institute (RPMI) medium (Pan-Biotech, 

Dorset, Germany) supplemented with 10 % EV-free FBS and 1 % PS. Non-adherent 

cells were obtained after 24 hours. 

 

2.5. Co-culture experiments 

DH82 cells, a canine macrophage-like cell line, were purchased from the 

Korean Cell Line Bank (Seoul, Korea). DH82 cells were seeded in 6-well plates 

(1×106 cells/well), then incubated for 24 h. After adherence to the plates was 

confirmed, the DH82 cells were treated with LPS (200 ng/mL; Sigma-Aldrich) or 

control for 24 h. Similarly, canine lymphocytes were seeded in 6-well plates (1×106 

cells/well) and exposed to Con A (5 μg/mL) or control for 24 h. Next, the medium 

was removed and replaced with media containing EV (100 μg/well) derived from 
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naïve, siRNA and siTSG-6 cASCs. Next, the cells were incubated for 48 h and then 

harvested for RNA extraction and flow cytometry analysis. 

 

2.6. RNA extraction, cDNA synthesis, and reverse transcription 

quantitative polymerase chain reaction 

RNA was extracted using the Easy-BLUE Total RNA Extraction Kit (Intron 

Biotechnology). Next, cDNA was synthesized using LaboPass M-MuLV Reverse 

Transcriptase (Cosmogenetech, Seoul, Korea), according to the manufacturer’s 

instructions. cDNA samples were assayed using AMPIGENE® qPCR Green Mix Hi-

ROX with SYBR Green Dye (Enzo Life Sciences, Farmingdale, NY, USA), according 

to the manufacturer’s instructions. Expression levels were normalized to those of 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The sequences of the primers 

used in this experiment are shown in Table 6. 

 

2.7. Flow cytometry analysis 

To evaluate Treg polarization, PBMC-derived lymphocytes cocultured with 

cASC-EVs were harvested. Obtained cells (1 × 106) were suspended in 100μL DPBS 

and 1 μL of each primary antibody against the following proteins: FOXP3-PE 

(eBioscience, San Diego, CA, USA; 1:100), CD3-FITC (MCA1774F; Bio-Rad, San 

Diego, CA, USA; 1:100), CD206-FITC (eBioscience, San Diego, CA, USA; 1:100) 

and CD11c-PE (eBioscience, San Diego, CA, USA; 1:100). After incubation for 1 h 
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at 23 ± 2 ℃, the cells were washed with DPBS. Unstained cells were used as controls 

for autofluorescence. Cell fluorescence was analyzed with a flow cytometer (FACS 

Aria Ⅱ; BD bioscience). The results were analyzed using FlowJo 7.6.5 software (Tree 

Star, Inc., Ashland, OR, USA). 

 

2.8. ELISA 

The protein levels of interleukin 10 (IL-10) in each cell culture supernatant 

was detected using an IL-10 Enzyme-Linked Immunosorbent Assay Kit (ELISA; 

eBioscience), according to the manufacturer’s instructions. 

 

2.9. DSS induced colitis mice 

Male C57BL/6 mice (6 to 8-week-old and weighing 18 to 20 g) were 

acclimatized for 7 days with a 12 h light/dark cycle at 22 ℃ and 60 % humidity before 

performing the experiments. For environmental enrichment, 3 to 4 mice were raised 

in polycarbonate cages (324 × 221.5 × 130 mm) containing clean bedding (shavings; 

Nara Biotech), cardboard boxes, and tunnels. Mice were fed a standard laboratory 

rodent diet and water ad libitum. At the start of the experiments, the health status of 

the mice was evaluated by measuring their weight, vitality, and defecation; the 

experiments were conducted on mice with no abnormal symptoms. To generate a 

murine model of colitis, the mice were administered 3 % DSS (36–50 kDa; MP 

Biomedical, Solon, OH, USA) in their drinking water from days 0 to 7. The studies 
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were conducted using 46 animals, and the mice were randomly divided into 6 groups 

with 6-8 mice per group. The mice were treated with 100 µL DPBS, with or without 

cASC-EV (100 μg/mouse), by intraperitoneal (IP) injection on days 1, 3 and 5. The 

disease-activity index (DAI) represents the combined score of weight loss relative to 

the initial body weight (grades 0–4; 0, no weight loss; 1, < 10 % loss; 2, 10–20 % loss; 

3, 20–30 % loss; and 4, 30–40 % loss), stool consistency (grades 0–2; 0, normal; 1, 

soft; and 2, liquid), the presence of blood in the feces and anus (grades 0–2; 0, negative 

fecal occult bleeding; 1; positive fecal occult bleeding; and 3, visible fecal occult 

bleeding), and general activity (grades 0–2; 0, normal; 1, mildly to moderate 

depressed and 2, severely depressed). The DAI score of colitis was calculated 

independently by two blinded investigators. The score for each parameter was 

summed from day 0 to the day of sacrifice, and the summed score was averaged to 

yield the final score. Since this model has been verified in several studies, it is unlikely 

to be accompanied by unexpected pain. However, should three or more of the 

following abnormal behaviors be observed: behaviorally excessive waist bending, 

self-cutting, aggressive behavior, stabbing of other mice, injury due to fall, failure to 

build a nest, abnormally rough hair, abnormal posture, or convulsions, the animal was 

euthanized within one day and the experiment terminated. On day 10 of the study, the 

veterinarian euthanized all mice with xylazine infusion and CO2 inhalation according 

to the approved institutional animal ethics protocol. 

 

2.10. Histological evaluation 
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Colon tissues were fixed in 10 % formaldehyde for 48 h, embedded in 

paraffin, cut into 4-μm sections, and stained with hematoxylin and eosin (H&E). 

Histological scores are provided in Table 7. Because DSS-related injury varies, two 

slides from each colon section were assessed per mouse, and at least three areas on 

each slide were examined. 

 

2.11. Immunofluorescence analysis  

Immunofluorescence staining was performed using mouse monoclonal anti-

Forkhead box (Fox) P3 and CD206 antibodies (both from Santa Cruz Biotechnology), 

as previously described. The slides were observed using an EVOS FL microscope 

(Life Technologies, Carlsbad, CA, USA). Immunoreactive cells were counted in 20 

random fields per section per mouse. 

 

2.12. Statistical analysis 

Differences between more than two groups were analyzed using one-way 

analysis of variance (ANOVA), and the differences between two groups were 

analyzed using Student’s t-tests. The statistical analysis was performed using 

GraphPad Prism Version 6.01 (GraphPad, Inc., La Jolla, CA, USA). 

 

3. Results 

3.1. Production of EVs containing less TSG-6 from cASCs 
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To reduce TSG-6 in EVs, cASCs were transfected with si-TSG-6. No 

differences were observed in the cell viability between transfected and untreated stem 

cells (Figure 23A). Further, the TSG-6 mRNA levels in the transfected cASCs were 

reduced by over 50 % (Figure 23B), while the TSG-6 protein levels in the EVs were 

reduced to less than half of those in the naïve and control siRNA-treated groups 

(Figure 23C), and no difference occurred in the amount of EVs produced (Figure 23D). 

 

3.2. IP administration of cASC-EVs containing TSG-6 played a 

crucial role in alleviating IBD 

In this study, all animals met the euthanasia criteria before being sacrificed. 

In the DSS-administered group, significant weight loss and clinical indices including 

DAI which is based on body weight, stool consistency, bloody diarrhea and general 

activity were found to worsen compared to the healthy group; while the EV group 

exhibited improved weight and DAI compared to the DSS group. Moreover, 

shortening of the colon length significantly improved in the EV group compared with 

that in the PBS-treated group (Figure 24). The EV group showed greatly decreased 

histological colitis scores for mucosal thickness, mucosal hyperplasia, extent of 

inflammation, and crypt damage. In addition, the anti-inflammatory effect of CTL-

EV was similar to that of naive-EV, whereas the effect of TSG-6-depleted EV was 

insignificantly decreased (Figure 25).  

 

3.3. TSG-6 in cASC-EV modulate pro- and anti- inflammatory 
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cytokine inflamed colon  

The colon of EV-treated mice showed reduced levels of inflammatory 

cytokines (TNF-α, IFN-γ, IL-1β, IL-6 and iNOS) and elevated levels of an anti-

inflammatory/regulatory cytokine (IL-10), compared to that of untreated mice with 

colitis and TSG-6-depleted EV-treated mice (Figure 26).  

 

3.4. TSG-6 was a major factor in increasing Tregs in Con A 

stimulated lymphocytes In vitro 

CD4, CD25 mRNA expression levels increased in the EV group, but 

decreased in the TSG-6 depleted EV group (Figure 27A). Additionally, the protein 

levels of IL-10 were measured in the lymphocyte cultured medium. The EV group 

showed increased IL-10 expression, whereas the TSG-6-depleted EV group showed 

decreased IL-10 expression (Figure 27B). In addition, to determine whether the 

increased number of Tregs among total T cells was associated with TSG-6 in the EVs, 

the degree of Treg activation was confirmed by fluorescence-activated cell sorting. 

Accordingly, the number of FOXP+ cells among CD3+ cells increased in the EV 

group. However, in the TSG-6-depleted EV group, the proportion of FOXP+ cells 

decreased (Figure 28). These results demonstrate that the immunomodulatory effects 

of EV were related to TSG-6.  

 

3.5. TSG-6 in EV is a major factor in macrophage polarization 
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from M1 to M2 type in vitro  

LPS-stimulated macrophages cocultured with EVs showed reduced levels of 

TNF-α and increased IL-10 levels, compared to untreated and TSG-6-depleted EV-

treated. Moreover, CD206 and Arg mRNA expression levels increased in the EV 

group but decreased in the TSG-6 depleted EV group (Figure 29). To determine the 

effect TSG-6 contained in EV on macrophage polarization, the extent of M1 and M2 

were confirmed. Accordingly, the number of CD206+cells increased in the EV group. 

However, in the TSG-6-depleted EV group, the proportion of CD206+cells decreased 

(Figure30). Contrary, the number of CD11c+cells decreased in the EV group 

compared to PBS group. However, in the TSG-6-depleted EV group, the proportion 

of CD11c+cells increased compared to EV group.  

 

3.6. TSG-6 in EV induced phenotypic enhancement of Tregs 

and M2 macrophage in inflamed colon 

The FOXP3, CD4, CD25, CD206 and Arg mRNA levels were evaluated to 

examine whether stem cell EVs affected the activation of Tregs and polarization of 

macrophage in the inflamed colon. FOXP3 (6.8 fold), CD4 (3.0 fold), CD25 (4.0 fold), 

CD206 (3.0 fold) and Arg (2.7 fold) mRNA levels increased in the EV group 

compared to the PBS group. However, their levels significantly decreased in the TSG-

6-depleted EV group compared to the EV and CTL-EV group (Figure 31). To 

determine whether the increase in the number of Tregs and M2 was associated with 

TSG-6 in the EVs, quantitative analysis of FOXP3+ cells and CD206+ cells detected 
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in colon tissue sections by immunofluorescence showed that the percentage of FOXP+ 

cells (4.76 fold) and (7.61 fold) increased significantly in the cASC-EV group 

compared to that in the PBS group. However, the enhancement of the number of 

FOXP3+ cells (0.54 fold) and CD206+ cells (0.35 fold) in the EVs of the colon tissue 

decreased when TSG-6 was inhibited (Figure 32). 

 

4. Discussion 

This study suggests the following important points: (1) TSG-6 in the stem 

cell derived EVs is a key factor in immune regulation and relieving inflammation in 

the DSS-induced mouse model of colitis. (2) TSG-6 in EVs alleviates inflammation 

by enhancing colonic Tregs and polarizing colonic macrophage from M1 and M2 in 

an IBD mouse model. 

Previous studies have shown that stem cells affect recipient cells in a 

paracrine manner, considering that EVs largely account for the paracrine effect of 

stem cells (Katsuda et al., 2013, Burrello et al., 2016, Biancone et al., 2012). In 

addition, with this tendency, various studies have been conducted since the 

introduction of EV as a therapeutic agent (Katsuda et al., 2013, Zhang et al., 2013). 

However, the exact mechanism by which they relieve colitis has not been revealed. 

Therefore, it is noteworthy that this study demonstrated that TSG-6 in EVs is a major 

factor in relieving colitis symptoms.  

Previous studies have shown that immune cells play a role in controlling 

inflammation in the colon (Cook et al., 2016). Among these immune cells, Tregs have 
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been described as having important roles in regulating the pathogenesis of IBD 

(Asseman et al., 1999, Round and Mazmanian, 2010) and the balance between Tregs 

and other T cells in the intestinal tract is known to influence IBD pathogenesis 

(Yamada et al., 2016). To a large extent, FOXP3 amplifies and stabilizes the molecular 

features of Treg precursor cells, which is beneficial for their function and maintenance, 

and attenuates features that are deleterious to Treg functions (Tang and Bluestone, 

2008). FOXP3-expressing Tregs, which belong to a suppressive subset of CD4+ T 

cells, can regulate infection, tumor development, allergy, and autoimmunity 

(Sakaguchi et al., 2006). It was reported that FOXP3+ Tregs are lower in patients with 

IBD progression than in healthy controls. It was also reported that an increase in the 

number of Tregs after treating IBD patients correlated with relief of IBD symptoms 

(Yamada et al., 2016). In other words, increasing the number of Tregs may serve as a 

method for treating IBD.  

Colon macrophages are essential for maintaining mucosal homeostasis for 

the ongoing need for epithelial regeneration but are also an important component of 

protective immunity and are involved in the pathology of IBD (Bain and Mowat, 

2014). M1 preferentially metabolize arginine to nitric oxide via inducible nitric oxide 

synthase (iNOS; NOS2), while M2 preferentially metabolize arginine to ornithine via 

arginase -1. Therefore, it is known that M1 are involved in pre-inflammatory and M2 

are involved in anti-inflammatory (Isidro and Appleyard, 2016). The importance of 

macrophages in maintaining immune homeostasis has shown that IL-10 secreted from 

M2 acts on Treg to maintain Foxp3 expression (Murai et al., 2009). These Foxp3-

expressed Tregs relieved inflammation by suppressing the activity of Th1 and Th17 
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cells (Xavier and Podolsky, 2007). Therefore, increasing M2 in the colon is noted as 

a way to alleviate colitis (Song et al., 2018). Accumulated evidence shows that 

infusion of EVs into colitis models relieves inflammation (Wu et al., 2018), but the 

relationship between colonic immune cells and EVs is not clear. Therefore, our study 

is valuable in that it clarifies the relationship between TSG-6 in EV and colonic 

immune cells such as Tregs and macrophages.  

Although proteins other than TSG-6, such as TGF-beta, IDO and PGE2 may 

also be contributing to the protective effect of EVs in relieving inflammation 

(Soleymaninejadian et al., 2012). Previous studies have reported that TGF-β plays a 

role in inhibiting activated immunity by inducing FoxP3+ Treg in an inflammatory 

environment and has been shown to play an important role in relieving inflammation 

in colitis models (Becker et al., 2006). Zhang et al. reported that TGF-beta in bone 

marrow derived stem cells plays a major role in polarizing macrophage from M1 to 

M2 (Zhang et al., 2016). IDO expression and activity is an important mediator of 

intestinal homeostasis both in health and disease (Ciorba, 2013). In addition, IDO 

appears to be the most promising candidate, which plays an important role in the 

immunomodulatory effects of stem cells by inhibiting T cell activation and enhancing 

Tregs (Yan et al., 2010). Also, IDO has been shown to play a major role in suppressing 

immunity by polarizing macrophage from M1 to M2 (Wang et al., 2014). Furthermore, 

IDO as an anti-inflammatory agent has been reported to reduce inflammation in colitis 

models (Coquerelle et al., 2009). In addition, in our previous study, I confirmed the 

efficacy of adipose-derived stem cells in murine-derived macrophage cell lines in 

inflammatory environments and demonstrated that PGE2 secreted from stem cells is 



90 

 

a key factor in polarizing macrophage (Yang et al., 2018a, Chae et al., 2017). 

Moreover, I previous showed that PGE2 secreted feline ASC is a key factor for 

enhancing Tregs in inflamed colon (AN et al., 2018) 

Although further research on the correlation between these 

immunomodulatory factors of EV and immune cell regulation is needed, results of the 

current study confirm that TSG-6-depleted EVs significantly reduce the 

immunoregulatory ability, which clearly indicates that TSG-6 is a major factor in 

immune regulation and anti-inflammatory action. Furthermore, the finding that TSG-

6 in EVs plays an important role in immune regulation will serve as evidence to 

support increasing the level of TSG-6 in EVs as a strategy to develop EVs with 

enhanced immunomodulating properties.  

Although EV-specific studies have not been conducted, other studies have 

shown that pretreatment of stem cells with TNF-alpha (TNF-α) resulted in an increase 

in mRNA levels of TSG-6 in stem cells as well as increased levels of TSG-6 protein 

in the culture medium (Song et al., 2018, Xiao et al., 2012). Further studies on pre-

treated stem cell-derived EVs are needed. 

Nuclear transcription factor kappaB (NF-κB) is a central mediator of pro-

inflammatory gene induction and function in immune cells and has a significant effect 

on mucosal inflammatory process (Liu et al., 2017). Moreover, in IBD patients, its 

activation is markedly induced. Therefore, the NF-κB pathway is considered to be an 

attractive target of therapeutic intervention in IBD (Atreya et al., 2008). In previous 

study, TSG-6 from stem cells significantly suppressed nuclear factor kappa B (NF-κB) 

activity and alleviated inflammation and reduced apoptosis in acute pancreatitis model 
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(Li et al., 2018). However, the relationship between EV and NF-kB has not been 

studied in this study, and it is necessary to confirm whether EV's TSG-6 lowers NF-

kB in inflammatory colon. 

This study is also an important basis for future transitional studies. Like 

human IBD, canine idiopathic IBD is a commonly observed chronic IBD that occurs 

spontaneously with similar multifocal etiology due to the interactions between 

abnormal host immune responses, and genetic and environmental factors. Histological 

evaluation of intestinal biopsies reveals extensive or multifocal inflammatory cell 

infiltration (most commonly lymphoid evolutive, eosinophilic, and neutrophilic), with 

simultaneous changes in mucosal structures (e.g. villous atrophy and fusion). In 

severe cases, intestinal protein loss, similar to in human disease, can be observed 

(Cerquetella et al., 2010, Coelho et al., 2018, Vázquez-Baeza et al., 2016). This study 

has been carried out with EVs derived from canine cells and is of great value in 

facilitating subsequent experiments in dogs. Therefore, evaluating the efficacy of 

TSG-6 in EVs conducted in this study is valuable for applications in veterinary 

medicine, particularly for intractable immune-mediated diseases such as IBD, 

however, much of these finds may also be applicable to human IBD in the future. 
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Figure 23. Production of TSG-6 depleted EV. (A) Cell-viability assays of naïve and 

siTSG6-cASCs. siTSG-6 transfection was not cytotoxic when applied to stem cells. 

(B) TSG-6 mRNA-expression levels in naïve cASCs, cASCs transfected with a 

scrambled siRNA (CTL-cASC), or cASCs transfected with TSG-6 (siTSG-6-cASC) 

was determined by agarose gel electrophoresis and RT-qPCR. (Lane 1 and 2: Naïve, 

Lane 3 and 4: CTL-cASC, Lane 5 and 6: siTSG-6 cASC in gel PCR) (C) EV 

production by naïve and siTSG6-cASCs. (D) TSG-6 protein-expression levels in 

naïve cASC-EVs, EVs from cASCs transfected with a scrambled siRNA (CTL-EV), 

or EVs from cASCs transfected with TSG-6 (TSG-6 depleted-EV) were determined 

by western blot analysis. The results are presented as the mean ± standard deviation. 

**P < 0.01, ***P < 0.001 and ****P<0.0001 by one-way ANOVA analysis. 
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Figure 24. cASC-EV injection ameliorated DSS-induced colitis in mice. EVs (100 

μg), TSG-6 depleted EVs (100 μg), control EVs (100 μg), or vehicle control were 

injected IP one day after mice were administered 3 % DSS. On days 3 and 5, the mice 

in each group were re-injected with EVs (100 μg), TSG-6 depleted EVs (100 μg), 

control EVs (100 μg), or vehicle control (PBS). Mice were monitored for changes in 

(A) body weight, (B) DAIs, and (C and D) colon lengths. The results are presented as 

the mean ± standard deviation.  

***P < 0.001 and ****P<0.0001 by one-way ANOVA analysis. 
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Figure 25. cASC-EV injection ameliorated DSS-induced colitis in mice. H&E 

staining of colon sections and histological scores are shown. Scale bars, 100 μm. The 

results are presented as the mean ± standard deviation.  

*P<0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA analysis. 
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Figure 26. EVs from cASCs inhibited inflammatory responses in the colon. 

mRNA-expression levels of pro- and anti-inflammatory cytokines in the colon were 

determined by RT-qPCR. These data show that TSG-6 in EVs played a major role in 

regulating inflammatory cytokine levels in the colon. The results are shown as the 

mean ± standard deviation.  

*P<0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA analysis. 
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Figure 27. cASC-EV TSG-6 increased Treg proliferation in vitro. Con A-

stimulated canine lymphocytes were cocultured for 48 h with cASC-EVs transfected 

with TSG-6 siRNA (si-TSG6) or scrambled siRNA (siCTL), or naïve EVs. (A) CD4 

and CD25 mRNA-expression levels were measured, confirming that TSG-6 was 

associated with increased Treg production. (B) IL-10, which is known to be secreted 

from Tregs, was also measured in the supernatant medium, and the results confirmed 

that IL-10 production in lymphocytes was associated with TSG-6 (n = 6 in each group).  

*P<0.05, **P < 0.01, ***P < 0.001 and ****P<0.0001 by one-way ANOVA analysis. 
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Figure 28. cASC-EV TSG-6 increased Treg proliferation in vitro. (A) The Treg 

population was determined by measuring FOXP3 and CD3 double-positive cells by 

flow cytometry. (A) The results are presented as the mean ± standard deviation.  

*P<0.05, **P < 0.01, ***P < 0.001 and ****P<0.0001 by one-way ANOVA analysis. 
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Figure 29. cASC-EV TSG-6 induced macrophage polarization from M1 to M2 

type in vitro. LPS-stimulated canine macrophage (DH82) were cocultured for 48 h 

with cASC-EVs transfected with TSG-6 siRNA (si-TSG6) or scrambled siRNA 

(siCTL), or naïve EVs. (A) TNF-α, IL-10, CD206 and Arg mRNA-expression levels 

were measured. The results are presented as the mean ± standard deviation.  

*P<0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA analysis.
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Figure 30. cASC-EV TSG-6 induced macrophage polarization from M1 to M2 

type in vitro. The M1 and M2 population were determined by measuring CD206 (A 

and B) and CD11c (C and D) positive cells by flow cytometry. The results are 

presented as the mean ± standard deviation.  

*P<0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA analysis. 
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Figure 31. TSG-6 increases regulatory T cells and M2 type macrophage in the 

inflamed colon. TSG-6 in EVs increased the proportion of Tregs in the inflamed colon. 

(A) Relative gene-expression levels of CD4, CD25, FOXP3, CD206 and Arg in the 

inflamed colon. The results are presented as the mean ± standard deviation.  

*P<0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA analysis. 
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Figure 32. TSG-6 increases regulatory T cells and M2 type macrophage in the 

inflamed colon. FOXP3+ (green) cells (C) CD206+ (green)cells were detected in 

colon tissue sections by immunofluorescence. The data shown demonstrated that 

TSG-6 in EVs played a major role in increasing the number of Tregs and M2 in the 

colon. Scale bar, 50 μm. The results are presented as the mean ± standard deviation.  

*P<0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA analysis. 

  



102 

 

Table 6. List of Primers used in RT-qPCR 

Genes Forward (5’-3’) Reverse (5’-3’) References 

cTSG-6 TCCGTCTTAATAGGAGTGAAA

GATG 

AGATTTAAAAATTCGCTTTG

GATCT 

(Yi et al., 2014) 

cCD4 TGCTCCCAGCGGTCACTCCT GCCCTTGCAGCAGGCGGATA (Lee et al., 2013) 

cCD25 GGCAGCTTATCCCACGTGCCA

G 

ATGGGCGGCGTTTGGCTCTG (Lee et al., 2013) 

cFOXP3 AAACAGCACATTCCCAGAGTT

C 

AGGATGGCCCAGCGGATCAG (Biller et al., 2007) 

mGAPD

H 

AGTATGTCGTGGAGTCTACTG

GTGT 

AGTGAGTTGTCATATTTCTCG

TGGT 

(Arseneau et al., 

2007) 

mTNF-α CCAGGAGAAAGTCAGCCTCCT TCATACCAGGGCTTGAGCTC

A 

(Arseneau et al., 

2007) 

mIFN-γ GATGCATTCATGAGTATTGCC

AAGT 

GTGGACCACTCGGATGAGCT

C 

(Arseneau et al., 

2007) 

mIL-1β CACCTCTCAAGCAGAGCACA

G 

GGGTTCCATGGTGAAGTCAA (Arseneau et al., 

2007) 

mIL-6 TCCAGTTGCCTTCTTGGGAC GTACTCCAGAAGACCAGAG

G 

(Arseneau et al., 

2007) 

mIL-10 TGGCCCAGAAATCAAGGAGC CAGCAGACTCAATACACACT (Arseneau et al., 

2007) 

mCD4 GAGAGTCAGCGGAGTTCTC CTCACAGGTCAAAGTATTGT

TG 

(Jo et al., 2018) 

mCD25 CTCCCATGACAAATCGAGAAA

GC 

ACTCTGTCCTTCCACGAAAT

GAT 

(Jo et al., 2018) 

mFOXP3 TTGGCCAGCGCCATCTT TGCCTCCTCCAGAGAGAAGT

G 

(Jo et al., 2018) 

miNOS AAAGGAAATAGAAACAACAG

GAACC 

GCATAAAGTATGTGTCTGCA

GATGT 

(Maloney et al., 

2015) 

mCD206 AACGGAATGATTGTGTAGTTC

TAGC 

TACAGGATCAATAATTTTTGG

CATT 

(Bruno et al., 2015) 

mArg CAGAAGAATGGAAGAGTCAG CAGATATGCAGGGAGTCACC (Monk et al., 2012) 

c, Canine; m, Mouse; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; TNF-α, Tumor 

necrosis factor-α; IFN-γ, Interferon-γ; IL, Interleukin; TSG-6, Tumor necrosis factor-α-

stimulated gene/protein-6; CD, Cluster of differentiation; FOXP3, Forkhead box P3; iNOS, 

Inducible nitric oxide synthase. 
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Table 7. Histological assessments 

Score Mucosal thickness 

& hyperplasia 

Inflammatory cell extent Damaged to the crypt 

0 Normal Normal An intact crypt 

1 Minimal 11-25% of mucosa Loss of the basal 1/3 of 

crypt 

2 Mild 26-50% of mucosa Loss of basal 2/3 of crypt 

3 Moderate Mucosa and submucosa Entire loss of crypt 
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GENERAL CONCLUSION 

 

The purpose of this study was to investigate the immunomodulatory effects 

of extracellular vesicle secreted from canine adipose tissue derived mesenchymal 

stem cells in mouse model of inflammatory bowel disease. First, I explored the 

immunomodulatory capacity of stem cell-derived extracellular vesicles. In particular, 

EV increased regulatory T cells, known as immunomodulators, and also changed the 

phenotype of macrophages to the anti-inflammatory type. Then, I used cASC 

stimulated with TNF-α and IFN-γ and reveled the therapeutic effects and their 

mechanisms in IBD model mice. In addition, I investigated the role of TSG-6 in 

extracellular vesicles derived from cASCs. 

 

In the first experiment; 

1. I showed that extracellular vesicles have been shown to play an important 

role in the paracrine effect in canine adipose tissue derived mesenchymal 

stem cells. 

2. cASCs derived EVs have been shown to inhibit activated immunity in Con 

A stimulated canine lymphocytes in vitro. 

3. EVs reduce inflammation in LPS stimulated macrophage cell lines.  

This study confirmed the possibility of applying cell-free therapy using 

extracellular vesicles derived from stem cells to patients with inflammatory and 

immune diseases. 
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In the second experiment; 

1. I demonstrated that intraperitoneal injection of TNF-α and IFN-γ primed 

cASC derived EVs showed higher therapeutic efficacy compared to naïve 

cASC derived EVs administration in IBD mice models. 

2. I also showed that primed cASC derived EVs contained significantly 

higher concentration of HGF, TGF-β, PGE2 and TSG-6, relative to naïve 

cASC derived EVs. 

3. Primed cASC derived EVs increased macrophage alteration to M2 

phenotype and regulatory T cells in the inflamed colons.  

As far as I know, this is the first time to confirm the therapeutic effect by applying 

EVs derived from stem cells pretreated with inflammatory cytokines such as TNF-α 

and IFN-γ to colitis murine model. In addition, the present study demonstrated that 

TNF-α/IFN-γ pretreatment enhanced the ability of cASC-derived EVs to induce M2-

macrophage polarization, enhance Tregs, and to regulate the production of both pro- 

and anti-inflammatory cytokines in inflamed colon. 

 

In the third experiment;  

1. I showed that TSG-6 in EVs secreted from cASCs may alleviated the 

symptoms of this disease, and that the weight loss and disease activity index 

(DAI) were improved. 

2. TSG-6 in EVs played an important role in modulating inflammatory 

cytokines in the colon. 
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3. TSG-6 in cASCs-EVs contributed to the decrease in the expression levels of 

M1 markers such as iNOS, and increase the expression levels of M2 markers 

such as CD206 and Arginase in Colon. 

4. TSG-6 in cASCs-EVs play a crucial role in enhancing regulatory T cells 

marker such as FOXP3 and CD25 in inflamed colon.  

5. I demonstrated that TSG-6 in cASCs-EVs play an essential role in the 

switching phenotype of macrophage from M1 to M2 and enhancing 

regulatory T cells in the inflamed colon.  

Our findings strongly suggest that an inflammatory stimulus may be 

fundamental for inducing the release of immunomodulatory EVs from cASCs and 

support further investigation of primed cASC-derived EVs as potential therapeutic 

agents to treat immune-related diseases as well as IBD. This experiment is an 

important data to assess the effects of stem cell derived EVs before they are applied 

to not only dog but also human patients. 
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국 문 초 록 

염증성 장질환 마우스 모델에서 개의 

지방유래 중간엽줄기세포로부터 분비된 

세포 밖 소포체의 면역조절효과 

안주현 

(지도교수 윤화영) 

서울대학교 대학원 

수의과대학 임상수의학 (수의내과학) 전공 

 

염증성 장질환이란 장 내부에 비정상적인 염증이 반복되는 

만성질환으로, 흔히 궤양성 대장염과 크론병이 대표적이며, 면역반응 

조절이상이 중요한 병인일 것으로 보고 있다. 일반적을 흔히 사용되는 

약물은 5-aminosylicala 제제, 스테로이드 제제, azathioprine이나 6-

mercaptopurine과 같은 면역억제제들을 사용하여, 장관의 염증반응을 비 
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특이적으로 억제하는데 초점이 맞춰져 왔다. 그러나 최근 활발히 

진행되고 있는 기초 연구를 토대로 장관 염증에 관여하는 면역세포의 

기능과 매개물질에 대한 새로운 이해가 가능하여 졌고 이를 기초로 하여 

질환의 자연경과를 변화시킬 수 있는 특이한 발병기전을 겨냥한 새로운 

생물학적 치료가 개발되고 있다.  

TNF-α와 interleukin (IL)-1β, IL-6, IL-9, IL-12은 염증을 유발하는 pro-

inflammatory cytokine으로 밝혀졌고, IL-4, IL-10, IL-11, IL-13은 염증을 

경감시키는 항염증 cytokine으로 알려져 있다. 실제로 염증성 장 

질환에서는 이러한 두 군의 cytokine의 불균형이 관찰되고 proinflammatory 

cytokine의 조직 농도가 활동기에 증가되어 있으며, 이러한 경향성은 

염증의 정도와 연관이 있다는 보고가 있다. 따라서 염증이 있는 조직에서 

염증 인자의 조절을 통해 염증을 완화시키는 역할을 하는 중간엽 

줄기세포는 사람과 동물에서 염증성 장질환의 치료 대안 중 하나로 

촉망받고 있다.  

세포밖 소포체는 세포간의 물질(단백질, 지질, 유전물질) 교환을 

가능하게 하며, 생리적, 병리적으로 신호를 전달하는 매개체로서 기능한다. 

이들은 모세포에서 유래한 물질을 목적 세포에 전달 및 자극을 줄 수 있

기 때문에, 모세포의 종류에 따라 면역조절, 세포 운명변화, 암 생성 촉진 

및 억제, 조직 재생 등 다양한 기능을 가지고 있다. 최근에는 줄기세포 유



135 

 

래 세포 밖 소포체가 면역세포 조절능력이 있을 뿐만 아니라, 면역매개 

염증질환에 치료효과가 있음이 보고되고 있다. 그러나 개의 중간엽 줄기

세포가 분비하는 세포밖 소포체가 염증성 장질환에서 어떠한 기전으로 증

상을 완화시키는지는 자세히 알려져 있지 않다. 따라서 이번연구의 목표

는 개의 중간엽 줄기세포 유래 세포 밖 소포체를 염증성 장 질환 마우스 

모델에서 적용하여 치료효과를 평가하고, 그 기전에 대해서 연구하였다.  

 첫번째, 본인은 개 지방조직로부터 중간엽 줄기세포를 분리하였으

며, 엑소좀 생성억제제인 GW4869를 줄기세포에 10μM농도로 전 처리하였

다. 줄기세포에서 분비된 세포밖 소포체를 측정한 결과 GW 4869 전처리 

군에서 세포밖 소포체의 생성되는 양이 50% 미만으로 감소된 것을 확인

하였다(p=0.0289). Transwell system을 이용하여, Concanavalin A로 활성화된 

개 말초혈액 유래 림프구와 줄기세포를 48시간동안 공 배양하였으며, 

mRNA 수준으로 전 염증 cytokine의 발현양을 확인하였다. 그 결과 GW 

4869로 전처리한 줄기세포의 경우 처리하지 않은 그룹보다 활성화된 전염

증 사이토카인을 억압하는 능력이 유의적으로 감소된 것을 확인할 수 있

었다(TNF-α, p<0.05; IFN- γ, p<0.05; IL-1β, p<0.005; IL-6, p<0.05). 줄기세포를 

배양한 배지로부터 반복적인 초고속 원심분리를 이용하여 세포밖 소포체

를 분리하여, Concanavalin A로 활성화된 개 말초혈액 유래 림프구와 LPS

로 전 처리된 개 대식세포(Macrophage) 세포주와 같이 공 배양하였으며. 
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면역세포에서 전염증 사이토카인의 유전적 발현수준을 확인해 본 결과, 

줄기세포와 비슷한 수준으로 활성화된 면역을 억제하는 능력이 있는 것을 

확인할 수 있었다.  

  두번째, dextran sulfate sodium(DSS)에 의해 대장염이 유발된 생쥐

에서 개 줄기세포 유래 세포 밖 소포체의 치료효과와 그 기전에 대하여 

연구하였다. TNF-α와 IFN-γ로 자극한 개 줄기세포 유래 세포 밖 소포체가 

염증성 장 질환 모델에서 치료효과를 증대시킬 수 있는지 연구하였다. 

TNF-α와 IFN-γ로 줄기세포를 전처리 한 이후에, 전처리된 줄기세포를 배

양한 배지에서 반복적인 초고속 원심분리를 통하여 세포 밖 소포체를 분

리하였으며, 웨스턴블랏과 ELISA를 통하여 세포밖 소포체의 HGF, TSG-6, 

PGE2 및 TGF-β의 포함된 양을 확인한 결과, TNF-α와 IFN-γ로 전처리한 

줄기세포에서 획득한 세포 밖 소포체의 경우, 이러한 면역조절인자들의 

단백질 발현이 유의적으로 증가된 것을 확인하였다(HGF, p<0.01; TSG-6, 

p<0.01; PGE2, p<0.05; TGF-β, p<0.001). 대장염 마우스 모델에서 염증의 경

감효과를 확인하기 위하여 DSS로 유발한 대장염 모델 마우스(C57BL/6, 

male, Control=4, DSS=6, DSS with EVs=6, DSS with primed primed EVs)에 1, 3, 

및 5일차에 세포 밖 소포체(100μg/1회/마우스)를 복강내 투여하였다. TNF-α

와 IFN-γ로 전처리한 줄기세포에서 획득한 세포 밖 소포체의 경우 전처리

하지 않은 줄기세포에서 획득한 세포체를 주입할 경우보다 마우스의 염증
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성 결장에서 대식세포의 항 염증성 M2 표현형으로 분극을 효과적으로 유

도하고, 조절 T 세포의 촉진을 통해 결장의 염증을 경감시키는 것을 확인

할 수 있었다(M2, p<0.001; Treg, p<0.05; 대장조직 염증지표, p<0.05).  

 세번째, 세포밖 소포체의 tumor necrosis factor-α-stimulated 

gene/protein 6 (TSG-6)가 대장염증상에 완화에 영향을 미치는 주요 요인임

을 확인하였다. DSS에 의해 대장염이 유발된 생쥐(C57BL/6, male, Naïve=6, 

Sham=8, PBS=8, EV=8, CTL-EV=8, TSG-6 depleted EV=8)에 1, 3, 및 5일차에 

세포 밖 소포체(100μg/1회/마우스)를 복강투여한 결과 세포밖 소포체를 주

입받지 않은 대장염 마우스 모델과 비교하여 전 염증사이카인의 mRNA발

현이 감소된 것을 확인하였다(TNF-α, 0.04배, p<0.0001; IFN-γ, 0.36배, p<0.01; 

IL-1β, 0.3배, p<0.05; IL-6, 0.29배, p<0.01; iNOS, 0.42배, p<0.001). 그러나 TSG-

6가 결핍된 세포 밖 소포체를 투여한 결과 일반 세포밖소포체를 주입한 

마우스보다 결장내 전염증 사이토카인의 유전적인 발현 수준이 증가된 것

을 확인하였다(TNF-α, 9.21배, p<0.05; IFN-γ, 2.26배, p<0.05; IL-1β, 2.45배, p=ns; 

IL-6, 1.86배, p<0.05; iNOS, 1.93배, p<0.05). 또한, 복강 내 투여된 TSG-6 결

핍된 세포밖소포체의 경우 일반 세포밖 소포체와 비교하여 염증성 결장에

서 M2 표현형을 유도하는 능력을 감소시키고 Treg의 발현도 감소시키는 

것으로 확인되었다(M2, 0.35배, p<0.001; Treg, 0.54배, p<0.01).  

 결론적으로, 이러한 연구들을 통해, 개의 지방유래 중간엽 줄기세
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포에서 분비하는 세포 밖 소포체가 염증성 장 질환을 완화시키는데 TSG-

6가 주요한 역할을 하는 것을 증명하였다(P<0.01). 또한 TNF-α와 IFN-γ를 

전처리한 개 줄기세포로부터 유래한 세포 밖 소포체는 염증조절 인자인 

TSG-6, PGE2, HGF, TGF-β를 더 많이 분비함으로써 염증이 있는 조직에서

의 M2 대식세포와 조절 T 세포의 증가와 증상의 개선이 더 있음을 확인

하였다. 이러한 결과는 IBD에 이환 된 개에서 세포 밖 소포체를 치료제로 

적용함에 있어서 주요한 근거이다.  

                                                                         

주요어 : 개/ 대장염/ 세포 밖 소포체/ M2 대식세포/ 조절 T 세포  
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