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Abstract

Mesenchymal stem/stromal cells (MSCs) are effectherapeutic
agents that ameliorate inflammation through panaceffect. In particular,
several studies have been tried to apply MSC toimmune neurological
diseases such as multiple sclerosis. Multiple sslsris a disease in which
nerve damage occurs when inflammatory cells iafétrerve tissue due to
loosing self-regulated immune system. Also in ddigsre is a similar disease,

which is a meningoencephalitis of unknown etioldtyJE). The cause of
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MUE is not yet clear, but it is assumed to be cdiseimmune problem, and
in this regard, main treatment is administrating n-specific
immunosuppressants. Although about 25% of dogstwhas neurological
disease struggle with MUE, treatment has not beseldped significantly.
Non-specific immunosuppressants, including sterdids several problems
such as gastrointestinal disorders and hormonaktsee disorders, on the
other hand, immunosuppressants treatment effaubtiguaranteed, one of
the difficulties in treating MUE.

In this respect, extracellular vesicles (EVs) dedifrom MSCs have
been investigated as a treatment option for autainardiseases. However,
further study is needed on clinical efficacy of Hd.improve the secretion of
anti-inflammatory factors from MSCs, preconditioginvith hypoxia or
hypoxia-mimetic agents has been attempted. Moreotrex molecular
changes in preconditioned MSC-derived EVs have hegrored and its
clinical efficacy has not been proven. This studyeal to evaluate the
therapeutic effect of EVs derived from deferoxamiD&O)-preconditioned
canine adipose tissue-derived (CAT)-MSCs YEY in an experimental
autoimmune encephalomyelitis (EAE) mouse model a&xgplore the
mechanism underlying immunomodulation function df E

This dissertation is composed of three parts. Ting part of
dissertation revealed that cAT-MSCs preconditionéd DFO (MSCF©) can
more effectively direct and reprogram macrophadarjzation into the M2

anti-inflammation state by paracrine effect. M€ exhibited enhanced
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secretion of anti-inflammatory factors such as f@glendin E2 and tumor
necrosis factor-stimulated gene-6. To evaluate the interactiorwbeh
MSCPF® and macrophages, RAW 264.7 cells were co-cultuvitd cAT-
MSCs using the transwell system, and changes imxpesssion of factors
related to macrophage polarization were analyzewubke quantitative real-
time PCR and western blot assays. When RAW 26415 were co-cultured
with MSCPFO, the expression of M1 and M2 markers decrease@$iNL.32
fold, p<0.01; IL-6, 3.46 fold,p<0.05) and increase{{CD206, 2.61 fold,
p<0.001; Yml, 4.92 fold, p<0.01), respectively, compared to co-culturing
with non-preconditioned cAT-MSCs. Thus, cAT-MSCeggonditioned with
DFO can more effectively direct and reprogram mplcage polarization into
the M2 phase, an anti-inflammatory state.

The second part of dissertation is designed touet@lthat E¥™©
regulated macrophage through activating signaktiacer and transcription3
(STAT3) phosphorylation. In MSEC, Hypoxia-inducible factor 1-alpha was
found to accumulate and expression of CyclooxygeagCOX-2) was
increased (16.77 foldp<0.001). Changes in expression of COX-2 were
reflected in the derived EVs as well. The caninemnmghage cell line, DH82,
was treated with EX" and E\P™O after lipopolysaccharide stimulation and
polarization changes were evaluated with quantgateal-time PCR and
immunofluorescence analyses. When DH82 was treaitd EVP™O, the
expression of M1 marker was reduced (I,-2.45 fold p<0.001; IL-6, 17.26

fold, p<0.001) while that of M2 surface marker was enhdn(€&D206, 7.24
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fold, p<0.001) compared to that when DH82 was treated EN{H". Further,
phosphorylation of STAT3 expression was increasecerwhen DH82 cells
were treated with E¥FC (1.79 fold, p<0.001). EV derived from cAT-MSC
treated with si-COX2 showed similar effect with Eand the effect of
immunomodulation was decreased than"B(IL-1p, 2.21 fold,p<0.001;
IL-6, 1.43 fold,p<0.001; CD206, 2.27 fold,p<0.001). Thus, COX-2 in EV
may be one of key factor to regulate STAT3 and netdumacrophage.

The last part of dissertation demonstrates that Rteatment has a
relatively higher efficacy in reducing inflammatitiman non-preconditioned
EV treatment and could modulate immune system tiir@agulating STAT3
in EAE model. EAE mice were divided into differegtoups based on
intranasal administration of EVs or BV (C57BL/6, male, control=6,
EAE=8, EAE+EV=8, EAE+EV™°=8, 10pug/day14 injections). On day 25
post-EAE induction, the mice were euthanizaag the spleen, brain, and
spinal cord were analyzed into histopathologic argression of RNA and
protein level. Histologically, in the EV and BY groups, the infiltration of
inflammatory cells decreased significantly (EV, 8 ®ld, p<0.01; EVPFC,
1.72 fold,p<0.01), and demyelination was alleviated (EV, Z&@, p<0.05;
EVPFO, 5.28 fold, p<0.05). Immunofluorescence staining showed that the
expression of CD206 and Foxp3, markers of M2 mdwgps and regulatory
T (Treg) cells, respectively, increased signifitarin the EVPF© group
compared to the EAE and EAE+EV group. In the EA&LgY, the number of

CD4+CD25+Foxp3+ Treg cells in the spleen decreasphificantly
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compared with the naive group (2.74 fq¥0.001). In contrast, the number
of Treg cells showed a greater increase in the BEAE*C group than in the
EAE+EV group (1.55 foldp<0.05). The protein expression of STAT3 and
pPSTAT3 increased in the spleen in the EAE groupsapared to the naive
group (STAT3, 2.02 foldp<0.00%, pSTAT3, 2.14 fold,p<0.001). However,
following EV treatment, STAT3 expression decreasaaipared to the EAE
group (1.32 foldp<0.001), especially reduction of STAT3 was evidient
EVPFO compared to EV group (1.90 fol@<0.001). Therefore, EV could
regulate STAT3 expression and BY has more effect than EV.

In conclusion, that preconditioned with DFO in cKBC is an
effective method to improve immunomodulation effetEVs. Also, EVPFC
is potential therapeutic option for multiple sckaso through regulating
STAT3 pathway and modulating immune system. Thas#ings suggest a
new approach to cell free therapy with precondésbnEV in other
autoimmune diseases as well as multiple sclerBaighermore, this study is
a major basis that E¥/° can be applied as a new treatment for MUE in dogs
and the cornerstone to the development of autoinentiisease treatment in

veterinary medicine.
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LITERATURE REVIEW

1. Generalities of preconditioned mesenchymal stencell

(MSCs)

Mesenchymal stem cells (MSCs) have two main funstithe ability
of differentiate to other cell lineages and thdigbof self-renew (Potten and
Loeffler 1990). Especially adult mesenchymal stestisccan be obtained
easily without ethical concerns and also have moténcy, which makes
MSCs to an interesting option for clinical applicat (Ding et al., 2011).

MSCs has potential to modulating immune system &asagrine
effect (Ankrum et al., 2014, Samadi et al., 2028pwever, because of
impaired paracrine ability and poor survival ratebody, MSC has limited
clinical efficacy (Zheng et al., 2014, Wilson et, &015). To overcome the
limitation, there are some approaches for improvhey function of MSCs.
One of the strategies is improving MSC survival function by
preconditioning with toxic or lethal agents (Silal., 2018).

Preconditioning methods to MSCs are mainly for ioyong MSC
survival in harsh environment. One of the precaadihg methods is hypoxic
culture. When culture under hypoxia, MSCs highlypress hypoxia-
inducible factor (HIF)-&, which is associated with energy metabolism and

blocking oxidative phosphorylation (Hu et al., 2D0&lso, HIF-lo



upregulates antioxidant and antiapoptotic factass,a result, MSCs have
potency to withstanding under oxidative stresst(8aal., 2014, Han et al.,
2016). Recently, MCSs under hypoxic culture alse patency to improving
anti-inflammatory expression (Chang et al., 2010n@et al., 2021).
Another strategy of preconditioned MSCs is traatimith
inflammatory milieu. As MSCs sense the pro-inflanbona mediators, such

as interferon (IFN)g, Tumor necrosis factor (TNF)-a or chemokines, NB--

pathway is activated and the expression of immurthriadory factors are
increased (Bustos et al., 2013, Ryan et al., 201& preconditioning in stem
cell therapy is still a new area, but over the pfast years show that

preconditioned methods in MSCs is an attractiveicdl option.

2. Properties of extracellular vesicles (EVs) dered from

MSCs

Extracellular vesicles (EVs) are lipid bilayer pelds which are
secreted by a variety of mammalian cell types. RiéeEVs have been
researched as playing important role in cell comgation (Katsuda et al.,
2013).

There are many reports that EVs derived from aaistains the functional
molecules and these can activate biological chatigeagh delivery system
(Ratajczak et al., 2006). The molecules in EVs,luding proteins,
microRNAs, and mRNAs, are depending on the origilhh which secreted
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EVs (Théry et al., 2002). Through this charactexidEVs are researched as
biomarker or new treatment option.

The therapeutic potential of MSCs has been reuddalzt it depends
on secretory function rather than differentiatidviadrigal et al., 2014). In
liver disease, undifferentiated MSCs showed theajeutic capacity by
paracrine effect including interleukin (IL)-1RA, 46, IL-8, granulocyte-
colony stimulating factor, granulocyte macrophag@nocyte chemotactic
protein-1, nerve growth factor, and hepatocyte ghnofactor (Banas et al.,
2008). In CNS disease, MSCs alleviated demyelinatiod infiltration of
inflammatory cell to CNS through the secretory @iyaZappia et al., 2005,
Gerdoni et al., 2007). Considering these findisgsretory from MSCs plays
a more important role in tissue repair.

The fact that EVs can reflect the origin cells sgjg that the
therapeutic paracrine effect of MSC is associatéd WMSCs derived EVSs.
As MSC showed therapeutic effect in various dised®Cs derived EVs
also has potential to clinical applicability to mars disorders. Furthermore,
MSCs has limitation in systemic clinical approaatéuse of lung barrier,

however, EVs has advantage to avoid barrier (Frsehal., 2009).

3. Immunomodulation function of EVs derived from MSCs

MSCs are revealed that able to suppress the funciammune

effector cells and regulate immune system (Barthel et al., 2002, Le



Blanc et al., 2003). Through producing the immunduaiatory cytokines,
MSCs can modulate both innate and adaptive immetise @Jccelli et al.,
2008). Recently several studies have suggesteditinatg the soluble factors,
EVs derived from MSCs are involved in immune-motiuta action (Bruno
and Camussi 2013).

Human embryonic stem cell derived MSC-EVs activaiédP1,
human macrophage cell line, as expressing IL-10¢hwvimdicate that EVs
modulate macrophage into M2 like phenotype knowrprasnoting tissue
repair and alleviating injury (Zhang et al.,, 201Mjoreover, MSC-EV
treatment improved kidney function in AKI mouse retedby modulating
macrophage (Bruno et al., 2012, He et al., 2012hefV examined
macrophage infiltration in ischemic injured kidn®&SC-EVs inhibited the
recruitment of macrophage (Shen et al.,, 2016). éducing macrophage
infiltration, pro-inflammatory cytokines were redutand anti-inflammatory
cytokines were increased respectively (Koch et24l15, Lin et al., 2016).
Also, in bronchopulmonary dysplasia (BPD) model, BAEVs ameliorated
pulmonary fibrosis by reducing inflammation. MSC-&Valleviate
inflammatory cytokines from M1 macrophages, suclC&45, TNFe, and
IL-6, while improving Arginase 1 (Argl), an immunourtulatory factor from
M2 macrophages (Willis et al., 2018). These ressuiggest that MSC-EVs
can modulate macrophage into M2 anti-inflammatdrgge and inhibit M1
inflammatory phase.

Mokarizadeh et al. revealed for the first time tR&ts derived from
4



murine MSCs acts as a mediator for several MSCHspewlecules, such as
programmed death ligand-1 (PDL-1), galectin-1 (Galand TGFB
(Mokarizadeh et al., 2012). In experimental autoumm encephalomyelitis
(EAE) mouse model, MSC-EVs inhibited the activatiohauto-immune
lymphocytes through inducing apoptosis of autotigacT cells and
activating secretion of T reg (Mokarizadeh et 2012). Moreover, in islet
transplantation or liver injury model, MSC-EVs irhd differentiation of
regulatory T cell (Tamura et al., 2016, Wen et2016). However, there are
some opinions for limitation of MSC-EVs in clinicapproach. The
immunomodulatory effects of MSC-EVs on T cells wkneer compared to
MSCs (Conforti et al., 2014, Gouveia de Andradale2015).

Thus, enhancing the function of MSC-EVs is needeithidrease for
clinical applicability. Considering that preconditied MSCs enhanced the
anti-inflammatory cytokines and controlled immuredl€ more effectively
compared to MSCs (Lee and Kang 2020), preconditidd&C-EVs has

potency to improved therapeutic effect.

4. Preclinical and clinical application of MSC derved EVs in

immune disorders

Autoimmune diseases have been described as ovatiff@dent
disease and the prevalence in human is estimatathdr5-8%. Despite

various efforts, non-specific immune-suppressangsirare still first choice
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in autoimmune disorder treatment. Unfortunatelye tffects of these
immune-suppressants are not perfectly optimal feating autoimmune
diseases, and long-term use is often associatédsenteral side effects, such
as susceptibility to infections (Fugger et al., @02Because of these
limitation in auto-immune therapy, MSC-EVs are segfgd as new treatment
option. MSC-EVs are safer and more effective th&®dd while exhibiting
similar treatment characteristics and functionso(G al., 2008, Jang et al.,
2016, Volarevic et al., 2017). Therapeutic potdraiaMSC-EVs has been
reported by various animal models, especially imendisorders.
Inflammatory bowel disease (IBD) is one of chrogaéstrointestinal
inflammatory disorder by a dysregulated immune @asp including
autoimmune mechanism (Jurjus et al., 2004). Comnweslt treatments
including immunosuppressive medications and antiunecrosis factor are
applied for the treatment in IBD patients (Domenethl., 2014). However,
as immunosuppressive medications has various age#excts, development
of new treatment is needed and MSC treatment isobr@imitive option
(Dave et al., 2015). In IBD model, rat bone marrderived MSC-EVs
improved the histological index of colitis and atial signs, such as body
weight and disease activity index. Also, the fiiba of immune cell in colon
was reduced (Yang et al., 2015). In dextran suléaidium (DSS) induced
colitis model, one of IBD model, human umbilicalrdalerived MSC-EVs
alleviated symptoms through regulation macrophdggo(et al., 2017). To

improve the effectiveness of EVs, An et al. primd8C with TNFe and
6



INF-y and primed EVs showed improving clinical effectrgmared to non-
primed EV in DSS colitis mouse model (An et al.2@pD

Type-1 diabetes mellitus (T1DM) is one of autoimmulisorder and ,
which is occurred by deficiency of insulin secrati@s autoimmune
destruction insulin producing beta cell (AssociatkD10). In streptozotocin
induced T1DM, adipose tissue derived MSC-EVs redwdmical signs and
reduced glycemia. Moreover, when analyzing spleteooy TLDM mouse,
expression of inflammatory cytokines, IL-17 and H¢Nwere reduced,
otherwise, anti-inflammatory cytokines were incexhsvith elevation of T
reg cell population (Nojehdehi et al., 2018). Fawveairal. reported that MSC-
EVs showed immunomodulatory functions by inhibitinfammatory T cell
in pancreatic islet tissues (Favaro et al., 2016).

Rheumatoid arthritis (RA) is chronic inflammatoryisarder
characterized by progressive joint destruction @i al., 2020). The
pathogenesis of RA is known as loss of immune &olee caused by genetic
susceptibility and environmental factors, howewerunderlying mechanism
of RA is complex and has not been precisely revegdenolen et al., 2007).
As conventional treatment, including glucocorticoid and
immunosuppressants, has several adverse effectireatmnent options such
as MSC injection have been suggested (Hwang eR@21). Stella et al.
revealed for the first as the role of MSC-EVs in R#odels. MSC-EV
alleviated clinical symptoms of RA through inhibgi T and B lymphocyte

proliferation. Moreover, T reg and IL-10 expressBigell was activated by
7



MSC-EVs (Cosenza et al., 2018). The immunomodulatbMSC-EVs on
macrophage also reported in osteoarthritis modedtier report revealed
that MSC-EVs improved RA by transferring IL-1ra ameducing pro-
inflammatory cytokines (Tsujimaru et al., 2020).nSwlering these results,
MSC-EVs alleviated RA by modulating immune systend dransferring
cytokines

Multiple sclerosis (MS) is one of autoimmune digeakaracterized
demyelination of central nerve system (Dobson aim/&wnoni 2019). The
experimental autoimmune encephalomyelitis (EAE) seoumodel is
representative animal model of MS, which has sinplathological feature
with MS (Constantinescu et al., 2011). Several nspevealed that MSC-EV
ameliorate clinical sign of EAE mouse model (Clatlal., 2019, Jafarinia et
al., 2020, Ahmadvand Koohsari et al., 2021). MSC4gEdwed therapeutic
effect in EAE model as reduction neuroinflammatidSC-EV reduced
infiltration of macrophage and T cells in spinatdcand increased population
of CD4+CD25+FOXP3+ regulatory T cells (Riazifar at, 2019). To
alleviate neuroinflammation, a method of injectidSC-EV through
intranasal has been devised as the effective wapags through BBB
(Herman et al., 2021). However, since how much &QvEV should be
injected through this method for treatment hasyebbeen established. Also,
the amount that can be injected with intranasiaiged, methods to increase
the effectiveness of MSC-EV has been researchedti®ve the maximum

effect with the minimum amount. To administrate MB€ in
8



neuroinflammatory disease dogs such as meningokaligp of unknown
origin, it is necessary to design a stable EV @elivmethod and effective

amount.
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Figure 1. Preclinical and clinical application of MSC derived EVs in

immune disorders. Through producing the immunomodulatory cytokines,

MSCs can modulate both innate and adaptive immefis @Jccelli et al.,

2008). Recently several studies have suggesteditinatg the soluble factors,

EVs derived from MSCs are involved in immune-motia action (Bruno

and Camussi, 2013). Mokarizadeh et al. revealedh®ffirst time that EVs

derived from murine MSCs acts as a mediator foresdvMSC-specific

molecules, such as programmed death ligand-1 (PDyélectin-1 (Gal-1)

and TGFB (Mokarizadeh et al., 2012). Using the immunomottuiafunctin
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of MSC-EV, MSC-EVs are suggested as new treatmetibro for auto-

immune disease. MSC-EVs are safer and more efeethian MSCs while
exhibiting similar treatment characteristics andclions (Choi et al., 2008,
Jang et al., 2016, Volarevic et al., 2017). Theusipgotential of MSC-EVs
has been reported by various animal models, edlyecianune disorders
such as inflammatory bowel disease, type 1 diabmteltitus, rheumatoid
arthritis or multiple sclerosis. Enhancing the fiime of MSC-EVs is needed
to increase for clinical applicability. Consideritizgat preconditioned MSCs
enhanced the anti-inflammatory cytokines and cdliettommune cells more
effectively compared to MSCs (Lee and Kang, 20pBconditioned MSC-
EVs has potency to improved therapeutic effect. MB€senchymal stem

cell; EV, extracellular vesicle.
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Chapter 1.

Preconditioning of canine adipose tissue-derived
mesenchymal stem cells with deferoxamine potentiseanti-
inflammatory effects by directing/reprogramming M2

macrophage polarization

1. Introduction

Stem cell therapy involves two mechanisms: oneos&-pttachment
differentiation to the target organ(s), and theeotis a paracrine effect.
Hypoxia preconditioning of mesenchymal stem céSCs) has been found
to induce a secretory modification (Madrigal et 2014) and enhance several
cell biology aspects such as innate immunity, agpghesis, metabolism, and
stemness (Majmundar et al., 2010). These effeesrainly mediated by
upregulating hypoxia inducible factor (HIF}Expression (Abdollahi et al.,
2011). Upregulation of HIFl leads to increased expression of HIF-
dependent tissue protective genes (e.g., CD39 &B(Tak et al., 2017))
and demonstrates the potential to protect agamgsinadamage such as acute
kidney injury (Rosenberger et al., 2008), myocdrulipry (Rosenberger et
al., 2008), or neuronal injury (Wu et al., 2010)pwiever, culturing under
hypoxic conditions has some problems such as artahles oxygen

concentration, the need for expensive equipmeffficdty to maintain a
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constant hypoxic exposure (Buravkova et al., 20449, induction of tumors
(Jokilehto and Jaakkola 2010) or fibrosis (Higgatsal., 2007). The use of
hypoxia-mimetic agents can be considered as a wagvercome these
problems. These agents inhibit the degradation 16+ and upregulate
signaling following HIF-& translation (Guo et al., 2006).

Deferoxamine (DFO), an iron-chelating hypoxia-mimeagent,
inhibits the HIF-hw degradation process that requires iron (Shimoral.et
1994). Moreover, DFO vyields a more pronounced higpogsponse than
hypoxic culturing conditions (Fujisawa et al., 2D1BFO also possesses the
potential to increase the concentration of antamimatory factors. For
example, MSCs treated with DFO exhibit increased\iARXpression and
secretion of IL-4 (Oses et al., 2017), which isr@wWn anti-inflammatory
cytokine and inducer of M2 macrophage polarizaiidfang et al., 2014).
Other inducers of M2 macrophage polarization ansadly related with MSC
secretion factors (Eggenhofer and Hoogduijn 201®) may be associated
with HIF-1a. Thus, we postulated that DFO-preconditioned M@ISCP)
could more effectively secrete anti-inflammatorgtéas and demonstrate the
potential to reprogram and direct macrophage pmdtdn into an anti-

inflammatory state.
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2. Material and methods
2.1. Isolation and characterization of canine adipdissue-derived (CAT)-
MSCs

CATs were obtained using a protocol approved byltiséitutional
Animal Care and Use Committee of Seoul National University (SNU;
protocol no. SNU-180621-27). Canine adipose tisga®obtained from near
the uterine fat during ovariohysterectomy surgégipose tissues were
washed four times in PBS containing 1% penicilliregtomycin(PS; PAN
biotech, Germany), then cut into small pieces. €haisces were digested
with 0.1% collagen type IA (1 mg/mLSigma-Aldrich, MO) in PBS and
incubated for 1 h at 37°C. After digestion, Dulb@scmodified Eagle
medium containing 10% FBS (PAN Biotech, Germany} \added and the
mixture was centrifuged at 120@ for 5 min. The supernatant was removed
and the pellet was re-suspended in Dulbecco’s nealdEagle medium with
10% FBS (PAN Biotech, Germany) and 1% PS (PAN biot&ermany).

Before the experiments, cAT-MSCs were characterizey
immunophenotyping and multilineage differentiatidio. characterize cAT-
MSCs, cells were evaluated by flow cytometry udingrescent stem cell
marker antibodies. The antibodies used were ag&@m?9 (fluorescein
isothiocyanate; FITC), CD34 (phycoerythrin, PE), and CD73 (PE) (BD
Biosciences, NJ), and CD45 (FITC) (eBiosciences). Elow cytometry was
performed with a FACS Aria Il system (BD Life Scoas, San Jose, CA) and

analyzed using FlowJo software (Tree Star, OR)ls@&tre plated in 24-well
14



plates and cultured to 80—90% confluency. The nmdias then changed to
differentiation medium (PRIME-XV Adipogenic Diffenéiation SFM,
PRIME-XV Osteogenic Differentiation SFM, or PRIMEYXChondrogenic
Differentiation XSFM; all from Irvine Scientific, CA). Differentiated cells
were stained with Oil Red O, Alizarin Red, and AltiBlue for the three-
differentiation media, respectively. After charaation, cAT-MSCs at

passages 3—4 were used.

2.2. Cell culture and expansion

Cells were cultured in Dulbecco’s modified Eagledium (DMEM;
PAN Biotech, Germany) with 10% FBS (PAN Biotech,r@any) and 1%
PS(PAN Biotech, Germany) at 37°C in a 5% Gfmosphere. The culture
medium was changed every 2—3 days, and cells werewdtured at 70-80%
confluency.

The RAW 264.7 murine macrophage cell line was pased from
the Korean Cell Line Bank (Korea) and cultured MEM with 10% FBS at

37°C in a 5% C@atmosphere until they reached 70-80% confluency.

2.3. Cell viability analysis

To measure the effect of DFO (Sigma-Aldrich, MO)oatl viability,
CAT-MSCs were treated at 70-80% confluency with (@), 500, 1000, or
5000 uM DFO, or PBS (PAN Biotech, Germany) as aatieg control. After

incubation for 24, 48, and 72 h, cell viability wamasured using the Cell
15



Counting Kit-8 (CCK-8) assay (Donginbio, Korea).

2.4. RNA extraction, cDNA synthesis, and the qtativie real-time
polymerase chain reaction (QRT-PCR)

Total RNA was extracted from cAT-MSCs precondigd with and
without DFO, and RAW 264.7 cells using the EasyeRintal RNA extraction
kit (Intron Biotechnology, Korea). cDNA was syntieesl using the
CellScript All-in-One 5% 1st cDNA Strand SyntheMsaster Mix (CellSafe,
Korea). Samples were analyzed using AMPIGENE gPf&Rrgmix Hi-Rox
with SYBR green dye (Enzo Life Sciences, NY) an@® 40/ forward and
reverse primers in the gRT-PCR thermal cycler (Ri®nKorea). The
expression level of each gene was normalized toahglyceraldehyde 3-
phosphate dehydrogenase and calculated as re&atpression against the

contrasting control group.

2.5. Protein extraction, cell fractionation, and stern blot analysis

Total protein was extracted from preconditioned-8A3Cs using the
Pro-Prep protein extraction solution (Intron Bidteology, Korea). The
protein concentration of samples was analyzed usied>C Protein Assay
Kit (Bio-Rad, CA). Nuclear and cytosolic proteingmg obtained using the
Cell Fractionation Kit-Standard (Abcam, MA). Foetlvestern blot assays,
20 ug of protein were loaded and separated by SDS-PAGéls were

transferred to polyvinylidene difluoride membrar{&d1D Millipore, MA)
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and blocked in 5% non-fat dry milk with Tris-buféet saline. Membranes
were incubated with primary antibodies against HdF€1:500; LifeSpan
BioSciences, WA), cyclooxygenase (COX)-2 (1:500, nt8a Cruz
Biotechnology, TX), TNFe-stimulated gene 6 (TSG-6) (1:500, Santa Cruz
Biotechnology, TX), lamin A (1:500, Santa Cruz Eichnology, TX),o-
tubulin (1:500, Santa Cruz Biotechnology, TX), CB2Q:500, Santa Cruz
Biotechnology, TX), inducible nitric oxide synthag®&lOS) (1:500, Santa
Cruz Biotechnology, TX), anf@-actin (1:1000, Santa Cruz Biotechnology,
TX) at 4°C overnight. Membranes were then incubatéd the appropriate
secondary antibody for 1 h. Using an enhanced dbhemmescence kit
(Advansta, CA), immunoreactive bands were deteatetinormalized to the

housekeeping proteifi{actin).

2.6. ELISA

After preconditioning the cAT-MSCs with DFO, celllture medium
was obtained and stored at -80°C until use. Thecemmations of
prostaglandin E2 (PGE2) and TSG-6 were measureagusbmmercial
ELISA kits [canine PGE2 ELISA kit (Cusabio BiotecklD) and TSG-6

ELISAkit (MyBioSource, CA)], according to the mdaaturers’ instructions.

2.7. Co-culture of macrophages with precondition@d-MSCs

cAT-MSCs were plated at 2 x 40r 2 x 10 cells on 0.4uM pore-
17



sized Transwell inserts (SPL Life Sciences, Ko@) treated with 100 or
500 uM DFO, or PBS as control, for 48 h. After precomtitng the cAT-
MSCs with DFO, the medium containing DFO was rendoald the inserts
were washed with PBS.

RAW264.7 cells were seeded at 1 »® teélls/well on 6 well plates
without or with 200 ng/mL lipop@bkaccharide (LPS; Sigma-Aldrich, MO)
for 6 h. RAW264.7 macrophages were also co-cultwitd cAT-MSCs for

48 h, then collected for further experiments.

2.8. Statistical analyses

Data are shown as mean + standard deviation. Malues among
different groups were compared by Studetitisst and one-way analysis of
variance using GraphPad Prism v.6.01 software (@tad Software, CAp

value < 0.05 was considered statistically significa

3. Results
3.1. Viability of DFO preconditioning in cAT-MSC

When treating cAT-MSCs with DFO for 24 h, there waseffect on
proliferation except at 5 mM (Fig. 4a). After trieat with 1 mM DFO for 48
h, the viability of cells was decreased signifitardompared to a 24 h
treatment (Fig. 4b). When treating for 72 h, thebility of all groups, except

10 uM, were decreased (Fig. 4c).
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3.2. DFO induces hypoxic response in cCAT-MSCs

The mRNA and protein levels of HIFelvere evaluated in MSE°.
DFO was administered to cAT-MSCs for 48 h for ctioding. Changes in
the expression of HIFElmRNA were dependent on the DFO concentration
(Fig. 6a). However, changes in the protein levetengpposite to those in
MRNA levels at various DFO concentrations. Hikptotein was detected in
the nuclear fraction, and its concentration incedadepending on the DFO

concentration (Fig. 6b).

3.3. DFO preconditioning increases the expressiad aecretion of anti-
inflammatory factors

CAT-MSCs were treated with 10, 100, or 5@ DFO for 24 and 48
h. The expression of TGE,- TSG-6, IL-10, and COX-2 were examined in
non-conditioned or DFO-preconditioned cAT-MSCs. &pcfor COX-2, the
concentration of other factors in cells precondiio with DFO for 24 h did
not increase significantly (data not shown). Howewden preconditioning
was extended to 48 h, the amount of all factoiSH® preconditioned cells
increased significantly. Especially with 58 DFO preconditioned cells,
the most factors was greatly increased comparethtr concentrations (Fig.
7a-d).

Considering these results, the most effective D&@entrations was

selected as 100 and 50, and examined the protein levels of TSG-6 and
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COX-2 in MSCF°, COX-2 and TSG-6 protein levels were increased in
500 uM DFO preconditioned cells (Fig. 8a, b). Also, Bexretion of TSG-6
and PGE2 was evaluated in 100 and pRODFO preconditioned media. The
increase in the level of TSG-6 was dependent onDIR® concentration,
while the level of PGE2 increased significantly &00 uyM DFO
preconditioned media, but not in 508 DFO-preconditioned media (Fig. 9a,

b).

3.4. MSCEO direct macrophage polarization in vitro

In the LPS-stimulated control RAW264.7 cells, tlmcentration of
M1 markers was increased significantly comparetthab in the naive group.
In contrast, in RAW264.7 cells co-cultured with paonditioned MSC or
MSCPFO, the concentration of M1 markers was significantlgcreased
compared to that in the control group (Fig. 10agpecially, the mRNA
expression of INOS was significantly decreased AWR64.7 cells exposed
to DFO 100 or 50QM preconditioned MSCs compared to that in the non-
preconditioned cells (Fig. 10a). Furthermore, tHeNA expression of IL-6
was decreased in RAWZ264.7 cells co-cultured withODAOO puM
preconditioned MSCs compared to that in the norcgarditioned MSCs (Fig.
10b).

The expression of M2 marker mRNAs was not increased
RAW264.7 cells co-cultured with non-preconditionlbCs compared to

that in the control group. In contrast, the expas®f M2 marker mRNAs
20



was generally increased in RAW264.7 cells co-celtuwith MSC®FO
(Fig. 10d-f). Specifically, as compared to the paeonditioned MSC group,
MSCPF® enhanced the expression of CD206 in macrophadgsi(®d). The
expression of Ym1 was increased only in the DFO diOpreconditioned
group (Fig. 10e), while the expression of Fizz1 wassignificantly different
between the groups (Fig. 10f).

Because INOS and CD206 exhibited the largest clramgenRNA
levels, the protein levels of these factors wergn@red. The concentration
of INOS, an M1 marker, was increased in LPS-stiteadlamacrophages.
When LPS-stimulated macrophages were co-culturedh wnon-
preconditioned cAT-MSCs, iINOS concentration did aetrease significantly.
However, when co-cultured with MSE®, the decreased in the concentration
of INOS was dependent on the concentration of DIF®.(11la). The
concentration of CD206, an M2 marker, was increasedn RAW264.7
macrophages were co-cultured with cAT-MSCs, arsleffect was enhanced

with MSCOF (Fig. 11b).

4. Discussion

This study investigated the premise that macrophagmild be
effectively reprogrammed and directed by MS€ To investigate this
hypothesis, changes in the level of anti-inflammatactors were analyzed
in MSCP™O, Thereafter, RAW 264.7 mouse macrophage cells veere

cultured with MSE™© to evaluate their effect on reprogramming/diregstin
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macrophage polarization.

DFO, which chelates the iron necessary for proliiydroxylase and
inhibits hydroxylation of HIF-&, was used as a hypoxia-mimetic agent in this
research. DFO also demonstrates an antioxidantifumand can modify the
redox state of cells (Saad et al., 2001). Recesdlyeral studies focused on
using DFO in cultured MSCs. DFO preconditioning nadlike cells
exhibited improved tolerance and therapeutic effdote and Wurster 1995).
Indeed, DFO preconditioning improved homing effecMSCs (Najafi and
Sharifi 2013) and enhanced endothelial progeni#trhoming (Cheng et al.,
2010). Some researchers compared DFO with dimethldglglycine,
another commonly used hypoxia mimetic agent, in MISI®ey reported that
treating cells with DFO was more effective at diainig HIF-1la and
increasing some cytokines than dimethyloxaloylgigc{(Chang et al., 2008,
Yinfei et al., 2013, Duscher et al., 2017).

The concentrations of DFO that were cytotoxic tG-8ASCs were
determined to set the concentrations for the ctiegperiments. There was
no effect on MSC viability at concentrations unéd®0 uM with a 48-h
treatment, so these were selected. Furthermorsee tbencentrations were
similar to those reported by previous studies &sbéing minimal cytotoxic
effects (Chu et al., 2008, Oses et al., 2017).

Next, the expression of HIFelin of MSCPF®wasexamined. HIF-&
is a primary marker of the hypoxic response. Whelis avere treated with

DFO, the expression of HIFeRImMRNA was decreased. However, HI&-1
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protein expression was increased in a concentraiégpendent manner. It is
possible that a structural change could causerdiff@al transcriptional
regulation under hypoxic conditions (Lin et al.,12 Furthermore, DFO
inhibited the degradation of HIFelso it is assumed that feedback to HH--1
MRNA signaling was downregulated (Griffith 1968).

After confirming that HIF-& accumulated in MS¥P°, the
interaction between HIFeland anti-inflammatory factors was investigated.
Previous researcherseported that hypoxia andHIF-la are closely
intertwined with immune reactions (Hellwig-Burgelad., 2005). Using this
characteristic, studies have reported enhanceetsegrfunctions in MSCs
following hypoxia stimulation. The production ofayvth factors, like hepatic
growth factor (Crisostomo et al., 2008) and vascetalothelial growth factor
(Berniakovich and Giorgio 2013), and anti-inflamorgt factors like IL-4
(Oses et al., 2017), was increased in MSCs cultumeér hypoxic conditions.
Based on these reports, it is assumed that DFQ@l @nilance the expression
of anti-inflammatory factors that are transcribedier the influence of HIF-
la. TGF$, TSG-6, IL-10, and COX-2 were selected, except T8G-6,
which are considered to be related to HiF¢$hih and Claffey 2001, Lukiw
et al., 2003, Hams et al., 2011) and also influeneerophage polarization
(Takizawa et al., 2017, Song et al., 2018). WheR S Cs were treated with
DFO, the expression of TGE-TSG-6, and COX-2 mRNAs was increased
significantly. TSG-6 and COX-2 were also increaatthe protein level.

TSG-6 and PGE2 were also evaluated in media fror8W% PGE2
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was selected because it is secreted in respor@G@xe2 signaling (Németh
et al., 2009). However, the concentration of PGE300uM MSCP™ was
not increased. This was the opposite result to nifRNA and protein
expression of COX-2. PGE2 is consumed during tlodeian translocation of
HIF-1a from the cytoplasm (Liu et al., 2002). If an essige amount of
HIF-1a was accumulated relative to the production of PGE2nay be
exhausted in the cytoplasm and no PGE2 would biégablafor secretion.

Usually, pro-inflammatory cytokines such as IkFNr TNFa are
used to stimulate NkB production (Crisostomo et al., 2008) and enhance
the secretion of TSG-6 (Guo et al.,, 2015) and othai-inflammatory
cytokines by MSCs (Saparov et al., 2016). Howepegeconditioning of
MSCs with pro-inflammatory cytokines has the disattege of being toxic,
even at low concentrations (Ohnishi et al., 200Y}the present study, anti-
inflammatory factors, including TSG-6, were incre@sn MSCFO, similar
to preconditioning with pro-inflammatory cytokin€Bhaus, preconditioning
with DFO is likely to be as effective as treatingthwpro-inflammatory
cytokines but without the toxicity disadvantageefidhare no previous reports
that TSG-6 and hypoxia are related. BecausexBIland HIF-1: cross-talk,
it seems that TSG-6 was increased through the adation of HIF-X by a
DFO-stimulated NReB pathway.

To confirm that MSE increased the levels of anti-inflammatory
cytokines that function to induce M2 macrophageapphtion, their

macrophage directing effect was focused. Macroplpad@rization can be
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altered in two ways. One involves downregulatingrogramming of the M1
phase, while the other directs MO macrophages, wdiie unchanged, to the
M2 phase through interaction with cAT-MSCs.

Macrophage polarization was examineditro with the RAW264.7
cell line. When RAW 264.7 cells were co-culturedthwnon-conditioned
MSCs or MSCE™C, macrophage polarization phase was changed.
Macrophages stimulated with LPS were changed tdvthgohase as shown
by significant increases in expression of the MTkas INOS, IL-113, and
IL-6. Macrophages stimulated with LPS and co-cetumwith cAT-MSCs
exhibited reprogrammed polarization as the expoassf M1 markers was
decreased to levels similar to control cells. Theration of cytokines by
MSCPF® was greater than non-conditioned MSCs, and prétioned cells
reprogrammed macrophages more effectively.

Finally, it was determined whether the change fthenmacrophage
MO to M2 phase was more prevalent when RAW264.[8 eatre exposed to
MSCPFO, Non-treated RAW264.7 macrophages were in the MGghand
expressed neither M1 nor M2 markers. However, wdteoultured with non-
conditioned MSCs or MSt°, macrophages were directed into the M2 phase
as M2 markers were significantly increased. Impdlyamore macrophages
were directed to the M2 phase with preconditionemgared to non-
preconditioned cAT-MSCs. Taken together, theseirigsl indicate that cAT-
MSCs can regulate macrophages into an anti-inflafmmpatate. Though the

levels of secretory factors were increased in a 8Bfrentration dependent
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manner, preconditioning with as little as 100 uMM@Mas sufficient to
change macrophage polarization, and there was grofisant difference

between preconditioning with 100 and 50@ DFO.
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Table 1.0ligonucleotide sequences of PCR primers useddogoditioning

of canine adipose tissue-derived mesenchymal stdiswwith deferoxamine

Target . . . , . Product Referen
genes Primers Oligonucleotide sequences (5~ 3) sizes ces
Canine Forward ACT GAT GAC CAACAACTT GAG G
122 *
HIF-1a Reverse TTT GGA GTT TCA GAA GCA GGT A
Canine Forward GGA AAA CAC CAACAAAAT CTATGAG
184 *
TGFB Reverse GCTATATTT CTG GTACAG CTC CACA
Canine Forward TCC GTC TTA ATA GGA GTG AAAGAT G Song,
101 WJ et
TSG6 Reverse AGATTT AAAAAT TCGCTTTGGATCT al., 2018
Canine Forward TTC CTG CGA AAT ACA ATT ATG AAAT
149 *
COX-2;1 Reverse GCC GTAGTT CACATT ATAAGTTGG T
Canine Forward AAG CTG GAC AACATACTGCTG A
126 *
IL-10 Reverse CTGAGG GTCTTGAGCTTCTCTC
Canine Forward TTAACT CTG GCAAAG TGG ATATTG T Song,
85 WJ et
GAPDH Reverse GAA TCATAC TGG AAC ATG TAC ACCA al., 2018
Mouse Forward GGC TGT CAGAGCCTCGTGGCTTTG G
165 *
iNOS Reverse CCCTCCCGAAGTTTCTGG CAGCAGC
Mouse Forward CGC ACTAGG TTT GCC GAG TA
159 *
IL-6;1 Reverse CCTTTC TAC CCC AATTTCCA
Mouse Forward GTCTTITCCCGTGGACCTTC Song,
102 WJ et
IL-1B Reverse TGTTCATCTCGGAGCCTGT al., 2017
Mouse Forward AAG ACT ACAACTTGTTCCCTTCTCA
170 *
Fizz1 Reverse TGACCTTTT TCT CCACAATAGATTC
Mouse Forward GTG TACTCACCTGATCTATGCCTTT Song,
133 WJ et
Yml Reverse CAG GAG AGT TTTTAGCTCAGT GTTC al., 2018
Mouse Forward AAC GGAATGATT GTG TAG TTC TAGC Song,
163 WJ et
CD206 Reverse TAC AGG ATC AAT AATTTTTGG CAT T al., 2018
Mouse Forward AGT ATG TCG TGG AGT CTACTGGTG T Song,
154 WJ et
GAPDH Reverse AGT GAG TTGTCATATTTICTCGTGG T al., 2018

*Primers with asterisk in reference section wersigleed by own.
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Figure 2. Schematic diagram of the in vitro co-culire experiment. cAT-
MSCs were plated on Trans well inserts and treatdd100 or 50QuM DFO,
or PBS as control, for 48 h. RAW264.7 cells weredsel on 6 well plates
without or with 200 ng/mL LPS for 6 h. RAW264.7 maghages were also
co-cultured with preconditioned cAT-MSCs for 48 then collected for

further experiments. MSC, mesenchymal stem &4HO, deferoxamine.
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Figure 3. Characterization of canine adipose derivé MSC by
multilineage differentiation and immunotyping. For multilineage
differentiation, cAT-MSC were differentiated int¢a) osteocyte, (b)
chondrocyte an(t) adipocyte. Differentiated cells were stained wgpiecific
dye. (d-g) To immunotype, the markers of cAT-MCS were analynéth

CD29, CD73 as positive and CD34, CD 45 as negative.
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Figure 4. Viability of MSC PFO, Treatment of cAT-MSCs with DFO for)
24 h, p) 48 h, and ) 72 h. When treating cAT-MSCs with DFO for 24 h,
there was no effect on proliferation except at 5.rARlter treating with 1 mMm
DFO for 48 h, the viability of cells was decreasgghificantly compared to
a 24 h treatment. When treating for 72 h, the \ligbof all groups, except
10 uM, were decreased. The concentration of DF@sand 50@M for 48
hours was chosen which are the highest concemgaitiowhich did not affect

*k%k

cell viability. “p<0.01, ™ p<0.00% ns, not significant. cAT-MSC, canine

adipose tissue derived mesenchymal sten) DEIO, deferoxamine.
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control

Figure 5. Morphology of MSCP¥0, (a-d) MSC was treated with 10, 100, or
500 uM concentration of DFO for 48 h. Cell morphology was unchanged
following treatment until 500 uM; (e, f) Treatment with over 1 mM

concentration of DFO in MSC resulted in several dead cells.
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with MSCPFO, the levels of M2 marker mRNAs were increased. Non
preconditioned MSCs did not change the polarizagtiwase of non-stimulated
RAW264.7 cells."p<0.05, " p<0.01, ™ p<0.00% ns, not significant. cAT-

MSC, canine adipose tissue derived mesenchymal stelit DFO,

deferoxamine.
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Figure 12.Schematic diagram of the effect of DFO preconditioed MSC
to macrophage The secretion of cytokines by M8® was greater than non-
conditioned MSCs, and preconditioned cells repnognad macrophages
more effectively. Though secretory factors from MS€ macrophage were
regulated into an anti-inflammatory state. MS€ deferoxamine

preconditioned mesenchymal stem cell.
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Chapter II.

Extracellular vesicles derived from DFO-preconditicned

canine AT-MSCs reprogram macrophages into M2 phase

1. Introduction

Among the secretomes of mesenchymal stem/stromial(8SCs),
extracellular vesicles (EVs) have been studiedueedy for playing an
important role in transmitting signals across céllsi et al., 2015). EVs are
small membrane vesicles that are 40-100 nm in demiehey are released
from cell membrane after fusion with multivesicukendosome and cell
membrane, and contain proteins, metabolites, ankkicuacids (Hessvik and
Llorente 2018). Studies have shown the cells tmbdified via transmission
of mMRNA, RNA, and protein via EVs (Phinney and éhger 2017,
Sterzenbach et al., 2017).

Further studies are being conducted on how to a@serethe
productivity and efficacy of EVs (Hong et al., 2018ome studies have been
conducted using hypoxia-preconditioned methods toprove anti-
inflammatory effect of MSC-derived EVs (Cui et &018). Several studies
have shown deferoxamine (DFO), a hypoxia mimetienagto be usable in
hypoxia preconditioning (Fujisawa et al., 2018) amghrove angiogenesis
effect of MSC-derived EVs (Ding et al., 2019). Di®ibits hydroxylation

of hypoxia-inducible factor-1 alpha (HIFeland chelates the iron necessary

40



for prolyl-4 hydroxylase, owing to which, HIFelis accumulated in the cell
nucleus similar to that in hypoxic condition (Waagd Semenza 1993).
Although some previous papers had reported the flnation of stem cells

in hypoxic culture (Basciano et al., 2011, Pezzlet2017), there have not
been many studies reporting the changes in MSG«eeiEVs when treated
with DFO.

Hypoxic stimulation induces HIFelaccumulation in the nucleus,
and control various signal pathways, such as inflation, energy
deprivation, or proliferation (Zagoérska and DulaB02). the activation of
cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGEy2}isase axis (Lee et
al., 2010) by HIF-& was focused on, since the former has anti-inflatorga
function in stem cells (Yang et al.,, 2018). MorepwveOX-2 and signal
transducer and activator of transcription 3 (STAA®) linked to macrophages
polarization (Han et al., 2019), which is the maignal molecule in M2
polarization (Nakamura et al., 2015, Roberts e2&l19).

Therefore, in this study, it was investigated tadtypoxic culture
method using DFO in order to increase the antaimfhatory efficacy of
MSC-derived EVs. Moreover, the association of HWIOX-2 anti-
inflammatory pathway in MS®°was investigated. Further, the molecular
changes of MSCs to be reflected on the derived E¥srevealed, the latter
then transferring the molecules to macrophagesepgrdgramming them into

M2 phase.
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2. Materials and methods
2.1. Cell preparation and culture

CAT was obtained using a protocol approved by thitutional
Animal Care and Use Committee of Seoul National University (SNU;
protocol no. SNU-180621-27). Briefly, Canine adipdissue was obtained
from a healthy dog < 1 year old during routine spasgery. The tissue was
washed three times with PBS (PAN Biotech, Germavtyth was contained
100 U/ml penicillin and 100 g/ml streptomycin. Théme tissues were cut into
small pieces and digested for 1 h at@By collagenase type IA (1 mg/ml;
Sigma-Aldrich, MO). After 1 hour, the collagenasaswinhibited with
DMEM (PAN Biotech, Germany) with 10% FBS (PAN Biote Germany).
To remove debris, the cell pellet was obtainedr aigatrifugation at 1200 x
g for 5 min and filtered through a 70-um Falcon s#thiner (Fisher Scientific,
MA). Then cells were incubated in DMEM containin@g?4 FBS at 37C in a
humidified atmosphere of 5% GO

CAT-MSCs were characterized as described in Supyprt
information. Cells were differentiated into adiptey, chondrocytes, and
osteocytes to confirm their multilineage featuréBhey were also
characterized by detecting stem cell markers vat tytometry. cCAT-MSCs
were characterized through immunophenotyping and ltiimeage
differentiation. To evaluate immunophenotyping OAT@VISCs, flow
cytometry was used to detect fluorescent stemroalker antibodies. The

antibodies used were against CD29 (fluoresceihiscyanate; FITC), CD34
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(phycoerythrin; PE), and CD44 (FITC), and CD45 (FITC) (eBiosciences,
CA). Flow cytometry was performed with a FACS Aliasystem (BD Life
Sciences, San Jose, CA) and analyzed by FlowJoaeft(Tree Star, OR).
Cells were seeded in 24-well plates and culturdd 82-90% confluency in
basal medium. The medium was then changed to eliffetion medium
(PRIME-XV Adipogenic Differentiation SFM, PRIME-XVOsteogenic
Differentiation SFM, or PRIMEXV Chondrogenic Differentiation XSFM;
all from Irvine Scientific, CA). Differentiated dslwere stained with Oil Red
O, Alizarin Red, and Alcian Blue respectively. Afteharacterization, cAT-
MSCs at passages 3—4 were used for subsequeniregpts.
Cells were cultured in DMEM (PAN Biotech, Germanyith 10%

Fetal bovine serum (FBSPAN Biotech, Germany) and 1% penicillin-
streptomycin BS; PAN Biotech, Germany) at 37 °C in 5% e&tmosphere.
The culture medium was changed every 2—-3 days;elfsdwere sub-cultured
at 70—-80% confluency. When cAT-MSCs were approxahyat0% confluent,
100uM DFO was added for 48 h in DMEM with 10% exosonepléted FBS
(Thermo Fischer Scientific, MA) and 1% PS (PAN Bicit, Germany).

The canine macrophage cell line DH82 was purchasetdthe Korean Cell
Line Bank (Korea) and cultured in DMEM with 15% FEBBAN Biotech,
Germany) at 37 °C in 5% GCQatmosphere until they reached 70-80%

confluency.
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2.2. Transfection of cAT-MSCs with siRNA

When the confluency of cAT-MSC was approximately&}they
were transfected with COX-2 siRNA or control siRN#c-29279 and sc-
37007, respectively; Santa Cruz Biotechnology, CA) for 48 h using
Lipofectamine RNAIMAX (Invitrogen, CA), followinghe manufacturers’
instructions. COX-2 knockdown was confirmed by gRTR before further

experiments.

2.3. Isolation and characterization of EVs deriyexin cAT-MSCs

CAT-MSCs were cultured for 48 h in DMEM with 10%asome-
depleted FBS (Thermo Fischer Scientific, MA) and P% (PAN Biotech,
Germany). The medium from each cultured cAT-MSC @danwvas collected
and centrifuged at 2600 x g for 20 min to remoVés@nd cell debris. Each
supernatant was transferred to a fresh tube andoppgte volume of
ExoQuick-CG (System Biosciences, CA) added. EVewsalated according
to the manufacturer’s instructions.

Protein markers of isolated EVs were identifiedwmsstern blotting
using antibodies against CD81 (Aviva system bioJo@A) and CD9
(GeneTex, CA). Morphology of the EVs was charagtti using
transmission electron microscopy. Briefly, dl®f EV suspension was placed
on a 300-mesh formvar/carbon-coated electron nsoms grid with the
coated side facing the suspension. Distilled wates placed on the mesh for

washing and a 1Q} drop of uranyl acetate was placed on the mesh for
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negative staining for 1 min, followed by observationder a transmission
electron microscope (TEM; LIBRA 120, Carl Zeiss, Oberkochen, Germany)
at 120 kV. Size distribution of the particles wastetmined using a zeta-
potential and particle size analyzer (ELSZ-1000Z#suka Electronics,

Osaka, Japan).

2.4. RNA extraction, cDNA synthesis, and quantateal-time polymerase
chain reaction (QRT-PCR)

Total RNA was extracted from cAT-MSCs preconditionégth DFO
or from control group, and from DH82 cells using thasy-Blue total RNA
extraction kit (Intron Biotechnology, Korea). cDN#as synthesized using
the CellScript All-in-One 5x first strand cDNA symsis master mix
(CellSafe, Korea). Samples were analyzed using ABEHNE gPCR green
mix Hi-ROX with SYBR Green dye (Enzo Life Sciencéby) and 400 nM
forward and reverse primers in the qRT-PCR theayeler (Bionics, Korea).
The expression level of each gene was normalizédabof GAPDH, and

relative expression calculated against the comtigasontrol group.

2.5. Protein extraction, cell fractionation, and stern blotting

Protein was extracted from preconditioned CcAT-MS$hced
exosomes and DH82 using the Pro-Prep protein éxirasolution (Intron
Biotechnology, Korea). Concentration of the proteamples was analyzed

using the DC Protein Assay Kit (Bio-Rad, CA). Nuwwleproteins were
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isolated using the Cell Fractionation Kit-Standgktlcam, MA). For western
blot assays, 2ng of proteins were loaded and separated by SDS-PAGE
Bands from SDS-PAGE were transferred to polyvirgtid difluoride
membranes (EMD Millipore, Billerica, MA, USA), whiovere then blocked
with 5% non-fat dry milk and Tris-buffered salin®lembranes were
incubated with primary antibodies against Hke-11:500; LifeSpan
BioSciences, WA), COX-2 (1:500, Santa Cruz Biotexbgy, TX), STAT3
(1:500, LifeSpan BioSciences, WA), phosphorylatBd705) STAT3 (1:500,
LifeSpan BioSciences, WA), lamin A (1:500, Santa£Biotechnology, TX)
andp-actin (1:1000, Santa Cruz Biotechnology, TX) &Ciovernight. The
membranes were subsequently incubated with theopppte secondary
antibody for 1 h. Using an enhanced chemilumineseedetection kit
(Advansta, CA), immunoreactive bands were deteatetinormalized to the

housekeeping proteifi{actin).

2.6. Immunofluorescence analyses

DH82 cells were cultured at 2 x%€ells in cell-culture slide (SPL,
Korea), and 200 ng/ml lipopolysaccharides (LPS; Sigma-Aldrich, MO) were
stimulated for 24 h. After LPS stimulation, DH82Isevere treated with EVs
at concentrations of 5Qg/well for 48 h. The slide was fixed with 4%
paraformaldehyde and blocked with a blocking budi@ntaining 5% bovine
serum albumin and 0.3% Triton X-100 (both from SégAidrich, MO) for 1

h. They were then incubated overnight &C4Awith antibodies against FITC-
46



conjugated CD206 (16®; Santa Cruz Biotechnology, TX) and
phycoerythrineonjugated CD11b (1:100; Abcam, MA). After three washes,
the slides were mounted in a VECTASHIELD mountingdim containing
4',6-diamidino-2-phenylindole (Vector Laboratori€). The samples were
observed under a EVOS FL microscope (Life TechnekgDarmstadt,
Germany). Immunoreactive cells were calculated ®&@ihrandom fields per

group as per the ratio of DAPI/CD206-positive cells

2.7. Statistical analyses

Data are shown as mean * standard deviation. Malales from the
different groups were compared by Student's t-a@st one-way analysis of
variance using GraphPad Prism v.6.01 software (@tad Software, CAp

value < 0.05 was considered statistically significa

3. Results
3.1. Characterization of cAT-MSC derived EVs

CAT-MSCs were characterized by flow cytometry and
differentiation (Fig. 14). EVs were separated fretem cell culture media by
Exo-quick™. They were round in shape, with diameter rangiogif50 nm
to 100 nm, as per electron microscopic analysig. (Fsa). Using a patrticle-
size analyzer, the diameter of EVs was confirmetled@approximately 100
nm (Fig. 15b). To identify the surface markers xdsomes, CD81 and CD 9

were confirmed as positive whifgactin was negative in western blotting
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(Fig. 15c¢).
3.2. Elevation of HIF-/COX-2 expression in M$E°

In CCK assay, the viability of cAT-MSCs was foutadbe decreased
upon treatment with 1 mM DFO; therefore, DFO was used under 1 mM in
further experiments (Fig. 16a). Hifevas accumulated in MSEP at both
100 uM and 500uM of DFO concentration (Fig. 16b). Considering the
previous report, which found no significant diffece between 100M and
500 uM DFO (Park et al., 2020), 10aM DFO was chosen for the current
treatment.

To evaluate the role of COX-2 in cAT-MSCs, siCOXweas
transfected into the cells before DFO conditioniRiNA levels of COX-2
were significantly increased in cAT-M8C and DFO preconditioning plus
control siRNA (MSCRNA) groups; the expression not being significantly
different between the two. In DFO-preconditionedugr, with COX-2 siRNA
(MSCS€O%)  COX-2 expression was not increased (Fig. 17&)prtein
level, COX-2 was increased in M&C and MSCRNA, but not in MSECO*2

(Fig. 17b).

3.3. cAT-MSC-derived EVs transport COX-2 to DH82l activate the
phosphorylation of STAT3

When expression of COX-2 protein was evaluated \is,Ht was
found increased in cAT-MSEC-derived EV (EV™) than in non-

preconditioned cAT-MSC-derived EV (E¥). In cAT-MSCc®*-2derived
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EV (EVSC9%9 COX-2 was not increased, similar to that in dMBCs (Fig.
18).

DH82 cells were treated with EVs to verify theitianflammatory
effect on macrophages. They were treated with L&Bre EV treatment. In
the LPS-treated group, expression of p-STAT3 waessed, whereas that of
STAT3 decreased compared to that in naive group.eXpression of both
STAT3 and p-STAT3 increased in EV-treated groupsthe groups treated
with EVPFO, the expression of p-STAT3 was significantly irased than in
non-preconditioned group. However, in the groupttrd with E\FCO%2 p-
STAT3 was not increased compared to that in themteeated with EVP"

(Fig. 19).

3.4. Change of polarization of DH82 when treatethyireconditioned EVs

When DH82 cells were treated with LPS, the markafrdVil
proinflammatory phase, namely IL-1b and IL-6, wsignificantly increased.
However, expression of both cytokines was decresstte groups with EV
treatment. Expression of pro-inflammatory cytokiness decreased in the
groups treated with ER7C, than in the groups treated with ®¥group. The
group with EV¥¢9%2 showed no significant difference from that with BV
(Fig. 20a, b).

Using immunofluorescence of CD206, which is akaeaof M2 anti-
inflammatory phase, the polarization phase of DE@B was evaluated. Red

staining was against CD11b, which is a marker afnoyghage. In naive DH82
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group, red staining was visibly detected and whies inducing in DH82, the
marker was not changed. (Fig. 21a, b). In EVs éagroups, green stain of
CD206 was significantly increased and the red stais difficult to recognize
(Fig. 21c-f). Especially, CD206 was significantlycreased in the groups
treated with EVF© (Fig. 21d). The group with EXf9%2 showed slight
enhancement of CD206, which was not significant gared to that in the

group with EVPF° (Fig. 21f, g).

4. Discussion
Mesenchymal stem cells (MSCs) have been studiedhfar anti-

inflammatory therapeutic functions due to paracsdfiect (Huang et al., 2014,
Samadi et al.,, 2020). Since they interact with imecells, including
macrophages and T cells, MSC secretome is considde be
immunomodulatory and can regulate the anti-inflanomaphase (Kim and
Hematti 2009, Sargent and Miller 2016). Previouwsultedemonstrated that
paracrine effect of cCAT-MSCs can significantly regram macrophages from
M1 pro-inflammatory phase to M2 anti-inflammatorppgse (Park et al.,
2020). The study proved that secretory functioM&Cs plays an important
role in cell interaction, especially with inflammoay cells like macrophages.
Recently, EVs were reported to play an importate smong secretomes,
owing to their ability to communicate and deliveibstances (Bruno et al.,
2009, Kusuma et al., 2017, Baek et al., 2019, Riaal., 2019). Therefore,

the EVs derived from cAT-MSCs was focused. In therent study, it was
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investigated whether DFO-preconditioned EVs hawegbtential to direct
macrophages to M2 phase. To prove this hypothd#is1a/COX-2 axis was

analyzed in MSE™° and E\PFO. After confirming that DFO could effectively
increase COX-2 expression in EVs, Canine macropkatie, DH82, were

treated with EVs to confirm the delivery functiohEVs and evaluate their
effect on macrophage polarization.

First, accumulation of HIF<lin the nucleus, which is an important
indicator of hypoxia, was confirmed by western biotMSCPF© (Fig. 16b).
Some reports had earlier suggested that COX-2asegesignificantly with
hypoxic culture under HIF<l signal pathway (Han et al., 2016) and is
associated with both anti-inflammatory effect andcrophage polarization
(Luo et al., 2011, Jin et al., 2019). In M%&, both RNA and protein
expression of COX-2 was increased, implying thatODpreconditioning
could increase HIFd accumulation, and transcription of COX-2 was
activated under HIFd.pathway (Fig. 17a, b).

Some reports have revealed that the same proteagsom detected
either in MSC cytoplasm or in MSC secretomes and 8¢lmani et al., 2008,
Jansen et al., 2009, Schaeffer et al., 2009). éncilrrent study as well,
expression change of COX-2 protein in the cyto$a@AT-MSCs were also
reflected in the EVs. EVs from M$E° were enriched with COX-2
molecules (Fig. 18).

HIF-1a and COX-2/PGE2 pathway are known to be associaiitd

STAT3 activation (Yu et al., 2018, Liu et al., 2Q02@hich is an important
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factor in macrophage M2 anti-inflammatory phaseirggéhi et al., 2012,
Hollander et al., 2016, Zhao et al., 2018). Presippublished reports had
suggested that macrophages are polarized into M&ephvhen various
molecules, such as miRNA, are delivered through &wW$stimulate STAT3
pathway in the macrophages (Haneklaus et al., 2848 et al., 2013, Heo et
al., 2019). Another study had revealed that nog aiRNA, but proteins also
can be transmitted into macrophage through EVspémdtheir role (Zhao et
al., 2018).

The delivery system of EVs has been reported tp ataimportant
role in the anti-inflammatory effect of stem celéspecially in relation to
macrophages (Sicco et al., 2017). Reprogrammingophages from pro-
inflammatory M1 phase to anti-inflammatory M2 phasthe most important
mechanism in controlling immune homeostasis (Getadh, 2016), and EVs
regulate this polarization phase by transferrinigssances from stem cells to
macrophages (Lankford et al., 2018, Willis et2018). Therefore, this study
focused on the effect of COX-2 transferred by EVSSTAT3 signaling in
macrophages. When the expression of pSTAT3 and $STALPS-induced
DH82 were evaluated, these factors in LPS-inducétBD treated with
EVPFO were increased over than with PYUFig. 19).

The expression change of pSTAT3 in LPS-induced DE®2d be
associated with macrophage phase. Thus, macrophage of LPS-induced
DH82 with EVs treating was evaluated. In LPS-indLi&#482 cells treated

with EVs, which were increased with pSTAT, the near&af M1 was reduced
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while that of M2 was increased (Fig. 20, 21). Thes@nges were greater with
EVPFO, Considering all the results, EVs could deliver’XGDto LPS-induced
DH82, and might lead to M2 polarization by actingtithe phosphorylation
of STAT3. Moreover, DFO preconditioning in cAT-MSGmhance the
macrophage directing effect through activating H#€OX-2 axis.

In this study, a limitation was that it was notarlevhether substances
such as miRNA in EVs could be stimulated to acav8TAT3. Therefore,
further studies would be required to analyze trengles in miRNA levels in
MSCPF® and EVPFC. However, this study found that preconditioninghwi
DFO could affect COX-2 in cAT-MSCs and acted asi-ariammatory
molecules. EY™ contained COX-2 protein and could effectively mgpam
macrophage polarization into M2 phase via protestivdry system. The
findings presented the therapeutic possibility ¥PE®, which could be used

in treating inflammatory diseases through macrophagrogramming.
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Table 2. Oligonucleotide sequences of PCR primers usedMs &erived

from MSC’"Cand macrophage which was affected by EVs

;:;geit Primers  Oligonucleotide sequences (5~ 3') Prsoiczzlg;:t Re;g;en
Canine Forward ACT GAT GAC CAA CAACTT GAG G .
HIF-1a Reverse TTT GGA GTT TCA GAA GCA GGT A 122

Canine Forward TTC CTG CGA AAT ACAATT ATG AAAT .
COX-2;2 Reverse GCC GTA GTT CAC ATT ATAAGT TGG T e

Canine Forward TTA ACT CTG GCA AAG TGG ATATTGT Song,
GAPDH Reverse GAA TCATAC TGG AAC ATG TACACCA % al\{\,IJZC?;.S
Canine Forward AGT TGC AAG TCT CCC ACC AG .
IL-1B Reverse TAT CCG CATCTGTTT TGC AG L

Canine Forward GGC TAC TGC TTT CCC TAC CC .
IL-6 Reverse TGG AAG CATCCATCTTTT CC 243

*Primers with asterisk in reference section wersigieed by own.
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Figure 13. Schematic diagram of DFO preconditionedAT-MSC derived

EV treatment in vitro experiment. Canine adipose tissue was obtained from
a healthy dog < 1 year old during routine spay etgUsing collagenase,
mesenchymal stem cell was isolated from adiposediswhen cAT-MSCs
were approximately 70% confluent, 1081 DFO was added for 48 h in
DMEM with 10% exosome-depleted FBS. The medium femach cultured
CAT-MSC sample was collected and from each supambatEVs were
isolated with of ExoQuick-CG. DH82 cells were stiated with 200 ng/ml|
LPS for 24 h. After LPS stimulation, DH82 cells wedreated with EVs at
concentrations of 5Qg/well for 48 h. DH82 treated with EVs were analyze

by gRT-PCR, western blot and immunofluorescenced Ddeferoxamine.s
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Figure 14. Characterization of canine adipose derived MSC by
multilineage differentiation and immunotyping. To identify multilineage
differentiation, cAT-MSC were differentiated inta) adipocyte(b) osteocyte
and(c) chondrocyte. Differentiated cells were stainechegmecific dye(d-

g) To immunotype, the markers of cAT-MCS were analyrzath CD29,

CD44 as positive and CD45, CD 34 as negative.
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Figure 15. cAT-MSC derived EV characterization. (a) In electron
microscopic analysis, EVs were measured as 50-10@bmThrough a
particles-size analyzer, the diameter of EVs waditoed as around 100nm.
(c) CD81 and CD 9, surface marker of EV, were confaras positive anfl-

actin was confirmed as negative in western blotting
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Figure 16. Viability test with DFO and the hypoxicmimicking efficacy of

DFO in cAT-MSC. (a) Viability of cAT-MSCs treated with DFO an(b)

Protein levels of HIF-4 in DFO-treated cAT-MSCs.p<0.05 ns, not

significant. DFO, deferoxamine.
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Figure 17.The RNA and protein expression levels of COX-2 in ISCPFO,

(@) The mRNA level of COX-2 is increased in DFO preditioned and
treated with siCTL group. However, COX-2 is notreased in transfected
with siCOX-2 group.(b) The protein level of COX-2 is increased in DFO
preconditioned and decreased in transfected WilOXr2 group, same as
mRNA result. Results are shown as means + startavidtion.” p<0.001,

ns, not significant. MS®" non-preconditioned MSCMSCPF®, DFO
preconditioned MSCMSCSC™ MSC treated with DFO and control SiRNA

MSCSICOX-2 MSC treated with DFO and siCOX-2.
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Figure 18.Protein levels of COX-2 in cAT-MSC derived EVSCOX-2 level
was increased in EVs derived from M3€(EVPFO). Otherwise, COX-2 was
decreased in E\¥°%2 The result of COX-2 protein level in EVs was dani
with cytosol COV-2 protein level in cAT-MSC. Resulire shown as means
+ standard deviation.”™ p<0.001. EV°", EV derived from non-
preconditioned MSCEVPFC, EV derived from DFO preconditioned MSC
EVSCTL  EV derived from MSC treated with DFO and contsiRNA:;

EVSiCOX-2 EV derived from MSC treated with DFO and siCOX-2.
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Figure 19. The effect of DFO preconditioned EV in DH82 (a-c) Protein
levels of STAT3 and p-STAT3 in DH82 treated with £Was measured by
western blotting to evaluate the effect of DFO pretitioned EVs. In the all
EV treated groups, p-STAT3 (Tyr 705) was increaseompared to EV"
treated group, p-STAT3 is much more increased iRfBWeated group, but
similar in EVWC9%2 treated group. Results are shown as means + sthnda

*kk

deviation.”p<0.05,™ p<0.00% ns, not significant. EX", EV derived from
non- preconditioned MSC; EVP™, EV derived from DFO preconditioned
MSC; EVSCTt EV derived from MSC treated with DFO and control siRNA;

EVSiCOX2 EV derived from MSC treated with DFO and siCOX-2.
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Figure 20. Analyzing RNA expression of DH82 treated with EV ad
EVPFO by gRT-PCR. (a, b) The mRNA level of IL-1b and IL-6, which is the
marker of M1 macrophage phase, was decreased itrédatéd groups and
significantly decreased in EX° treated group compared to FVtreated
group. Conversely, the mRNA levels were similaEM®C°%2 treated group
and EV°" treated group.” p<0.00% ns, not significant. E¥", EV derived
from non- preconditioned MSC; EVP™, EV derived from DFO
preconditioned MSC; EVSIC™t EV derived from MSC treated with DFO and
control siRNA; EVSCOX2 EV derived from MSC treated with DFO and

sSiCOX-2.
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Figure 21. Analyzing protein expression of DH82 treated with &/ and
EVPFO by immunofluorescence staining(a-f) CD11b, which is the surface
marker of macrophage, was analyzed by immunoflwerese. CD206, which
is the surface marker of M2 macrophage phase, wasyzed by
immunofluorescence(c-f) In the EV treated groups, CD 206 with green

fluorescence is increased gge) especially more increased in B\? group.
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() In the EVFCO%2 treated group, CD206 is also increased, but nathmu
compared to EY° group.(g) The ratio of CD206/DAPI. Results are shown
as means + standard deviationp<0.00% ns, not significant. E¥", EV
derived from non-preconditioned MSC; EVPFC, EV derived from DFO
preconditioned MSC; EVSC™t EV derived from MSC treated with DFO and
control siRNA; EVSCO%2 EV derived from MSC treated with DFO and

SiCOX-2.
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Figure 22. Schematic diagram of the effect of E®° to macrophage and
molecular changes in macrophagePreconditioning with DFO affected
COX-2 in cAT-MSCs and functioned as anti-inflamnmtmolecules. E¥F°
contained COX-2 protein reflecting changes of MSCand could deliver
COX-2 to macrophage, and might lead to M2 polaidzaby activating the
phosphorylation of STAT3. Through this mechanismld& VP effectively
reprogram macrophage polarization into M2 phase pristein delivery
system. MSC, mesenchymal stem ,deFO, deferoxamineEV, extracellular

vesicle.
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Chapter III.

Deferoxamine-preconditioned cAT-MSC-derived
Extracellular vesicles alleviate inflammation in anEAE

mouse model through STATS3 regulation

1. Introduction

Multiple sclerosis (MS) is a severe autoimmune akgeaffecting the
central nervous system (CNS) (Dobson and Giovanrizfi9). The
experimental autoimmune encephalomyelitis (EAE)meati model is a
representative model in MS research, and its @lr@nd pathological features
are similar to those of patients with MS (Constaggcu et al., 2011).
Although various treatments have been studied f& &hd autoimmune
diseases, current therapeutic strategies haveationits, and research on new
strategies is needed (Hauser and Cree 2020). IBAkemodel, activated T
cells with the myelin oligodendrocyte glycoprotgiss (MOGas.s5) peptide
fragment target the CNS and trigger the infiltratiof immune cells
(Kurschus 2015). In the early stages of the inflatory process,
microglia/macrophages are transformed into the Mpfetand release
proinfammatory cytokines, which induce neuroinflaation and
demyelination (Chu et al., 2018). Thus, modulatmacrophages and T cells
into the anti-inflammatory (M2) phenotype is theimtieatment strategy in

the EAE model (Loma and Heyman 2011, Vogel et2013). One of the
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target factors for treatment in autoimmunity is $BAand several studies
about autoimmunity have reported that STAT3 is im&d in regulating T
cells (Liu et al., 2008, Yu et al., 2012, Agel & 2021). In inflammatory
bowel disease, STAT3 was revealed that key fantaradulating the balance
of T helper 17 and regulatory T (Treg) cells. Asmoting T cell proliferation,

STATS3 contributed to chronic inflammation (Duranté, 2010).

EVs in MSCs play an important role in transmittingplecules
between cells (Raposo and Stahl 2019). They areased from cell
membranes and contain proteins, metabolites, adkiawacids, and several
studies have shown that cells are modified by fadtansmitted through EVs
(Konoshenko et al., 2018). Using the transmittingction of EVs, many
researchers have reported that MSC-derived EVsdcbal a therapeutic
strategy for regulating immune cells (Robbins andréli 2014). MSC-
derived EVs showed immunomodulation of neutropliacrophages, and T
cells into an anti-inflammatory phenotype, allewigt clinical signs in a
mouse inflammation model (Liu et al., 2015, Li &t 2016, Lo Sicco et al.,

2017).

To enhance their therapeutic effect, research irlsgbeonducted to
improve the function of EVs (Lu et al., 2018). Hypostimulation of MSCs
is one strategy for improving the function of MS€rged EVs (Bister et al.,
2020). As hypoxic conditions are evoked in MSCs-Hd accumulates in
the nucleus of cells, and the cytokine levels unddf-1a signaling are
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increased (Ejtehadifar et al., 2015). These cy&xkiare closely related to
inflammation, proliferation, and angiogenesis (Zip&t al., 2012, Madrigal
et al., 2014). To stably induce hypoxic conditioimg drug DFO was used in
MSCs. DFO is a hypoxia-mimetic agent that inhiliite hydroxylation of
HIF-1a by chelating the iron necessary for prolyl-4 hygilase (Tchanque
Fossuo et al.,, 2017). A previous study revealed Y’ induce
macrophages into an anti-inflammatory state, wiiak related to the STAT3

pathway in vitro (Park et al., 2021).

In this chapter, it was assessed whetheP"®\Vcould alleviate
neurological signs of the EAE model more effectvethan non-
preconditioned EV treatment. Also, the immunomotiotaeffect of E\P™
through STAT3 pathway was evaluated in splenocfaerthermore, to
determine the impact of EVs on overall immunityststudy investigated the
effect of EVPTO to T cells in peripheral blood mononuclear ceR8KIC)
which is an important immune cell to regulate amtoiunity associated with
macrophage and also revealed the effect offfwith STAT3 pathway in
innate immune cell. The current findings suggestENV°© has potency to
regulate STAT3 pathway and could be a new therapstrategy for CNS

autoimmune disease.

2. Material and Methods

2.1. Cell isolation and culture
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Canine adipose tissue was obtained using a proapgobved by the
Institutional Animal Care and Use Committee of Sagational University
(protocol no. SNU-180621-27, SNU-220818-2). Caradeose tissue was
obtained from a healthy dog during routine spagagery. The tissues were
cut into small pieces and digested with collagemgse IA for 1 h at 37°C (1
mg/mL; Sigma-Aldrich, MO). After digestion, the cell pellet wabtained by
centrifugation at 1200 g for 5 min to remove debris and filtered through a
70-um Falcon cell strainer (Fisher Scientific, MAhe cells were incubated
in DMEM (Welgene, Korea) with 10% FBS (PAN Biote€ermany) at 37°C
in a humidified atmosphere containing 5% £0

The cAT-MSCs were characterized by detecting stelhnsarkers,
namely, FITC-conjugated CD29, PE-conjugated CD3W,CFconjugated
CD44, FITC-conjugated CD45, and PE-conjugated CDSing flow
cytometry on a FACS Aria Il installed at the Na@brCenter for Inter-
University Research Facilities at Seoul Nationaivérsity. The cells were
differentiated into adipocytes, osteocytes, anchdnacytes to confirm their
multilineage features. After characterization, dMBCs at passages 3—4 were
used in subsequent experiments. When cAT-MSCs agpeoximately 70%

confluent, 10uM DFO was added, followed by incubation for 48 h.

2.2. Isolation and characterization of EVs from é$%Cs
The cAT-MSCs were cultured for 48 h in DMEM (WelgerKorea)

supplemented with 10% exosome-depleted FBS (Théiisuher Scientific,
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MA). The culture media were collected and centidigit 3000 >g for 20
min to remove cells and debris. Each supernatasttraasferred to a fresh
tube, and ExoQuick-CG (System Biosciences, CA) agded according to
the manufacturer’s instructions.

Isolated EVs were characterized using protein nrarkgainst CD63
(Novus Biologicals, CO) and CD9 (GeneTex, CA). Therphology of the
EVs was identified using transmission electron nscopy. Briefly, the EV
suspension (1QuL) was placed on a 300-mesh formvar/carbon-coated
electron microscopy grid and stained with urangtate. EVs were observed
under a transmission electron microscope (LIBRA 120; Carl Zeiss,
Oberkochen, Germany) at 120 kV. The size of thepBiicles was measured
using a zeta potential and particle size analyErSZ-1000ZS, Otsuka

Electronics, Osaka, Japan).

2.3. EAE induction and therapy

Animal experimental procedures were approved byiriegtutional
Animal Care and Use Committee of Seoul Nationalvdrsity, and all
protocols were approved by the relevant guideli(@®stocol no. SNU-
220328-11). The EAE mouse model was induced innvgigk-old female
C57BL/6 mice, and eight mice were used in each mrddice were
immunized with 20Qug of MOGss.ss(Prospecbio, Israel) emulsified with
400 pg of complete Freund’s adjuvant (CFA; Sigma-Aldrich, MO). The

emulsification was injected into both flanks of eacouse. Subsequently, 200
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ng of pertussis toxin (Sigma-Aldrich, MO) was irgd intraperitoneally on
days 0 and 2.

From day 9, 1(xg of EVs was intranasally injected every 24 h fér 1
days. All mice were weighed daily and scored adogrdb clinical signs of
EAE. Their scores were evaluated using a scalargrigpm 0 to 5, using the
following system: grade 0, no obvious clinical symptoms; grade 0.5, partial
tail paralysis; grade 1, tail paralysis or waddling gait; grade 1.5, partial tail
paralysis and waddling gait; grade 2, tail paralysis and waddling gait; grade
2.5, partial limb paralysis; grade 3, paralysis of one limb; grade 3.5, paralysis
of one limb and partial paralysis of another; grade 4, paralysis of two limbs;

grade 4.5, moribund state; and grade 5, death.

2.4. Histological analysis

Hematoxylin and eosin (H&E) staining was used taleate the
degree of accumulation of inflammatory cells, anddlu~ast Blue (LFB)
staining was used to evaluate demyelination. On2@ayost-EAE induction,
the mice were euthanized by exposure to,,GAd the spleen, brain, and
spinal cord were removed from all mice. FAraembedded spinal cords were
prepared, and hm sections of each sample were prepared and used fo
staining. The analysis software (CaseViewer) caled delineated areas
automatically. Cell counting was also performedhwitaseViewer (Version
1.4.0.50094 and 2.0, 3DHISTECH Ltd, Hungary). Cetflunting was

performed with 20 x and 40 x. For semiquantitatigeessment of the extent
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of inflammation in the spinal cord, inflammationoses was determined as
follows: 0, no inflammation; 1, cellular infiltration only in the perivascular
areas and meninges; 2, mild cellular infiltration (less than one thipdrt of the
white matter is infiltrated with inflammatory cells); 3, moderate cellular
infiltration (more than one third part of the whitgatter is infiltrated with
inflammatory cells); and 4, infiltration of inflammatory cells are obged in
the whole white matter referring to a scoring systgescribed previously
(Okuda et al., 2002, DaSilva and Yong 2009). Thgrele of demyelination
was determined as a percentage of demyelinatedraseemparison to total

area of white matter in sections.

2.5. Immunohistochemistry analysis

Pardfin-embedded spinal cord sections were deparaffineed
rehydrated with ethyl alcohol, and antigen retriavas performed in 10 mM
citrate buffer. The sections were then washed BDRBS (Welgene, Korea)
and blocked with a blocking buffer containing 1%ine serum albumin and
0.1% Tween 20 for 30 min. After the blocking proces] the sections were
incubated overnight at°@ with mouse monoclonal PE-conjugated anti-
CDI11b (1:100; BioLegend, CA), mouse monoclonal FITC-conjugateti-an
CD206 (1:100; BioLegend, CA), and mouse monoclonal FITC-conjugated
anti-Foxp3 (1:100; eBioscience, CA). All samples were mounted with
Vectashield mounting medium containing DAPI (Vedtaboratories, CA).

Samples were observed under an EVOS FL microsdafee Technologies,
72



Darmstadt, Germany).

2.6. RNA extraction, cDNA synthesis, and real-tHad&R

Total RNA was extracted from cells or tissues usangEasy-Blue
RNA extraction kit (iNtRON Biotechnology, Korea) @wding to the
manufacturer’s instructions. cDNA was synthesizeidgithe Cell Script All-
in-One 5X First Strand cDNA Synthesis Master MiellGSafe, Korea). The
samples were analyzed using AMPIGENE qPCR GreenHiHROX with
SYBR Green dye (Enzo Life Sciences, NY) and 400faiMard and reverse
primers (Bionics, Korea) in a qRT-PCR thermal cyclde expression level
of each gene was normalized to that of GAPDH, &edr¢lative expression
was calculated against the contrasting control gré&uimer sequences used

in this study are listed in Table 3.

2.7. Protein extraction and western blotting

Protein samples were obtained from precondition@d-MSC-
derived EVs, mouse splenocytes, and mouse braing asPro-Prep protein
extraction solution (Intron Biotechnology, Kored)he concentration of
protein samples was analyzed using a DC ProteinyAK# (Bio-Rad, CA).
Nuclear proteins were isolated using the Cell koaetion Kit Standard
(Abcam, MA). For western blot assays, 2§ of protein was loaded and
separated using SDS-PAGE. SDS-PAGE bands were fdregs to

polyvinylidene difluoride membranes (EMD Milliporé&JA), which were
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then blocked with 5% non-fat dry milk and Tris-buffered saline. Membranes
were incubated with primary antibodies against COX-2 (1:1000; Santa Cruz
Biotechnology, TX), HIF-1a (1:500; LifeSpan BioSciences, WA), STAT3
(1:500, LifeSpan BioSciences, WA), pSTAT3 (Tyr705) (1:500, LifeSpan
BioSciences, WA), lamin A (1:500; Santa Cruz Biotechnology, TX), and -
actin (1:1000; Santa Cruz Biotechnology, TX) at 4°C overnight. The
membranes were subsequently incubated with the appropriate secondary
antibody for 1 h. Using a chemiluminescence detection kit (Advansta, CA),
immunoreactive bands were detected and normalized to the housekeeping

protein B-actin.

2.8. Isolated splenocytes and activation

EAE mice were euthanized on day 25 after induction. Splenocytes
were isolated using a 100-pum cell strainer (SPL Life Science, Korea). Red
blood cells (RBCs) were eliminated using RBC lysis buffer, and splenocytes
were cultured in Roswell Park Memorial Institute-1640 (RPMI-1640;
Welgene, Korea) supplemented with 10% FBS (Gibco, MA), 100 units/mL
penicillin G (Sigma-Aldrich, MO), and 100 pg/mL streptomycin (Sigma-
Aldrich, MO). To evaluate antigen-specific reactions, splenocytes were

activated using 10 ug/mL MOGss.ss (Prospecbio, Israel) for 48 h.

2.9. Cytokine assay

A cell culture medium was used to measure cytokine production from
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activated splenocytes. The concentrations of jlafd IL-6 were measured
using commercial ELISA kits for mouse I3 TAbbkine, CA) and mouse IL-

6 (Invitrogen, MA) according to the manufacturanstructions.

2.10. Flow cytometry analysis of the Treg cell gapan

To measure the changes in the Treg cell populafien EV treatment,
mouse splenocytes were stained with a Treg DetectiKit
(CD4/CD25/FoxP3) (Miltenyi Biotech, Germany) acdogl to the
manufacturer’s instructions, and the Treg poputatias analyzed using flow
cytometry. Briefly, isolated splenocytes from theenjl x 16) were washed
with staining bifer and stained with the appropriate concentratf@pecific
monoclonal antibodies, FITC-conjugated anti-CD4 B&dconjugated anti-
CD25 antibodies, incubated with the cells at 4°€30 min, followed by
washing steps. Cells were then fixed and permeadilibr intracellular
staining of Foxp3 using an APC-conjugated anti-Rogptibody. The size
and granularity of the cells were analyzed via floptometry using the side
and forward scatter signals. First, CD4+ lymphosyeere gated, among
which CD25+FoxP3+ cells were selected as Treg .c&€he results were

analyzed using FlowJo™ 10.8.1 software.

2.11. Obtaining PBMCs and treatment with EVs
PBMCs were obtained from the debris of blood damej which

were collected into sterile CPDA packs and cengefilito separate the red
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blood cells and plasma. Separated plasma contathi@douffy coat was
collected and diluted with an equal volume of PBI& diluted samples were
layered over Ficoll-Paque PLUS (GE Healthcare ISi@ences, NJ) in a
conical tube. After centrifugation at 400gxor 30 min, the buffy coat layer
was separated by pipetting. The collected buffy-tamger sample was treated
with the RBC lysis buffer and centrifuged agaid@® xg for 10 min. PBMCs
were seeded at a density of 1 x 10° cells/well in six-well plates (SPL Life
Science, Korea), resuspended in DMEM (Welgene, &ocentaining 10%
FBS (PAN Biotech, Germany), 100 units/mL penicil (Sigma-Aldrich,
MO), and 10Qug/mL streptomycin (Sigma-Aldrich, MO). Then, PBMGsv
stimulated with Sug/mL concanavalin A (Con A; Sigma-Aldrich, MO) for 6

h before further experiments. After stimulatiore thedium was removed and

replaced with a medium containing EVs orH¥9for 24 h.

2.12. Statistical analyses

Data are shown as the means + standard deviatiean Malues from
different groups were compared using the Mann-Vdyititest and one-way
analysis of variance using GraphPad Prism v.7.0ftwace (GraphPad

Software, CA). Statistical significance was sgb<.05.

3. Results

3.1. Characterization of cAT-MSC-derived EVs amdaiion of protein levels

76



in MSCFO

The cAT-MSCs were characterized for surface markesisg flow
cytometry and differentiation (Fig. 23a, b). EVsrevextracted from cAT-
MSC-culture media. CD63 and CD9 were detected agip® EV markers,
andp-actin was used as a negative marker in westettingdFig. 24a). The
EVs had a round shape with diameters ranging frothtd 200 nm, per the
electron microscope analysis (Fig. 24b). Using iplarsize analysis, the
diameters of EVs were confirmed to be similar zedyy electron microscopic

analysis (Fig. 24c).

Considering previous studies, 1M DFO was chosen to treat in
CAT-MSCs (Park et al., 2020, Park et al., 2021). ¢nfirm hypoxia
preconditioning with DFO, HIFd was detected in MSE® using western
blotting (Fig. 25a). The protein expression of SBAWas decreased in
MSCPFO: however, pSTAT3 expression was increased in MSCP™° compared
to non-preconditioned MSCs. The expression of COxlsd increased in
MSCPFC compared to non-preconditioned MSCs (Fig. 25b). €Dpfotein
expression was also measured inn@%f EVs and was found to be higher in

EVPFO than in non-preconditioned EVs (Fig. 25c).

3.2. CAT-MSC-derived EVs and ®Y alleviated clinical signs and

histological changes in the EAE mouse model
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Clinical signs were evaluated daily, and the ordeteurological
signs occurred on day 7 and peaked on day 21ZB)gThe day of onset was
similar to that of the EAE control group as wellthe EAE+EV and EV°
groups. In the EV and EY° groups, clinical scores were significantly
reduced compared to EAE group, and clinical sigasevmilder in the E9FC
group. No adverse effects related to the intranagattions were observed

(Fig. 27).

On day 25 post-EAE induction, mice were euthaniaed,the spinal
cord was isolated with DPBS. To evaluate inflammateell infiltration,
paraffinized spinal cord sections were stained WM&E. In the EAE group,
cells with nuclei, which were suspected to be mfiaatory cells, were
significantly infiltrated, and in the EAE+E¥° groups, the number of
infiltrated cells was lower than that in the EABQgp (Fig. 28). To evaluate
demyelination of the spinal cord, paraffinized gatt were stained with LFB.
In the EAE group, the demyelination area increasigdificantly; in the
EAE+EV and EV© groups, attenuated demyelination was observed

compared to the EAE group (Fig. 28).

The phenotype of macrophages infiltrated in thenapcord was
evaluated using immunohistochemistry. In the EA&ugt the expression of
PE-CDI11b increased; however, in the EAE+EV and EV®F© groups, the
expression of PE-CD11b decreased, and the expnesdid-ITC-CD206
increased (Fig. 29). To evaluate the populatioiirefy cells infiltrating the
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spinal cord, Foxp3 was detected by immunohistocbainmanalysis. In the

EVPTO group, the expression of FITC-Foxp3 increasedifugmtly (Fig. 29).

3.3. Cytokine and protein level changes in theapiord and brain of EV-

treated mice

The expression of cytokines was analyzed inpireascord and brain
of all mice. The expression of CD206, which is tetato the M2-type
macrophages, was significantly elevated in the EB¥¥O group; in the
EAE+EV group, the expression of CD206 did not iase (Fig. 30a). The
expression of iINOS, which is related to the M1-typacrophages, was
significantly elevated in the EAE group but sigodintly lowered in the
EAE+EV and EVPF° groups. No significant difference was observeavieen
the EV and EV© groups (Fig. 30b). The expression of Foxp3, wtigch
related to Treg cells, was significantly elevatedhie EAE+EV and EY©
groups compared to that in the naive group; however, only the expression in
the EAE+EVPTC group was significantly elevated compared to thathe
EAE group (Fig. 30c). The levels of TNE-IFN-y, and IL-18, cytokines
related to inflammation, were significantly elevated in the EAE group;
however, the level of the inflammatory cytokine8ldid not increase. In the
EAE+EV and EV™ groups, the expression of these cytokines was
significantly lower compared to the EAE group; in particular, the group

treated with EVFC showed a significant reduction in TNFand IL-6 levels
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compared to the EV-treated group (Fig. 30d-g).

To evaluate the relationship between STAT3 andrgstment, the
expression of STAT3 was evaluated in mouse bragué. The expression of
STAT3 was lower in the EAE+EV and E¥P groups than in the EAE group.
PSTAT3 expression was significantly lower in the E4roup compared to
the naive group, while its expression was higheheénEAE+EVPF group

than in the EAE group (Fig. 31).

3.4. EVs altered the Treg cell population in theEGAouse model

On day 25 post-EAE induction, the spleens wersedi®d and
isolated as splenocytes after RBC lysis. To evaltlta Treg cell population,
splenocytes were bound to CD4, CD25, and Foxp3badies, and
CD4+CD25+Foxp3+ cells were evaluated as Treg célig. percentage of
Treg cells in the EAE group was significantly reddcin contrast, in the EV
and EVP™C groups, the Treg population increased signifigauathd the EY™
group showed a significant increase in the Tregifadfpn compared with the

EV-treated group (Fig. 32).

3.5. Cytokine and protein level changes in theespia EV-treated mice
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The expression levels of inflammatory cytokinesravealso
evaluated. The expression of CD206 increased signily in the EAE+EV
and EVPF° groups (Fig. 33a). The expression of TKM@id not increase in
the EAE and EAE+EV groups; however, in the EAE+EYC group, the
expression was significantly lower compared to thahe EAE group (Fig.
33c). IFN«y expression increased significantly in the EAE groand there
was no significant difference between the EAE amdEEEV groups.
However, in the EAE+EY¥° group, the expression of IFN-was

significantly lower than that in the EAE and EAE+xbups (Fig. 33d).

The culture media from MOfsssactivated splenocytes were
obtained, and the inflammatory cytokines were eataid. IL-3 and IL-6
levels increased significantly in the EAE group.wéwer, in the EAE+EV
and EVP™© groups, levels of these cytokines were reducecdpeoed to those

in the EAE group (Fig. 34).

To evaluate the relationship between STAT3 and tE&atment,
STAT3 levels was assessed in mouse splenocyteseXpression levels of
STAT3 and pSTAT3 were higher in the EAE group tiathe naive group.
In contrast, the expression of STAT3 and pSTAT3e@sed in the EAE+EV
and EVPTC groups compared to the EAE group, showing a grelterease

in the EVPF° group than in the EV group (Fig. 35).

3.6. Evaluation of the effect of EVs in canine PBMBrough RNA and

protein expression analyses
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After stimulation of canine PBMCs with Con A, tbells were treated
with EVs or EVPFO for 24 h. The expression of CD4 was not signifttan
different between the groups (Fig. 36a). The exgoesof CD25 increased
significantly in the Con Astimulated groups; however, even with EV
treatment, its expression did not change signiflgasompared to that in the
Con A-stimulated group (Fig. 36b). The expressidnFoxp3 increased
significantly in the EWF° group compared to that in the Con A-stimulated
and EV treatment groups (Fig. 36¢). The expressioin-6, TNF-a, and IFN-

v increased significantly in the Con A-stimulatedgp compared to that in
the naive group; however, EVPF© treatment significantly decreased their
expression compared to the Con A-stimulated gréuphe EV group, the
expression of IL-6 and IFN-also decreased significantly compared to that in
the Con Astimulated group; however, the expression of TNF-a did not

decrease compared to the Con A-stimulated group g@6id-f).

The protein expression of pSTAT3 increased irCalh A-stimulated
groups, whereas the expression of STAT3 decreaséuei EV and EY™
groups. The expression of STAT3 in the¥E¥group, in particular, decreased

more than that in the EV group (Fig. 37).

4. Discussion

Several studies have been conducted on the immuhdatory
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function of MSCs, and their therapeutic efficacyg haen actively studied in
chronic inflammation and autoimmune disease (Gaal.eR016, Li et al.,

2018, Song et al., 2018). Furthermore, in previstuslies, cell conditions
were reflected in the contents of EVs (de Jond.eR@12, Wen et al., 2019)
and based on these results, EVs derived from M3@e heen investigated
as a treatment option for inflammation (Lai et 2012, Katsuda et al., 2013).
Pretreatment, or hypoxia treatment, is often engdoyo increase the
therapeutic effectiveness of EVs derived from M3@shis study, DFO was
used to induce hypoxic conditions in cAT-MSCs atienitified the changes
in cAT-MSC-derived EVs. Moreover, B¥° was administered by
intranasally in an EAE mouse model, an autoimmusease model used in

MS research, and confirmed their therapeutic effica

In this experiment, the intensity of neurologicalgns was
significantly reduced in the EAE+EV and EAE+EY groups. In addition,
upon histological examination, the infiltration ohflammatory cells
decreased significantly, and demyelination  was valted.
Immunofluorescence staining revealed that the agma of CD206, a
marker of the M2 macrophages, and Foxp3, a marfkereg cells, increased
significantly in the EVF° group compared to the EAE and EAE+EV groups.
In addition, the expression of inflammatory factdmslF-o, IFN-y, IL-1p, and
IL-6, was significantly lower in thEVPFC group than that in the EAE and

EAE+EV groups. Based on these results, it is asduhag E\PT° modulated
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macrophage into M2 type macrophages and Treg icelle spinal cord. As
immune system was modulated to anti-inflammatiatestthe infiltration of
inflammatory cells decreased along with the expoessf inflammatory
factors. In a previous EAE model, demyelination wassociated with
inflammatory cell infiltration (Bitsch et al., 20QGherefore, demyelination
also decreased as inflammatory cell infiltrationswawered by EWF©

treatment in our study.

Also, the experimental changes in the spleen watuated in the
EAE model. In the EAE group, the number of CD4+CBR2&xp3+ Treg cells
decreased significantly compared to naive cells.cémtrast, the ratio
increased in the group treated with EVs orPEY/ furthermore, the increase
in the number of Treg cells was relatively greatethe EAE+EVP™® group
than in the EAE+EV group. Thus, the EAE model shdaeeduction in the
number of Treg cells, which was related to the lmssnmune homeostasis
(Eggenhuizen et al., 2020). Otherwise, intranagajcted EVs stimulated
differentiation of Treg cells; moreover, EVPT© administration was more
effective than EV treatment in modulating T celBVs also affect
macrophages in spleen. The expression of CD206ased in the EV-treated
groups, and the expression of iINOS decreased irfE&E+EVPFC group.
Thus, EVs regulated the type of macrophage, inducmore anti-
inflammatory M2 macrophages. Thus, it was confirnieat EVP™ had a

systemic immunomodulatory function, even though iagstered intranasally,
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as shown in previous studies (Long et al., 201h €tal., 2019).

Considering that STAT3 is an important factor igukating immune
cells in the EAE mouse model (Liu et al., 2008, dtal., 2020) and MSCs
are closely related to the phosphorylation of tRAT3 pathway (He et al.,
2018, Xia et al., 2020), the changes of STAT3 esgiom was confirmed in
splenocyte and brain with treatment. In the splées protein expression of
STAT3 and pSTAT3 increased in the EAE groups coegb&w the naive group.
However, when treated with EVs, STAT3 expressiocrei@sed compared to
the EAE group, while pSTAT3 expression was sinbketween the EV-treated
and EAE group. STAT3 expression decreased moteiEAE+EVP group
than in the EAE+EV group. Thus, it could be estrdathat EV suppressed
STAT3 expression, which was related to the actwatof Treg cells.
Moreover, EVPFC treatment was more potent than EV in suppressi?g $
in splenocytes. In the brain, the protein expressib STAT3 in the EAE
group was similar to that in the naive group; however, STAT3 and pSTAT3

levels were lower in the EAE+EX° group than in the EAE group.

STAT3 and pSTAT3 have important roles in neuronhmmation.
In acquired immune cells, such as T cells, supprgsbe STAT3 pathway
has an anti-inflammatory effect (Atreya et al., @0Bugimoto 2008). In brain
inflammation, STAT3 suppression inhibits astrogéogsis and promotes
neurogenesis (Chen et al., 2013). Thus, EVs hawgdthential to regulate
STAT3 in Treg cells and brain cells as well as\adlee brain inflammation.
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Moreover, EVPFC treatment was more efficient than EV in regulafingells

and reducing inflammation.

To confirm the effect of EVs and EXP on T cells, PBMCs was
obtained from healthy dogs and stimulated them @ih A. After treatment
with EVs or EVPFO, the levels of inflammatory factors were reduced
compared to those in Con A-stimulated PBMCs. Inflzatory factor levels
decreased more significantly in the B group compared to the EV-treated
group. The expression of CD4/CD25/Foxp3 was medstoeexamine the
differentiation of T cells. Interestingly, there svano change in CD4
expression but CD25 expression increased in allggstimulated by Con A.
CD25 is not a specific marker of Treg cells, aredakpression may have
increased due to external stimulation (Hosono.ef@D3). As the expression
of Foxp3 increased significantly, the Treg cell plgpion increased in the

EVPFO group (Campbell and Koch 2011).

In PBMCs, the changes in STAT3 expression with BEd &\
treatment were confirmed. When stimulated by Corexpression of both
STAT3 and pSTAT3 increased, but the expressionT&TS decreased with
EV and E\P™Ctreatment, more so with (P treatment. Therefore, EVs may
regulate T cells by suppressing STAT3, andB\reatment is more effective

than EV treatment.

Previous studies have suggested that COX-2 and R@&E2lated to

the upregulation of Foxp3+ Treg cells (Yuan et2010). In the present study,
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the EVP™ group contained higher levels of COX-2 than then-no
preconditioned EV group (Fig. 21c). Thus, COX-2 teamed in the EY™
group could upregulated Foxp3+ Treg cells by aifgcSTAT3 expression.
Another possibility is that EXF© synchronized T cells to the same state as
DFO-preconditioned cAT-MSCs (Lotvall and Valadi Z00Preconditioning
with DFO in cAT-MSCs deeased the expression of STAT3; conversely, the
expression of pSTAT3 increased (Fig. 21b), indigatthat DFO-induced
hypoxia increased STAT3 phosphorylation rather thaoreasing its
expression (Gao et al., 2015). The expression &TSTand pSTAT3 in T
cells treated with EYF© was similar to that in cells treated with MZE€,
therefore, EVs may perform a synchronizing functioy transmitting

molecules such as miRNAs.

In this study, one of limitations was that it wat alear whether other
substances such as miRNA in EVs could regulate STREthway. Therefore,
additional research would be required to analysemiolecules in EV and
changes in E¥F°. Another limitation was that since the organi@tieinship
between macrophage and T reg with EV treatmentneaanalyzed in EAE
mouse model, it was not revealed which cells urmlarghange earlier by the
influence of EV and affected to alleviate inflammat Additional studies
should be made on the relationship between inmateune and adaptive
immune when affected by EV. However, this repoggasts that DFO is

effective in enhancing the clinical efficacy of Bd EVP™Cis good candidate
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for cell-free therapy which has potential to allei CNS inflammation by
intranasally. Through this study of neuroinflamnmatdisease mouse model,
it could become a first step for B as a treatment of neuroinflammatory

disease in dogs or cats such as meningoencepladlittknown origin.
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Table 3. Oligonucleotide sequences of PCR primers used vematyzing

splenocyte, spinal cord and brain in EAE mouse rwith EVP™ treatment

and analyzing PBMC with EXF© treatment

-glg—::]geit Primers  Oligonucleotide sequences (5~ 3') Prsc;;j:sct References
Mouse  Forward AAC GGA ATG ATT GTG TAG TTCTAGC 163 Song, WJ et
CD206  Reverse TAC AGG ATC AAT AAT TTT TGG CAT T al., 2018
Mouse Forward GGC TGT CAG AGC CTC GTG GCT TTG G 165 R

iNOS Reverse CCC TCC CGA AGT TTC TGG CAG CAG C

Mouse Forward TTG GCC AGC GCC ATCTT 110 An, JHetal.,
Foxp3  Reverse TGC CTC CTC CAG AGA GAA GTG 2020
Mouse  Forward ACG TGG AAC TGG CAG AAG AG 100 .
TNF-a Reverse GCC ACA AGC AGG AAT GA GA

Mouse  Forward AAC AGC TCT CCG TCC TCG TA 137 .

IFN-y Reverse GAT CTC CCC ACT CCG GTT AT

Mouse  Forward TCA CAG CAG CAC ATC AAC AA 112 .

IL-1B Reverse TGT CCT CAT CCT GGA AGG TC

Mouse  Forward AGT TGC CTT CTT GGG ACT GA 159 .
IL-6;2 Reverse TCC ACG ATT TCC CAG AGA AC

Mouse Forward AGT ATG TCG TGG AGT CTACTGGTGT 154 Song, WJ et
GAPDH Reverse AGT GAG TTG TCATAT TTC TCG TGG T al., 2018
Canine Forward TGC TCC CAG CGG TCACTCCT 381 An, JHet al.,
CD4 Reverse GCC CTT GCA GCA GGC GGA TA 2020
Canine Forward GGC AGC TTATCC CAC GTG CCAG 364 An, JHetal.,
CD25 Reverse ATG GGC GGC GTT TGG CTC TG 2020
Canine Forward AGA AGC AGC GGA CAC TCA AT 199 .
Foxp3 Reverse GGC CTTTGGCTTCTCTTCTT

Canine Forward GGC TAC TGC TTT CCC TAC CC 243 .

IL-6 Reverse TGG AAG CAT CCATCTTTT CC

Canine Forward TCA TCT TCT CGA ACC CCA AG 157 An, JHet al.,
TNF-a  Reverse ACC CAT CTG ACG GCA CTATC 2020
Canine Forward TTC AGC TTT GCG TGATTT TG 115 An, JHet al.,
IFN-y Reverse CCG TCC GAT ACATCT GGATT 2020
Canine Forward TTA ACT CTG GCA AAG TGG ATATTGT 85 Song, WJ et
GAPDH Reverse GAA TCA TAC TGG AAC ATG TAC ACC A al., 2018

*Primers with asterisk in reference section wersigieed by own.
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Adipogenesis Osteogenesis Chodrogenesis

Figure 23. Characterization of canine adipose dered MSC by

multilineage differentiation and immunotyping. (a) Analysis of surface
markers of cCATMSCs by flow cytometry; cAT-MSC was negative for CD34
and CDA45 and positive for CD29, CD44, and CD@f.cAT-MSCs were

differentiated as adipocytes, osteocytes, and alooytes.
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Figure 24. Characterization of EVs. (a)Analysis of EV markers by western
blotting. EVs derived from cAT-MSCs were positivee £D63 and CD9 and
negative forp-actin. (b) EVs were round in shape with diameters ranging
from 100 to 200 nm in electron microscopic analy&$ The diameters of

EVs were measured as 100 to 200 nm using parimteamalysis.
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Figure 25. Protein expression of non-/preconditioreMSCs and EVs. (a)
In MSCPFO, the expression of HIFelwas increasedb) In MSCF, the
expression of STAT3 decreased, while pSTAT3 (Tyj7@md COX-2
expression increaseft) The expression of the COX-2 in the BY group as
well as in the cytosols of non-/preconditioned MEBCs increased compared
to the EV group. MSEF®, DFO preconditioned MSCEVPFC, EV derived

from DFO preconditioned MSC.
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Figure 26. A schematic diagram of the in vivo exp@ment. The mice were
immunized with 200ug of MOG35-55 emulsified with 40Qg complete
Freund’'s adjuvant on day 0. Subsequently, 200 mmediissis toxin (Sigma,
USA) was injected intraperitoneally on day 0 ang daFrom day 9, 1Qg

aliqguot of EVs was injected intranasally every 24on 14 days. MSC:

mesenchymal stem cell. DFO, deferoxamif¥, extracellular vesicle.
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Figure 27. Clinical scores of EAE miceThe onset of neurological signs
occurred on day 7 and peaked on day 21. The d#yeddnset in EAE mice
was similar to the EAE control group and the EAE+d E\P™C treatment
groups. In mice treated with EVs and ®Y, clinical scores were
significantly reduced, and the BW-treated group showed lower scores
compared to the EV group. Additionaly, comparedh® EAE group, the
clinical scores of the EAE+EV group were signifidgrdifferent on day 20
compared to day 23, and the clinical scores oBAE+EVP™C group were
significantly different on day 15 compared to d&; Results are shown as

*kk

means * standard deviationp<0.01,™ p<0.001. EV, extracellular vesicle

EVPFO, EV derived from DFO preconditioned MSC.

9 4



naive EAE EAE - EV EAE - EVPFO

X4
H&E

x20

x4
LFB

x40 ¥

(]
]

oJ T

N
1

i
demyelination (%)

t

inflammatory score

< § < <
S R g
< & X e &

<& <
Figure 28. Histology of the spinal cord in the EAEmouse model.
Infiltration of inflammatory cells was confirmed B&E staining. Nucleated
cells were significantly infiltrated in the spinadrd of the EAE mouse model
(yellow arrows). In the EAE+EY© groups, the number of infiltrated cells
was reduced compared to the EAE group (upper lih€B staining
confirmed demyelination. In the EAE group, the defmation area was
significantly increased compared to the naive griygllow arrows). The

EAE+EV and EV™ groups showed attenuated demyelination compared to
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the EAE group (lower line).p<0.05, “p<0.01. EV, extracellular vesicle

EVPFO, EV derived from DFO preconditioned MSC.
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Figure 29. Immunofluorescence histology of the spinal cord ithe EAE
mouse modellnfiltrated cells were analyzed by immunofluoredcsaining.
In the EAE group, the expression of PE-CD11b ireeea while FITC-
CD206 expression was not observed. However, irfEthE+EV and EVP™O
groups, the expression of FITC-CD206 increased ithflly, in the E\P™O
group, the expression of FITC-Foxp3 increased Baamtly compared to the

EAE and EAE+EV groups.
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Figure 30. RNA expression of macrophage, T reg celland
proinflammatory cytokines in the spinal cord of theEAE mouse model.
(@) The expression of CD206 increased significantlytia EAE+E\P™
group compared to the EAE and EAE+EV grouf. The expression of
INOS increased significantly in the EAE group comggbto the naive group,
while in the EAE+ EV and EX°groups, the expression of iNOS decreased
significantly. (c) The expression of Foxp3 increased significantlythe
EAE+EV and EVW™° groups compared to the naive groyp-g) The
expression of inflammatory cytokines, TNE-1FN-y, and IL-1B, increased
significantly in the EAE group compared to the maivoup. In the EAE+EV
and EVPFO groups, the expression of TMNE-IFN-y, IL-18, and IL-6
decreased significantly comparedtie EAE group; the EVP™-treated group
showed an especially significant reduction in ThRnd IL-6 expression

compared to the EV-treated group. Results are shaswmeans + standard
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deviation."p<0.05,” p<0.01,™ p<0.001; ns, not significant. EV, extracellular

vesicle; EVPFO, EV derived from DFO preconditioned MSC.
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Figure 31. The expression of STAT3 decreased in tieentral nerve system
of EAE+EV and EVPFO groups compared to the EAE group.STAT3
protein expression of spinal cord and brain inedasgnificantly in the EAE
group compared to the naive group. However, STABBmM expression was
decreased in the EAE+B\VEVP™C group compared to the EAE group. Also,
in the EAE+ EVPFO group, STAT3 showed more depression compared to
EAE+ EVgroup. pSTAT3 (Tyr705) protein expression was rwnged in
EAE group compared to naive. However, it was insedan EAE+EV and
decreased in EAE+ BY/° group compared to EAE group<0.05,” p<0.01,

" p<0.001. EV, extracellular vesicle; EVP™C, EV derived from DFO
preconditioned MSC.
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Figure 32. Analysis of CD4+CD25+Foxp3+ Treg cellsisplenocytesThe
numbers of CD4+ (upper line) and CD4+CD25+Foxp2wér line) cells
were significantly reduced in the EAE group comparethe naive group. In
the EV and EVFC groups, the Treg cell population increased sigaiftly
compared to the EAE group. Results are shown assnestandard deviation.
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"p<0.05,” p<0.001. EV, extracellar vesicle; EVP™C, EV derived from DFO

preconditioned MSC.
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Figure 33. RNA expression of macrophage polarizato and
proinflammatory cytokines in splenocytes.(a) The expression of CD206
increased significantly in the EAE+EV and B groups compared to the
EAE group.(b, c) The expression levels of INOS and TMFiowever, were
unchanged in the EAE and EAE+EV groups but dectesigmificantly in the
EAE+EVPFO group.(d) The expression of IFN-increased significantly in
the EAE group compared to the naive group, whitaénEAE+EVPF® group,
its expression decreased significantly compareth¢oEAE and EAE+EV
groups. Results are shown as means * standardidavi@<0.05,” p<0.01,
™ p<0.001; ns, not significant. EV, extracellulawvesicle; EVPTC, EV derived
from DFO preconditioned MSC.
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Figure 34. Proinflammatory cytokine levels in the alture media of
splenocytes detached from EAE mouse moddihe levels ofa) IL-1 and
(b) IL-6 increased significantly in the EAE groupthe EAE+EV and EV™
groups, the levels of these cytokines were decdeesmpared to the EAE
group; IL-6 level was especially lower in the EAE+EW group than that in
the EAE+EV group. Results are shown as means #datdndeviation.
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"p<0.05,” p<0.01,™ p<0.001.EV, extracellular vesicle; EVPFC, EV derived

from DFO preconditioned MSC.
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Figure 35. Protein expression of STAT3 in splenocgs detached from
EAE mouse model.The protein expression of STAT3 and pSTAT3 (Ty5)70
increased in the EAE group compared to the naive group; their expression
levels were also significantly decreased in thé B\group compared to the

*kk

EAE and EAE+EV groups. p<0.01,”™ p<0.001.EV, extracellular vesicle;

EVPFO, EV derived from DFO preconditioned MSC.
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Figure 36. RNA expression of T reg and proinflammatry cytokines in
EV/EVPFO treated PBMCs.(a) The expression of CD4 was unchanged after
stimulation with Con A and treatment with E\(b) The expression of CD25
increased significantly in the Con A-stimulatedps. EV treatment did not
affect the expression of CD25 compared to the Catirhulated group(c)
The expression of Foxp3 increased significantly tie EVP™° group
compared to the Con A-stimulated and EV-treatmewugs. (d-f) The
expression of IL-6, TNFe, and IFNy increased significantly in the Con A-
stimulated group compared to the naive group. fireat with E\PF©
significantly decreased the expression of IL-6, T&Nfand IFNy compared
to the Con A-stimulated group. Results are showrmasns + standard

*kk

deviation."p<0.05,” p<0.01,™ p<0.001; ns, not significant. EV, extracellular

vesicle; EVPTO, EV derived from DFO preconditioned MSC.
105



STAT3 - - -
pSTAT3 — e —
B-actin s ——e—————
*hk dekk il
T 1.0 ” E 1.5+
2 1 k]
£ 081 - 5
° [ 1.0-
& 0.6 o o b
P 2
< 0.4- E
w el 0.5+
2 0.2 H
2 — & I I
¢ 0.0 — . ; S ool ; .
Q O
x4 & K o 4 Ny KY o
) \)
& ® < é NG & < é

Figure 37. Protein expression of STAT3 in EV/EV™C treated PBMCs.
The protein expression of pSTAT3 (Tyr 705) increhse all Con A-
stimulated groups. However, the expression of STA&Breased in the EV
and EVPFO groups; the decrease in STAT3 expression in the EVP™C group was

greater than that in the EV grolip p<0.001.EV, extracellular vesicle; EVPFO,

EV derived from DFO preconditioned MSC.
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GENERAL CONCLUSION

The purpose of this study is to investigate the umamodulation
effect of DFO preconditioned cAT-MSC derived EVSHAE mouse model.
First, it was revealed that MST® had more effective paracrine effect and
can modulate macrophage into M2 phase through paeaeffect. Secondly,
EVs derived from cAT-MSC is one of key factors iaracrine effect and
EVPO had more potential to modulate macrophage intdimifammatory
phase. Finally, E%° were treated in EAE mouse model by intranasalty an
alleviated the clinical symptoms. Infiltration ohfiammatory cell and
demyelination of spinal cord were reduced througimunomodulation effect
of EVPO, Furthermore, it was investigated that %Y modulated immune

cells through regulating STAT3.

In the first experiment;

1. Hypoxic culture method with DFO preconditioning anbed the
expression of anti-inflammatory cytokines of cAT-MIS

2. The concentrations of PGE2 and TSG-6, which arevknto play roles
in immune regulation by affecting macrophages, waeased in
MSCPFO,

3. MSCP"Cinduced macrophage polarization, thus directingrophages
to an anti-inflammation state by paracrine effect.
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Therefore, this result support further research ithis new strategy for
modifying stem cell functions and confirmed the sibaity of MSCP™C in

immunomodulation effect.

In the second experiment;
1. Itwas revealed that EVs is one of important faxtomparacrine effect
in MSCs and has immunomodulation function to macege.
2. DFO preconditioning increased anti-inflammatorytéas, such as
COX-2 in cAT-MSCs, and also increased COX-2 molesuh EVs.
3. EVPFO delivered COX-2 to macrophages, which then moddlab
M2 anti-inflammatory phase by activating STAT3 pblosrylation.
To the best of my knowledge, this report is thetfio reveal that DFO
preconditioning affects EVs and macrophage poldonaia EVs. Moreover,
it was investigated that F{7° modulated macrophage by transmitting COX-

2 and regulating STAT3.

In the third experiment;
1. EVPFO has relatively higher efficacy in reducing inflamtion

compare to non-preconditioned EV in EAE mouse model

2. EV and EVPFO regulated the immune system of EAE mouse model
and enhance the activation of T reg cells and nadui of M2

macrophage.
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3. EVPFOregulated Con A stimulated PBMC more effectivadynpared

to EV and changed STAT3 expression of PBMC.

4. It is assumed that STAT3 regulation play a majée o regulating

EAE and EVPFO controls the STAT3 pathway more effectively.

Our findings strongly support that preconditioneithvDFO in cAT-
MSC is an effective method to improve immunomodatakeffect of cAT-
MSC and derived EVs. Also, these results suggest BENC™© is potential
therapeutic option for auto-immune disease sudbBAds through regulating
STAT3 pathway and modulating immune system. Thi®reis an important
data for suggesting option to increase the thetapefficacy of stem cell and

development in cell-free therapy.
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Figure 38. Schematic diagram of the effect of ERFC. DFO preconditioning
method is effective to enhance the expression trirflemmatory cytokines
in cCAT-MSCs. MSCE™increased secretion of anti-inflammatory factetsh
as COX-2, and also this change was reflected iRFEVEVP delivered
COX-2 to macrophages, which then modulated to M&-iaflammatory
phase by activating STAT3 phosphorylation.%¥also regulated PBMC to
T reg state and changed STAT3 expression of PBMCFEregulated the
immune system of EAE mouse model and enhance tiheaton of T reg
cells and modulation of M2 macrophage. Throughlegmg immune system,
EVPFO has relatively higher efficacy in reducing autaviomity in EAE

mouse model. EV, extracellular vesidéSCP™°, DFO preconditioned MSC.
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