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Central nervous system (CNS) injuries such as ischemic stroke, hemorrhage,
traumatic brain injury, and spinal cord injury (SCI) are leading cause of long-term disability
or death. As a novel tissue regenerative strategy, application of mesenchymal stem cellderived exosomes (MSC-exosomes) for treatment of CNS injuries has drawn much attention.
Owing to their unique properties, MSC-exosomes have been actively studied for treatment of
wide variety of diseases including CNS injuries. However, it still remains challenging to
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improve the therapeutic outcomes of using exosomes to treat CNS injuries. Very small
quantities of exosomes are released from MSC, and MSC-exosomes poorly accumulate in
target tissue after systemic administration. Thus, iron oxide nanoparticles (IONP) were
introduced to MSC and exosome-mimetic nanovesicles were isolated from those IONPtreated MSC. Treatment of IONP contribute to enhanced expression of therapeutic growth
factors in MSC, which are attributed to IONP that are slowly ionized to iron ions which
activate the JNK and c-Jun signaling cascades in MSC. Isolated nanovesicles incorporate not
only IONP which act as magnet-navigating tool, but also large amount of therapeutic growth
factors. In this thesis, in vivo systemic delivery of IONP-harboring nanovesicles and their
therapeutic effects in CNS lesions are presented.
First, IONP-haboring nanovesicles (NV-IONP) were fabricated by serial extrusion of
IONP-treated MSC (MSC-IONP), and systemically delivered to injured spinal cord in mouse
SCI model with help of external magnetic field (MF). While intravenous injection of MSCIONP resulted in severe lung accumulation due to their large size, nano-sized NV-IONP
evaded lung entrapment and significantly accumulated in injured spinal cord in presence of
MF. NV-IONP accumulated in SCI lesion contributed to blood vessel reconstruction,
polarized inflammatory M1 macrophages to anti-inflammatory M2 subtype, attenuated
astrogliosis, inhibited neuronal death. Consequently, increased amount of NV-IONP
accumulated in injured spinal cord exerted therapeutic effects and improved the spinal cord
function, as evaluated by Basso Mouse Scale (BMS) behavioral test.
Second, IONP-incorporated magnetic nanovesicles (MNV) derived from MSC were
intravenously administered to rat ischemic stroke models. Animals received middle cerebral
artery occlusion (MCAO) to induce ischemic stroke. In vitro, MNV exerted enhanced
angiogenic, anti-apoptotic, and anti-inflammatory effect in various types of cells, as
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compared to control nanovesicles (NV). In vivo, we applied magnet helmet which act as an
external MF, to rat MCAO models immediately after intravenous injection of MNV.
Fluorescence imaging showed successful accumulation of MNV specifically in left
hemisphere of brain (ischemic lesion). Quantification of infarcted area at 3 days after
treatment revealed that administration of MNV in presence of MF resulted in significant
reduction of infarcted area compared to control group. Limb placement test (LPT) also
demonstrated that treatment of MNV (MF+) improves the functional behavior of MCAOreceived animals.
Thus, we observed that the nanovesicles synthesized from IONP-laden MSC contain
both greater amounts of reparative growth factors and IONP which act as a magnet-guided
navigation tool toward injured spinal cord or cerebral lesion. These IONP-harboring
nanovesicles derived from MSC can serve as excellent therapeutic agent for treatment of
CNS injuries, and can be a preferable replacement of conventional MSC or MSC-exosome
therapy. This technology can be used in the future for successful therapy of CNS injuries.

Keywords: mesenchymal stem cells, exosomes, nanovesicles, iron oxide nanoparticles,
spinal cord injury, ischemic stroke, central nervous system injury
Student Number: 2015-31024
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Chapter 1. Research background and objectives
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1.1. Challenges and limitations of MSC-based therapeutics
Application of mesenchymal stem cells (MSC) for treatment of wide variety of
diseases has gained great attention for recent decades. Owing to its unique properties, a lot of
clinical trials using MSC have been accomplished with corresponding clinical outcomes.
More than two thousand patients received autologous or allogeneic transplantation of MSC.1
However, in spite of numerous studies reporting obvious therapeutic effect of MSC in various
diseases, growing evidence strongly suggest that MSC do not differentiate to damaged cells
and replace them in the lesion. Recent studies support the notion that paracrine factors from
MSC including growth factors and extracellular vesicles such as exosomes, play the major
role in their therapeutic mechanism of action.2 Poor survival and fast clearance of
transplanted MSC show that the major therapeutic effects of MSC in injured tissue are
attributed to secreted factors from MSC. In addition, there are many potential risks of MSC
therapy (Figure 1.1) such as possible tumorigenesis, immune response, poor survival, and the
route of cell administration. Particularly, challenge associated with MSC-based therapeutic
approach is the route of administration for efficient delivery. Local transplantation of MSC
increase the risk and side effects such as bleeding and tissue injury due to direct tissue
injection.3 Notably in CNS, direct administration of MSC pose a severe risk of further
damage of neurons. The brain is highly susceptible for damage emerging from surgical
manipulation.
As an alternative method, intravenous administration can be performed. They are
relatively easy to perform and less invasive than local cell delivery approaches. However,
there are also serious concerns about systemic administration of stem cells. For instance, nonautologous systemic stem cell transplantation can ignite an instant immune response against
the cells causing a loss of the graft or its functional impairment.4 Importantly, following

３

intravenous infusion, the majority of MSC are trapped inside the lungs.5 Pulmonary passage
is a major obstacle for systemic intravenous stem cell administration with smaller number of
stem cells crossing over to the arterial system and the majority of cells being trapped inside
the pulmonary vasculature. Because the main cause of this event is the relatively large
diameter of MSC from 10 to 50 µm exceeding the size of pulmonary vessels, recently the
extracellular vesicles are introduced to replace MSC for treatment of various diseases.

Figure 1.1. The scheme of potential risks of adverse events during MSC
transplantation
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1.2. Extracellular vesicles
Extracellular vesicles (EVs) are group of cell-derived membrane structures, namely
exosomes and microvesicles (Figure 1.2).7 EVs are produced in donor cell by a budding
process, and are involved in various physiological processes including communications
between cells. EVs can transmit biological information by directly activating cell surface
receptors the recipient cells. They allow cells to exchange mRNAs, miRNAs, proteins, and
lipids, and act as signaling vehicles.8, 9 Therefore, they can regulate recipient cells at a posttranscriptional level. They mainly participate in the homeostasis such as stem cell
maintenance, tissue repair, and immune surveillance. Also they have been implicated in
tumor progression.10 EVs can be classified to two main categories, exosomes and
microvesicles. Exosomes are membrane vesicles with size of 30-100 nm in diameter.11
Secretion of exosomes can be differed in various cell types, however their pathological
processes are well reported. Exosomes are functional, and can circulate in the whole body
and can pass through the body’s interstitial space.12 For biogenesis of exosomes, several
mechanisms have been described. One of the reported mechanisms, endosomal sorting
complex required for transport (ESCRT) is the best-characterized mechanism. Four protein
complexes along with accessory proteins bind future exosome cargoes and for intraluminal
vesicles (ILVs). Microvesicles are in size of 50-1000 nm in diameter, or even larger up to 10
µm. In contrast to exosomes, they are generated by outward budding and released to
extracellular space.13 Their surface markers are largely dependent on the composition of the
membrane of origin. These EVs including exosomes and microvesicles have been proposed
as a means of “cell-free regenerative medicine” for various types of diseases such as cancer,
immune disorder, cardiovascular disease, and CNS diseases.14 Their unique properties of
stability, biocompatibility and low immunogenicity have prompted research into their
５

potential as therapeutic delivery agents.
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Figure 1.2. Main features of extracellular vesicles
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Figure 1.3. Overview of the MSC-EV-mediated therapeutic effects observed in animal
models for kidney, heart, liver and brain injuries.15
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1.3. Therapeutic potency of MSC-derived EVs.
1.3.1. In vitro effects on target cells
Previous studies report that exosomes from MSC stimulate proliferation, migration,
and angiogenesis of endothelial cells.16 Treatment of MSC-exosomes stimulated the tube
formation of HUVECs. They stimulate Wnt4/β-Catenin pathway which is critically involved
in angiogenesis through the modulation of endothelial cell proliferation, migration, vascular
sprouting, remodeling, and vascular system maturation.17 MSC-exosomes also show neuroprotective effect against apoptosis in neuronal-like cells,18 and prevent cardiomyocyte
apoptosis induced by oxidative stress.19 They inhibit calcification of vascular smooth muscle
cells20 and activation of astrocytes.21
In various immune cells, MSC-exosomes exert immunosuppressive effect by
eliciting polarization of immune cells from pro-inflammatory to anti-inflammatory subtypes.
For instance, MSC-exosomes polarize macrophage from M1 (inflammatory) type to M2
(regenerative) type.22-24 Maturation of dendritic cells can boost the body’s immune response
by secreting various inflammatory cytokine, however, treatment of MSC-exosomes can
attenuate the dendritic cell maturation and their function.25 Among various types of T cells,
regulatory T cells contribute to tissue regeneration, and MSC-exosomes enhance regulatory T
cells production in vitro. They increased the polarization of CD4+ T cells to
CD4+CD25+FoxP3+ regulatory T cells in the presence of allogeneic dendritic cells.26

８

1.3.2. Pre-clinical studies in various disease models
Recently, MSC‐derived exosomes are being examined for their role in MSC‐based
cellular therapy. First, various groups have confirmed that MSC‐derived exosomes exhibit
cardio-protective activity.27-30 Purified exosomes reduced infarct size in a mouse model of
myocardial ischemia/reperfusion injury. Also, MSC-exosomes attenuated limb ischemia by
promoting angiogenesis in mice.31 They ameliorated carbon tetrachloride‐induced liver
fibrosis.32,

33

In lung studies, the mouse MSC exosomes were effective in improving

pulmonary hypertension34 and edema35 MSC-exosomes also promoted muscles regeneration36,
and showed immunosuppressive effects on inflammatory arthritis37 and osteoarthritis38
In case of central nervous system (CNS) injuries or diseases, MSC-exosomes showed
surprising therapeutic outcomes. In spinal cord injury (SCI), MSC-exosomes successfully
suppressed the activation of neurotoxic astrocytes21, and targeted M2 macrophages39.
Systemic administration of miR-133b-modifed MSC-exosomes in spinal cord-injured rats
preserved neurons, promoted the regeneration of axons, and improved the recovery of
hindlimb locomotor function following SCI.40 In ischemic stroke, intravenous infusion of
MSC-exosomes in rat MCAO model resulted in neurogenesis, neurite remodeling,
angiogenesis, and improved functional recovery.41 In subcortical infarct model, MSCexosomes showed enhanced fiber tract integrity, axonal sprouting, white matter repair
markers, and restored white matter integrity.42 Moreover, intra-arterial administration of
MSC-exosomes improved neurite remodeling and brain plasticity.43 MSC-exosomes also
showed their therapeutic effects on traumatic brain injury.44, 45 In addition to CNS injuries,
MSC-exosomes can be potential therapeutic agents for CNS disorders such as Alzheimer’s
disease46, 47 and Parkinson’s disease.48 Together, MSC-exosome or furtherly MSC-derived
９

EVs are multifaceted therapeutic agent for treating wide variety of diseases including CNS
diseases (Figure 1.3).15

1.4. Exosome-mimetic nanovesicles
Although MSC-exosomes have great potency for treatment of various diseases, their
poor production yield is critical hurdle for their further application. Most mammalian cells
release relatively low quantities of exosomes and purification of exosomes is cumbersome,
which results in a relatively low yield.49, 50 Particularly for MSC, exosomes are secreted only
1-4 µg from one million cells per day, which indicates that extremely large scale of cell
culture is required to sufficiently supply the MSC-exosomes for pre-clinical and clinical
studies.51
Therefore, bioengineered and bioinspired cell-derived nanocarriers, coined as
exosome-mimetic nanovesicles are introduced.52 By subjecting cells of different origin to
serial extrusion through filters with diminishing pore sizes, exosome-mimetic nanovesicles
can be fabricated with precise control of their hydrodynamic size. During the extrusion, the
lipid bilayer fragments would be planar immediately after membrane fragmentation, but
would immediately self-assemble spontaneously into spheres due to the amphiphilic
properties of lipids in aqueous solution (Figure 1.4). Because this technology does not require
ultracentrifugation of conditioned medium which are used for isolation of natural exosome,
production yield of exosome-mimetic nanovesicles are significantly higher than natural
exosomes (~100-fold higher).53 Also, these nanovesicles contain intracellular contents such as
cytosolic proteins, RNAs and membrane proteins which are similar to natural exosomes.
Furthermore, because the concentrations of intracellular contents in the nanovesicles are
higher than natural exosomes, nanovesicles have great therapeutic potency. Thus, therapeutic
application of exosome-mimetic nanovesicles were recently reported. Hepatocyte-derived
１０

nanovesicles promoted hepatocyte proliferation and regenerated injured liver in vivo,54 and
long nonconding RNA H19-carrying nanovesicles accelerated the healing process of diabetic
wounds.55

Figure 1.4. Schematic of nanovesicle generation.53 When a cell passes through a pore, the
area of the lipid bilayer is extended by the tension caused by adhesion. The tension makes the
lipid bilayer elongate, undergo plastic deformation and possibly fail. The lipid bilayers would
be a planar form right after the failure, but should spontaneously self-assemble into hollow
spheres.

１１

1.5. Magnetic drug delivery
Despite intensive research endeavors, specific and efficient delivery of nano-sized
materials including exosomes to target tissue remain challenging. Uptake of nanoparticles
from reticuloendothelial system (RES) causes most on administered nanoparticles to
accumulate in liver and spleen.56 This body’s immune system impedes the accumulation of
nanoparticles in target tissue. Thus, novel strategies to improve targeting efficacy of
intravenously infused nanoparticles should be developed. One promising approach in this
context is magnetic delivery. The concept is to tag drug carriers with magnetic nanoparticles
such as iron oxide nanoparticles (IONP), after which the drugs can be summoned preferably
to target tissues by applying an external MF at the sites. Because IONP are
ferromagnetic/superparamagnetic, they can be manipulated by an external MF which can
drive them to the target organs. Magnetic modulation of particle movement has proven to be
feasible with IONP-incorporated nanoparticles such as silica nanoparticles,57 graphene
oxide,58 oleosome,59 RBC membranes,60 and exosomes.61 For treatment of stroke, MSC were
labeled with IONP and delivered to ischemic lesion with a help of external magnetic field.62
Application of magnetic field not only increase the accumulation of nanoparticles in the
target site, but also enhance the retention of nanoparticles and prevent the wash out by body
fluid.58 In the above-mentioned researches, IONP were incorporated to delivery vehicle by
chemical conjugation, which requires multiple chemical reaction steps. Those chemical
reactions cannot be applied to MSC-exosomes because its harsh condition (e.g. low pH, high
temperature) may denature exosomal proteins. Hence, easier and biocompatible method for
incorporating IONP to MSC-exosomes should be developed.
１２

1.6. Research objectives of the thesis
MSC-exosome therapy has emerged as a novel strategy for treatment of CNS injuries.
MSC-exosomes have attracted much attention because they are nano-sized, independent to
cell viability, and have less possibility of immune rejection. Importantly, MSC-exosomes
exert diverse therapeutic effects which are similar or equivalent to their parent cell, MSC.
However, their poor production yield from MSC and insufficient organ targeting efficiency
are leading cause of therapeutic failure.
In this thesis, we propose the therapeutic application of MSC-derived exosomemimetic nanovesicles endowed with magnetic properties by introducing IONP. Simple
treatment of IONP to MSC significantly enhance the gene and protein expressions of
therapeutic growth factors that contribute to reconstruction of blood vessels, protect injured
neurons, and polarize inflammatory macrophages to anti-inflammatory subtype. By
subjecting IONP-treated MSC to micro- and nano-sized pores, IONP-incorporated exosomemimetic nanovesicles can be fabricated. The research objectives of this thesis are summarized
as follows: 1) Fabrication of IONP-incorporated exosome-mimetic nanovesicles from MSC.
2) Evaluation of angiogenesis, neuro-protection, anti-apoptosis, and anti-inflammatory effect
of those nanovesicles in various cells. 3) Enhancing the targeting efficacy of nanovesicles to
injured CNS tissue by applying external MF. 4) Ultimately, improving the motor function in
CNS-injured animal model
In chapter 3, therapeutic effect of IONP-incorporated nanovesicles (NV-IONP) in
SCI mouse model was reported. We investigated the IONP treatment significantly increase
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the expressions of therapeutic growth factors in MSC and their derivative NV-IONP can carry
those growth factors to target cells. Intravenously in vivo, NV-IONP successfully targeted
injured spinal cord with help of external MF. As previously reported, MSC were entrapped in
lung and failed to target injured spinal cord. Injection of NV-IONP (MF+) resulted in
preservation of spinal cord structure. Consequently, recovery of spinal cord function was
demonstrated.
In chapter 4, magnetic nanovesicles (MNV), exosome-mimetic nanovesicles loaded
with IONP were applied to rat MCAO models of ischemic stroke. In vitro, MNV showed
significantly enhanced angiogenic effect in endothelial cells, anti-apoptotic and neuroprotective effect in neuron-like cells, and anti-inflammatory effect in LPS-activated
macrophages, as compared to control nanovesicles (NV). In vivo, intravenously infused MNV
(MF+) specifically accumulated in left hemisphere of brain where ischemic stroke was
occurred. Accumulated MNV promoted angiogenesis, inhibited neuronal loss, and polarized
macrophages to M2 subtype, attenuating inflammatory cytokines. Ultimately, infarcted area
of brain markedly decreased in MNV (MF+) injected group.
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Chapter 2. Experimental procedures

１５

１６

2.1. Cell culture
Human bone marrow-derived MSCs (Lonza, Switzerland) with passage number from
4 to 6, rat brain cortex astrocytes (Lonza), and Raw 264.7 cells (Korea Cell Line Bank, South
Korea) were cultured with high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco, NY) supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin (100
units/mL), and streptomycin (100 μg/mL). HUVECs (Lonza) were cultured in 200PRF
(Gibco) supplemented with low serum growth supplement (LSGS, Gibco) consisting of FBS
2% (v/v), hydrocortisone (1 μg/mL), human epidermal growth factor (10 ng/mL), FGF2 (3
ng/mL), and heparin (10 μg/mL). PC12 cells (Paragon Biotech, Baltimore, MD) were
cultured in RPMI 1640 (Gibco) supplemented with 7.5% (v/v) FBS, 7.5% (v/v) horse serum,
and 1% (v/v) penicillin/streptomycin.
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2.2. Preparation and characterization of materials
2.2.1. IONP synthesis
IONP, which were 12 nm in size, were synthesized via thermal decomposition of iron
oleate complex using a previously reported method.1 Briefly, the iron oleate complex was
prepared by mixing 40 mmol of iron chloride and 120 mmol of sodium oleate into a solution
containing 80 ml ethanol, 60 ml distilled water, and 140 ml hexane. The resulting solution
was heated up to 70°C for 4 h. The upper organic layer was separated and washed several
times with distilled water. After evaporation of the organic solvent, iron oleate complex was
obtained for the synthesis of IONP. To synthesize 12 nm-sized IONP, 40 mmol of as-prepared
iron oleate complex and 20 mmol of oleic acid was dissolved in 200 g of 1-octadecene. After
degassing under vacuum, the mixture was heated up to 320°C with heating rate of 3.3°C/min
and aged for 30 min. The resulting product was cooled down to room temperature and
washed with ethanol several times.
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2.2.2. Fabrication of NV-IONP derived from hMSC-IONP
Forty-eight h after IONP treatment, hMSC-IONP were thoroughly washed 5 times
with PBS to remove non-internalized IONPs. After washing, hMSC-IONP were detached
from dishes by a cell scraper and centrifuged at 300 g for 5 min. Cell pellet was collected,
and the cells were resuspended in PBS at a concentration of 2 × 106 cells/mL. Next, the cell
resuspension was sequentially extruded 5 times through 10 μm, 5 μm, 1 μm, and 400 nm
pore-sized membrane filters (Whatman, UK) using a mini-extruder (Avanti Polar Lipids, AL).
For density-gradient ultracentrifugation, step gradient was formed using iodoxanol (OptiPrep,
Axis-shield, UK). Iodoxanol (10% (v/v)) was carefully overlaid on top of 50% (v/v)
iodoxanol. Sequentially extruded hMSC-IONP were ultracentrifuged at 100,000 g for 2 h.
Subsequently, the brown-colored layer between 50% and 10% iodoxanol was harvested and
ultracentrifuged again at 100,000 g for 2 h. After formation of the brown-colored pellet by
ultracentrifugation, the pellet was resuspended in PBS, and neodymium magnet (diameter: 5
mm, thickness: 2 mm) was applied at the bottom of the tube to isolate NV-IONP. Synthesized
NV-IONP were finally filtered through 0.22 μm syringe-filter (Merck Millipore). Meanwhile,
NV were fabricated from untreated hMSC with the same protocol except for the magnetic
separation. The protein and iron content in each fraction obtained after the ultracentrifugation
and magnetic separation was determined by the Bradford assay using the Bradford reagent
(Sigma, MO), and ICP-MS (ICPS8100, Shimadzu, Japan), respectively. Isolated NV and NVIONP were aliquoted and stored in -70°C until needed.
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2.2.3. Characterziation of NV-IONP
The morphology of NV and NV-IONP was visualized using TEM. Iron content was
quantified by ICP-MS. To confirm the incorporation of IONP within NV-IONP, RITClabeled IONPs and DiO-labeled NV were visualized using confocal fluorescence microscopy
(LSM710, Carl Zeiss) installed at the National Center for Inter-university Research Facilities
(NCIRF) at Seoul National University. In addition, Raw 264.7 cells treated with NV and NVIONP were visualized after 16 h of treatment. The size distribution of NV and NV-IONP was
determined by Nanoparticle Tracking Analysis (NTA) system using Nanosight (LM10,
Malvern, UK). RNA or proteins carried by NV and NV-IONP were extracted with either
TRIzolÒ (Life Technologies, CA) or Cell Lysis BufferÒ (Cell Signaling Technology, MA)
according to the manufacturer’s instructions. To evaluate the expression of genes encoding
hMSC surface markers (i.e., CD29+, CD34-, CD44+) in NV and NV-IONP, RT-PCR was
carried out. The primers used for RT-PCR are listed in Table S1. Amplified cDNA was
mixed with loading buffer and loaded on 1.5% agarose gel, followed by gel electrophoresis
under 75V for 30 min. To detect exosome markers (i.e., CD9 and CD63) in NV and NVIONP, extracted proteins were analyzed with western blot analysis using primary antibodies
against CD9 and CD63 (Abcam, UK).
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2.3. In vitro assays
2.3.1. IONP uptake by hMSC
To evaluate the cytotoxicity of IONP against hMSC, IONPs were added to the culture
medium at concentrations of 5, 10, 20, 40, and 80 μg/mL. The cell viability of IONP-treated
hMSC was determined by the cell counting kit-8 (CCK-8) assay. Based on the result from the
CCK-8 assay, hMSCs were treated with IONPs at a concentration of 40 μg/mL in the
following experiments. After 16 h of IONP treatment, hMSCs were extensively washed 3
times with PBS. For detection of internalized IONPs, hMSC-IONP were visualized using
TEM (LIBRA 120, Carl Zeiss, Germany). Internalization of RITC-labeled IONPs was
observed with confocal fluorescence microscopy (SP8X, Leica, Germany). For the
assessment of time-dependent gene expression, after internalization of IONPs by hMSCs,
RNA was isolated from hMSC-IONP at 24 h and 48 h after the IONP treatment. Proteins
were extracted from the cell lysate 48 h after IONP treatment for western blot analysis.
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2.3.2. Angiogenic effect of NV-IONP
To investigate the angiogenic effect of NV-IONP, tube formation assay, proliferation
assay, and cell migration assay were carried out using HUVECs treated with IONP (0.68
μg/mL, iron content equal to that of NV-IONP), NV (40 μg/mL), or NV-IONP (40 μg/mL).
For tube formation assay, HUVECs were stained with DiI for 30 min, washed 3 times with
PBS, and seeded on Matrigel (Corning, NY)-coated 24-well plates. IONP, NV, or NV-IONP
were added into the culture. After 8 h of incubation, the capillary tube formation of HUVECs
was examined with fluorescence microscopy. The number of tubes and tube junctions formed
were quantified from more than 5 images taken from each well (n = 3 well per group). Cell
proliferation assay was carried out by determining relative cell number in culture for 72 h
after treatment of IONP, NV, or NV-IONP. Relative cell number was determined by CCK-8
assay. For cell migration assay, HUVECs seeded on 6-well plates were scratched with a
plastic pipette tip and incubated with IONP, NV, or NV-IONP in LSGS-free 200PRF
medium. Microscopic images were captured at 0 h and 24 h, and analyzed using ImageJ
software (n = 3 well per group). For western blot analysis of signaling cascades in HUVECs,
proteins were extracted from cells at 16 h after treatment of IONP, NV, or NV-IONP.
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2.3.3. Evaluation of anti-apoptosis in neuronal cells.
To investigate the neuroprotective and anti-apoptotic effects of NV-IONP, PC12
cells were treated with IONP (680 ng/mL), NV (40 μg/mL), or NV-IONP (40 μg/mL) for 16
h. After PBS washing, LPS (1 μg /mL) was added, and subsequently the PC12 cells were
incubated under hypoxic condition (2% O2) for 24 h. Next, cells were stained with
fluorescein diacetate (FDA) and ethidium bromide (EB) to detect live cells and dead cells.
The cell viability was quantified through the CCK-8 assay, and RNA was extracted for
further analysis. The expression of genes encoding Bcl-2 and Bax were evaluated using qRTPCR.

２３

2.3.4. Assessment of astrocyte modulation
Rat brain cortex-derived astrocytes were seeded on 6-well plates and treated with
IONP (680 ng/mL), NV (40 μg/mL), or NV-IONP (40 μg/mL) for 16 h. Astrocytes were
extensively washed with PBS, and fresh DMEM was added. After 48 h, the conditioned
medium was collected and RNA from astrocytes was isolated for further analysis. Gene
expression and growth factors (Ang-1, FGF2, HGF, VEGF, BDNF) secreted from astrocytes
were evaluated using qRT-PCR and ELISA, respectively.
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2.3.5. Macrophage polarization
2.3.5.1 Preparation of rBMDM
To isolate rat bone marrow-derived macrophages (BMDMs), bone marrow was
collected from the femurs of five-week-old male Sprague Dawley (SD) rat (Koatech.,
Gyunggi-do, Korea), as described previously.63 First, hind limbs of animals were collected
and muscle tissue was removed to expose femur bones. Bones were then flushed with PBS
using syringes to isolate bone marrow cells. After centrifugation, collected bone marrow cells
were differentiated to macrophages for 4 days in differentiation medium composed of highglucose DMEM supplemented with 30% (v/v) L929 cell-conditioned medium, 15% (v/v)
FBS, 5% (v/v) horse serum, and 1% (v/v) penicillin/streptomycin. Conditioned medium from
L929 cells was prepared by growing cells in high-glucose DMEM containing 10% (v/v) FBS,
and 1% (v/v) penicillin/streptomycin. After 4 days of incubation, macrophage differentiation
medium was discarded and adherent BMDMs were harvested using cell scrapers.
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2.3.5.2 Evaluation of macrophage phenotype
To evaluate the macrophage polarization, rBMDM or Raw 264.7 cells were seeded
on 6-well plates, and treated with LPS (200 ng/mL) for 24 h. After removal of LPS, cells
were treated with IONP (680 ng/mL), NV (40 μg/mL), or NV-IONP (40 μg/mL) for 16 h,
followed by extensive washing with PBS and addition of fresh DMEM. After 48 h, the
conditioned medium was collected and RNA was isolated from rBMDM or Raw 264.7 cells.
Expression of pro-inflammatory cytokines (M1), anti-inflammatory cytokines (M2), and
angiogenesis-related factors, and that of the respective genes were quantified using qRT-PCR,
ELISA, and protein array.
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2.3.6. qRT-PCR, western Blot, ELISA, and protein array assay
Gene expression was assessed using FAST SYBR Green PCR master mix (Applied
Biosystems) in StepOnePlus real-time PCR system (Applied Biosystems, CA) with
amplification with 40 cycles at 94°C for 3 s and at 60°C for 30 s. For western blot analysis,
total protein concentration of cells or NV lysates were determined by Bradford assay. Lysates
were mixed with NuPAGEÒ LDS sample buffer (Life Technologies, CA) and loaded on 10%
(w/v) SDS-polyacrylamide gel. After 100 min of electrophoresis at 80V, proteins were
transferred to Immobilon-P membrane (Millipore Corp., Bedford, MA) using Trans-Blot® SD
Semi-Dry Electrophoretic Transfer Cell (Bio-Rad, CA) for 50 min at 20V. Subsequently, the
membrane was blocked with 5% skim milk for 2 h, and probed with primary antibodies for
16 h at 4°C. Next, captured proteins were conjugated with horseradish peroxidase-conjugated
secondary antibodies (Abcam, Cambridge, UK) for 1 h in room temperature. Blots were
developed using chemiluminescence detection system (GE healthcare, Buckinghamshire,
UK). To detect proteins or cytokines secreted by cells in conditioned medium, ELISA was
performed according to the manufacturer’s instructions, and protein array assay was
performed using Proteome ProfilerÒ (R&D systems, MN).

２７

2.4. In vivo studies
2.4.1. Experimental animal models
2.4.1.1. SCI models
Eight-week-old C57BL/6 (20 ~ 25 g, Orient Bio Inc, Korea) mice were used in this
study. Animals were anesthetized with a mixture of Zoletil® (50 mg/kg, Virbac Laboratories,
France) and Rompun® (10 mg/kg, Bayer, Korea). A laminectomy was performed to expose a
T10 ~ T11 thoracic area of spinal cord under a surgical microscope. Allis clamps were used
to stabilize the vertebral column at T8 and T12 spinous processes. A 20 G metal impounder
was then gently placed on T10 ~ T11 dura for 1 min. Following compression injury for 1 min,
the injury site was closed by suturing the muscle, fascia, and skin. Animals were kept on a
heating pad. Bladders were emptied manually twice daily till the bladder reflex returned to
normal. All animal experiments were carried out according to the approved protocol by the
Institutional Animal Care and Use Committee (IACUC) of CHA University (IACUC170096).
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2.4.1.2. MCAO ischemia-reperfusion models
Nine-week-old SD rats (male, 250-300 g) purchased from Koatech, were used in all
the experiments. All the experimental procedures were performed according to the guidelines
and with the approval of the Institutional Animal Care and Use Committee of the Biomedical
Research Institute of Seoul National University Hospital. The focal ischemia-reperfusion
model of SD rats was developed using left transient middle cerebral artery occlusion (MCAO)
with the intra-arterial thread occlusion method as described in previous studies. After 60
minutes of left MCAO, the thread was carefully removed for reperfusion, and the wound was
sutured.64-67 Body temperature was maintained at 37±0.5 °C during procedures using a
heating blanket while rectally monitoring the temperature.
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2.4.2. In vivo biodistribution
2.4.2.1. Biodistribution of MSC-IONP and NV-IONP in SCI mouse model
To investigate the biodistribution of intravenously injected hMSC-IONP and NVIONP, ex vivo fluorescence imaging was carried out. hMSC-IONP and NV-IONP were
fluorescently-labeled with VivoTrack 680 (Perkin Elmer, MA). Next, hMSC-IONP (5 × 105
cells) and NV-IONP (40 μg) were dispersed in 100 μL PBS and intravenously injected into
the right retro-orbital sinus of mice with or without a neodymium magnet (3 mice per group).
The injection was performed 1 h after SCI. For magnetic guidance, neodymium magnet was
strapped above the skin of SCI region using Tegaderm® and Coban® self-adherent strap (3M,
MN). Each mouse was kept in a separated animal cage to avoid the interference by the
magnet on other animals. After 24 h, mice were sacrificed and major organs including spinal
cord were removed. Collected organs were observed and analyzed using eXplore Optix
System (Advanced Research Technologies Inc., Canada). For the histological analysis,
isolated spinal cord tissues were embedded in paraffin, and longitudinal sections of 10 mm
thickness were prepared. Spinal cord tissue sections were counter-stained with DAPI and
visualized by confocal fluorescence microscopy. For iron detection, Prussian blue staining
was carried out and nuclear fast red solution was used for counter-staining.
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2.4.2.2. MNV biodistribution in MCAO rat model
MCAO-induced rats (n=3 for each group) were sacrificed at 24 h after intravenous
injection of VivoTrack 680-labeled NV-IONP (200 µg). The distribution of the injected
MNV in brain, liver, lung, spleen, and kidney were evaluated using epi-illumination
fluorescence imaging system (IVIS Lumina II, PerkinElmer, MA, USA). For the histological
analysis, isolated ischemic brain tissues were embedded in paraffin, and coronal sections of
10 mm thickness were prepared. Prussian blue staining was carried out to visualize irons, and
nuclear fast red solution was used for counter-staining.
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2.4.3. Animal group assignment
2.4.3.1. SCI mouse model
The spinal cord-injured mice were randomly assigned into five groups. In the sham
group, mice were subjected to only laminotomy. In the PBS group, SCI was induced in mice,
and they were injected with 100 μL PBS. In the NV group, SCI was induced in mice, and
they were injected with 40 μg of NV in 100 μL PBS. In the NV-IONP group, SCI was
induced in mice, and they were injected with 40 μg of NV-IONP in 100 μL PBS, in the
presence or absence of a magnet strapped on the mice. The injury area was well defined after
injury and neodymium magnet was placed on the injury site with the help of Tegaderm® film,
followed by addition of one layer of Coban® self-adherent strap. To avoid the interference by
the magnet on other animals, each mouse was kept in a separated animal cage. The injection
was performed 1 h after injury. After 24 hours, the position of magnet was confirmed before
removal.
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2.4.3.2. MCAO rat model
The experimental models were categorized into three groups: transient MCAO with
phosphate-buffered saline (PBS), transient MCAO with NV-IONP injection [NV-IONP (MF)], and magnet helmeted transient MCAO with NV-IONP injection [NV-IONP (MF+)].
Immediately after the reperfusion, NV-IONP (200 µg in 300 uL PBS) or 300 uL PBS were
injected into the tail vein. In NV-IONP (MF+) group, magnet helmet was applied for 3 days
after injection of NV-IONP to evaluate the effect of the targeted delivery. The magnet helmet
was made from ProJet using a 3D printer embedded with a neodymium magnet (5 × 10 × 2
mm, 0.32T) on the left.
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2.4.4. Therapeutic mechanism of NV-IONP
2.4.4.1. Evaluation of apoptosis and fibrotic scar formation in SCI model
For evaluation of apoptotic cells, TUNEL assay was performed with tissue sections
from injured spinal cord 7 days after injury. To assess the spinal cord structure and fibrotic
tissue after injections, spinal cord tissue was extracted at 28 days after injury. Digital images
of isolated spinal cord tissue were captured, and the tissues were embedded in paraffin.
Transverse sections of the lesion core was prepared, and fibrotic tissue area was evaluated by
Masson’s trichrome staining.
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2.4.4.2. Immunohistochemistry and western blot analysis of extracted
spinal cord
At 1, 7, 14 and 28 days after SCI, mice were sacrificed. For immunohistochemistry,
the spinal cord at the compression site was retrieved, immersed in 4% paraformaldehyde for
one day, embedded in paraffin, sectioned at 5 or 10 mm thickness, dewaxed, and stained with
primary antibodies against vWF, Arg-1, CD68, TNF-a, GFAP, NF, laminin, and BDNF.
Secondary antibodies used were goat anti-rabbit Alexa FluorÒ 568 and goat anti-mouse Alexa
FluorÒ 568 (Abcam). Sections were counterstained with DAPI, fixed, and examined using a
fluorescence microscope. For quantification of vWF-positive vascular density, vWF-positive
area relative to DAPI-positive area was measured using ImageJ software. For western blot
analysis, retrieved spinal cord tissues were homogenized (D1000, Benchmark Scientific, NJ)
in the presence of 300 μL lysis buffer, incubated on ice for 1 h, and centrifuged at 14,000 g
for 30 min. After centrifugation, the protein concentration of the isolated supernatant was
measured by the Bradford assay, and western blot was performed as previously described for
in vitro analysis, with primary antibodies for Ang-1, VEGF, IL-6, IL-1β, TNF-α, C-Cas-3,
GFAP, and MAP-2.
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2.4.4.3. Western blot and IHC analysis of extracted brain tissue of MCAO
model
SD rats (n = 3 for each group) were sacrificed and transcardially perfused 3 days
after the transient MCAO. For western blot analysis, retrieved brain tissues were
homogenized (D1000, Benchmark Scientific, NJ) in the presence of 300 μL lysis buffer,
incubated on ice for 1 h, and centrifuged at 14,000 g for 30 min. After centrifugation, the
protein concentration of the isolated supernatant was measured by the Bradford assay, and
western blot was performed with primary antibodies against iNOS, nNOS, Arg-1, and MAP2
(Abcam, CA). For IHC, the coronal cryosections (30-um thickness) were obtained from the
brain tissue and mounted onto silane-coated slides (Dako, Glostrup, Denmark). The sections
were blocked by incubating with 0.5% bovine serum albumin/0.3% Triton-X and 10% normal
serum in PBS for 1 h. Additionally, they were incubated with primary antibody at 4 ℃ for 16
h. After washing, the sections were incubated with a fluorescent-dye conjugated secondary
antibody, including monoclonal antibody against IL-1β, Arg-1, vWF, MAP2 (Abcam, CA),
Ox-6, and MPO (Santa Cruz Biotech, Santa Cruz, CA). The primary antibody was omitted as
a negative control of staining. The microscopic analyses were performed using a Leica
DM5500B microscope (Leica Microsystems) and LAS-AF image acquisition software (Leica
Microsystems, Rijswijk, Netherlands).
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2.4.5. Evaluation of therapeutic effects from accumulated NV-IONP
2.4.5.1. Hindlimb locomotor score of SCI model
Hindlimb motor functions of 50 mice were evaluated on 1, 7, 14, 21 and 28 days
following SCI and treatment, by scoring according to the open-field BMS (10 mice per
group). The scores range from 0 point (no ankle movement) to 9 points (complete functional
recovery).2 The hindlimb locomotor score was evaluated by two experienced investigators
who were blinded to the experimental animal groups.
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2.4.5.2. Measurement of cerebral infarct volume of MCAO model
The rats were sacrificed 3 days after transient left MCAO by cardiac perfusion with
saline, followed by 4% paraformaldehyde in 0.1 M PBS. The brains were removed and cut
into 30-µm thickness coronal sections and mounted on glass slides. Infarct volume was
evaluated on eight sections collected for TTC (2,3,5-triphenyltetrazolium chloride) staining
(n = 11 for each group), which covered the entire region treated with MCAO. To measure the
infarct volume, the ImageJ program (National Institutes of Health, Bethesda, MD) was
employed to analyze images of TTC stained sections.
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2.4.5.3. Functional behavior test of MCAO model
For evaluating functional recovery after MNV administration, a forelimb placing test
was conducted at 1 , 3, 7, 14, 21, and 28 days after transient MCAO by two investigators
blinded to the groups (n = 6 for each group).64, 68 It consisted of two limb-placing tasks for
assessing the sensorimotor integration of the forelimb and hindlimb by responses to tactile
and proprioceptive stimulation of rats. The following scores were used to detect impairment
of the forelimb and hindlimb: 0 points, when the rat performed normally; 1 point, if the rat
performed with a delay of more than 2 s and/or incompletely; and 2 points, if the rat did not
perform the task. Both sides of the body were tested. Rats having a score of 8 indicated the
most severe neurological symptom, and conversely, rats with 0 points were normal.
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2.5. Statistical analysis
In vitro and in vivo data are quantitatively shown as mean ± SD. p-values were
calculated by one-way analysis of variance (ANOVA) or two-way ANOVA with the Tukey’s
significant difference post hoc test using the GraphPad Prism software. A value of p < 0.05
was considered as statistically significant.
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Chapter 3. Therapeutic efficacy-potentiated and diseased
organ-targeting nanovesicles derived from mesenchymal
stem cells for spinal cord injury treatment
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3.1. Introduction
In spite of numerous studies reporting on human mesenchymal stem cell (hMSC)based therapies, the therapeutic mechanism has not been clear until recently. An increasing
number of reports has revealed that the therapeutic effects of hMSCs are not by the
replacement of damaged cells or differentiation of implanted hMSCs. Majority of injected
cells were washed out or showed poor survival rate in the lesion. Thus, ascending evidence
supports the notion that hMSC plays role in a paracrine manner,69, 70 in which hMSC-derived
exosomes (hMSC-exosomes) are major component.71, 72 As a type of extracellular vesicles,
exosomes contain various proteins, DNAs, mRNAs, and microRNAs that have originated
from the parent cells.73 Exosomes are involved in cell-to-cell communication during
physiological processes, and they transmit specific information from parent cells to recipient
cells, thereby influencing the genotype or phenotype of recipient cells.74 Based on therapeutic
effects of hMSCs, hMSC-exosomes have recently emerged as a new therapeutic platform for
cell-free therapeutics and currently being tested in animal studies75, 76 and human clinical
trials77 for treatment of various diseases. In animal studies, hMSC-exosomes improved
cardiac function in animal models of myocardial infarction,27, 78 and promoted angiogenesis,
attenuated fibrosis, and enhanced muscle regeneration in mouse model of muscle injury.36
hMSC-exosomes can also exert anti-inflammatory effects by inducing macrophage
polarization.22 These reports demonstrate that hMSC-exosomes exert similar or equivalent
therapeutic functions compared to hMSCs. Furthermore, hMSC-exosomes provide several
advantages over hMSCs in that hMSC-exosomes do not have a low grafting efficiency as
possessed by implanted hMSCs, they have a lower possibility of immune-rejection, and they
can avoid the entrapment in pulmonary capillaries which is the major barrier for systemic
administration of hMSCs.5
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The complexity of pathology in spinal cord injury (SCI), including axonal loss,
inflammation, glial scar formation, and blood vessel disruption, suggests that mono-therapy
may be inadequate for the treatment of SCI.79, 80 Recently, hMSC therapy has been suggested
as a favored approach for the treatment of SCI,81, 82 as hMSCs can secrete multifactorial
therapeutic factors for neuroprotection, angiogenesis, and immunomodulation. However, the
direct implantation of hMSCs to an injured spinal cord is more invasive as compared to
systemic administration, and thus it limits clinical translation for the treatment of SCI.83
Moreover, implanted hMSCs show poor survival rate, and hMSCs do not differentiate into
neurons in injured spinal cord.84 These issues suggest that hMSC-exosomes may be an
adequate therapeutic agent for the treatment of SCI. As various therapeutic growth factors
and their mRNAs are present in hMSC-exosomes,85-87 they have an outstanding ability to
repair tissue as compared to exosomes derived from other cell types such as fibroblasts.88, 89
Additionally, several recent studies reported that hMSC-exosomes also show therapeutic
effects for central nervous system (CNS) diseases90, 91 including SCI.92
Although hMSC-exosome therapy has advantages over hMSC therapy, hMSCexosome technology should be further improved for clinical application. hMSCs form only a
small amount of exosomes (1–4 μg exosome proteins from 106 cells per day).51 Therefore,
long-term cell culture and large number of hMSCs are required to produce sufficient amount
of hMSC-exosomes for clinical applications. However, the MSCs at the late passage exhibit
significantly reduced gene and protein expression of growth factors,93 which would reduce
the quantity of therapeutic growth factors and their mRNAs in the secreted exosomes.
Therefore in this study, rather than using naturally secreted hMSC-exosomes, we utilized
exosome-mimetic nanovesicles derived from hMSCs for treatment of SCI. Extracellular
nanovesicles that mimic exosomes, can be generated by subjecting cells to serial extrusion.52
The extracellular nanovesicles show significantly higher production yield and contain a
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greater amount of mRNAs and proteins than exosomes.53 Also, the nanovesicles can deliver
the contained mRNAs and proteins to target cells, which is identical to the characteristics of
exosomes. However, despite those several advantages of nanovesicles over exosomes, both
exosomes and nanovesicles show poor accumulation in target organ after systemic
administration in vivo.94-96 In this context, to increase the in vivo targeting efficiency of
hMSC-derived nanovesicles, we fabricated iron oxide nanoparticle (IONP)-harboring
exosome-mimetic nanovesicles (NV-IONP, ~150 nm) through extrusion of IONP-treated
hMSC (hMSC-IONP). The IONP, which is ionized and assimilated in vivo over a long period
of time97, 98 and thus FDA-approved for clinical usage (e.g. ferumoxytol), was used as a
navigation tool for NV-IONP via external magnetic guidance (Figure 3.1A). Importantly, we
found the IONP treatment significantly enhanced the gene and protein expression of
therapeutic growth factors in hMSCs. Thus, NV-IONP that are derived from hMSC-IONP,
contained both IONPs and augmented amounts of therapeutic growth factors as compared to
nanovesicles (NV) that are derived from untreated hMSCs. Moreover, NV-IONP could
efficiently deliver those increased amounts of growth factors to injured spinal cord with the
help of magnetic guidance for SCI therapy. In addition, we evaluated the therapeutic
mechanisms of NV-IONP for SCI therapy (Figure 3.1B), including angiogenesis of
endothelial cells, anti-apoptosis of neuronal cells, stimulation of therapeutic growth factor
secretion from astrocytes, and anti-inflammation by polarization of macrophages from
inflammatory M1 to tissue-reparative M2 phenotype. Finally, we observed that the
intravenous injection of NV-IONP with magnetic guidance has successfully improved the
tissue repair and functional recovery in spinal cord-injured mice.
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Figure 3.1. Schematic illustration of the preparation of IONP-incorporated exosomemimetic nanovesicle followed by magnet-guided targeting of spinal cord, and
therapeutic effects on various cells in injured spinal cord
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3.1. Result and discussion
3.2.1. IONP internalization into hMSCs and up-regulation of growth
factors
We initially investigated the effects of IONP internalization on the expression of
angiogenic, anti-apoptotic, anti-inflammatory, and neurotrophic factors in hMSCs (Figure
3.2). Despite the high responsiveness to the external magnetic field, IONPs with large
hydrodynamic size show low colloidal stability in the presence of serum and therefore easily
form aggregates.99 The resulting aggregates are hardly internalized into hMSCs. Therefore,
PEG-ylated superparamagnetic IONPs with a spherical shape and a size of approximately 12
nm were utilized in this study to maximize the magnetization and maintain their colloidal
stability in serum. Transmission electron microscopy (TEM) revealed the spherical shape and
colloidal stability of the dispersed IONPs in the serum containing culture medium, and their
internalization into hMSCs (Figure 3.2A). IONPs showed no aggregation after dispersion in
serum-containing culture medium. After internalization, agglomerated IONP clusters (red
arrows) were observed in hMSC endosomes, revealing the nanoparticle uptake mechanism100
and indicating that IONPs will be encapsulated in nanovesicles with a clustered conformation.
To examine the cytotoxicity of IONPs against hMSCs, hMSCs were treated with increasing
doses of IONPs for 16 h. The CCK-8 assay results showed that up to 80 μg/mL dose
treatment showed no observable cytotoxicity of IONPs on hMSCs (Figure 3.2B). IONPs were
labeled with rhodamine-B-isothiocyanate (RITC) to visualize internalized IONPs in hMSCs
using fluorescence microscopy. IONP-treated hMSCs (hMSC-IONP) emitted strong
fluorescence signal from cell cytosol, while untreated hMSCs showed no signal (Figure 3.2C).
Next, we examined whether the internalized IONPs influenced the expression of growth
factors and their genes in hMSC-IONP. Quantitative reverse transcription-polymerase chain
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reaction (qRT-PCR) assay was carried out to evaluate the expression of angiogenic (Ang-1,
FGF2, HGF, and VEGF), anti-apoptotic (FGF2, HGF, and VEGF), neurotrophic (BDNF),
and anti-inflammatory (TGF-β1) factors in hMSC-IONP at 24 h and 48 h after removal of the
IONP-containing culture medium (Figure 3.2D). Importantly, it was observed that the
respective genes encoding these factors were significantly up-regulated in a time-dependent
manner compared to those in untreated hMSCs. Next, we investigated the intracellular
signaling mechanisms underlying the growth factor up-regulation. Our previous report
showed that internalized IONPs can be slowly ionized to iron ions and these ions activate
JNK and c-Jun signaling cascades.101 In brief, relatively low pH in the intracellular endosome,
where internalized IONPs localize, induces partial ionization of the IONPs into iron ions.
These iron ions induce phosphorylation of JNK and c-Jun, a pathway that is strongly
associated with the expression of growth factors102-104 (Figure 3.2E). Based on the qRT-PCR
data shown in Figure 2D, hMSC-IONP at 48 h post-treatment were selected for western blot
analysis (Figure 3.2F). The results revealed a significant up-regulation in phosphorylated
forms of both JNK (p-JNK) and c-Jun (p-c-Jun) relative to the non-phosphorylated form in
hMSC-IONP. Therefore, the stimulation of p-JNK and p-c-Jun by iron ions released into the
cytoplasm through IONP ionization provides a plausible mechanism by which the therapeutic
growth factor expression was significantly enhanced in hMSC-IONP.
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Figure 3.2. Up-regulation of angiogenic, anti-apoptotic, anti-inflammatory, and
neurotrophic factors in hMSC by IONP incorporation. (A) TEM images of (i) IONP and
(ii) hMSC-IONP. The red arrows indicate IONP. (B) The viability of hMSCs treated with
various concentrations of IONP for 16 h, as evaluated by CCK-8 assay. n = 3 per
concentration. (C) Fluorescence microscopy images of hMSCs before and after treatment
with RITC(red)-IONP (40 μg/mL). The cell nuclei were stained with DAPI. (D) qRT-PCR

４９

analysis for mRNA expression of angiogenic (Ang-1, FGF2, HGF, and VEGF), antiapoptotic (FGF2, HGF, and VEGF), neurotrophic (BDNF), and anti-inflammatory (TGF-β1)
factors in hMSC-IONP at 24 h and 48 h. The values were normalized to those of hMSCs
without IONP treatment. n = 3, *p < 0.05 versus no IONP, and ¶p < 0.05 versus 24 h. (E)
Schematic illustration of IONP-mediated signaling pathways for therapeutic factor upregulation in hMSC-IONP. (F) Western blot analysis and the quantification of expression of
intracellular signaling-associated molecules and therapeutic factors in hMSC and hMSCIONP at 48 h. n = 3, *p < 0.05 versus hMSC.
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3.2.2. Characterization of nanovesicles isolated from hMSC-IONP
As hMSC-IONP contains both, IONPs and increased amounts of therapeutic growth
factors and their mRNAs, we hypothesized that NV-IONP prepared from hMSC-IONP can
carry both IONPs and increased levels of therapeutic growth factors compared to NV
prepared from untreated hMSC. Forty-eight hours after removal of IONP-containing medium
from hMSC culture, hMSC-IONP were collected. Subsequently, NV-IONP were prepared by
serial extrusion of hMSC-IONP, followed by density-gradient ultracentrifugation to harvest
NV-enriched fraction, and finally magnetic sorting to isolate NV-IONP (Figure 3.1A).
During the serial extrusion, the cell membrane of hMSCs undergoes deformation, the
components (e.g., mRNA and proteins) in hMSCs start to leak out, and the lipid bilayer
fragments immediately self-assemble and partially encapsulate the components. The densitygradient ultracentrifugation of the extruded hMSC-IONP resulted in the separation of layers
according to the difference in density of the components. The protein and iron content in each
fraction was analyzed by protein measurement and inductively coupled plasma mass
spectrometry (ICP-MS), respectively (Figure 3.3). Cellular organelles and proteins with a low
density were localized in the upper layer (fraction 1), while free IONPs with a high density
were accumulated as a pellet in the bottom of the tube (fraction 4). After ultracentrifugation
and magnetic separation of fraction 2, protein and ICP-MS analysis revealed that NV-IONP
were accumulated in fraction 6. To examine whether the prepared products are actually NV
harboring IONPs in its inner space, the morphology was examined by TEM (Figure 3.4A).
NV-IONP contained IONPs (red arrow). To determine the IONP content within NV-IONP,
ICP-MS analysis was carried out (Figure 3.4B). By normalization to the protein amount, NVIONP contained approximately 17 ng of iron in 1 μg of NV protein. To evaluate the
feasibility of NV-IONP as a magnet-guided delivery tool, dispersed NV-IONP were
magnetized with a neodymium magnet (Figure 3.4C). The magnetization resulted in NV５１

IONP pellet formation near the neodymium magnet. The size of NV and NV-IONP was
determined with nanoparticle tracking analysis (NTA; Figure 3.4D). NV and NV-IONP
showed the mean size of 151.4 ± 32.5 nm and 158.7 ± 40.7 nm, respectively. Both NV and
NV-IONP contained CD9 and CD63 (Figure 3.4E), which are exosome markers, indicating
that NV and NV-IONP are exosome-like. We also investigated whether NV expressed MSCspecific markers. Agarose gel electrophoresis of RT-PCR products showed that both, NV and
NV-IONP contained MSC-specific markers (CD29+, CD34-, CD44+) with quantities
equivalent to those in hMSC and hMSC-IONP (Figure 3.5). The IONP treatment did not alter
the hMSC-marker expression. These results indicate that both NV and NV-IONP were
exosome-mimetic and contained MSC-specific markers. Next, IONPs inside NV were further
visualized by confocal fluorescence microscopy (Figure 3.4F). RITC-labeled IONPs were
used for NV-IONP preparation. 3,3´-dioctadecyloxacarbocyanine perchlorate (DiO), which
anchors the lipid bilayer and emits green fluorescence, was utilized to label NV. Green (NV)
and red (IONP) fluorescence signals were perfectly overlapped in NV-IONP, while red
fluorescent signal was not observed in NV, indicating the successful IONP encapsulation in
NV-IONP. To confirm the stable incorporation of IONPs inside NV after the NV-IONP is
internalized into cells, Raw 264.7 cells were treated with DiO- and RITC- labeled NV-IONP
(Figure 3.4G). The cells treated with NV-IONP were double-positive for green fluorescence
(NV) and red fluorescence (IONP).
Next, we investigated whether the NV-IONP contain higher levels of therapeutic
growth factors than NV. As expected, from that hMSC-IONP contained a higher level of
therapeutic growth factors than hMSCs; qRT-PCR analysis showed that NV-IONP contained
a significantly higher mRNA level of therapeutic growth factors than NV (Figure 3.4H).
Furthermore, western blot analysis showed that NV-IONP contained a significantly higher
protein level of therapeutic growth factors than NV (Figure 3.4I). Together, these data
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indicate that IONP can be utilized in NV-IONP not only for magnet navigation tool, but also
for increasing the loading amount of various therapeutic growth factors and their mRNAs
inside NV-IONP.
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Figure 3.3. Quantification of protein and iron content in each fraction obtained during
the NV-IONP isolation process. The protein and iron content in each fraction are shown as
percentage of total protein content or total iron content in the tube, respectively.
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Figure 3.4. Charaterization of NV (prepared from hMSC) and NV-IONP (prepared
from hMSC-IONP). (A) TEM images of NV and NV-IONP. The red arrow indicates IONP.
(B) Iron content in NV and NV-IONP, as evaluated by ICP-MS analysis. *p < 0.05 versus NV.
(C) Demonstration of magnetic guidance of NV-IONP. (D) Size distribution of NV and NV-
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IONP, as evaluated by NTA analysis. (E) Western blot analysis for exosome markers (CD9
and CD63) in NV and NV-IONP. (F) Confocal microscopy images showing IONP
incorporation in NV-IONP. NV and IONP were labeled with DiO lipophilic dye (green) and
RITC (red), respectively. NV is visualized as DiO+/RITC-, while NV-IONP is visualized as
DiO+/RITC+. Bars = 1 μm. (G) Fluorescence microscopy images showing incorporation of
NV (green) and NV-IONP (green-red) in Raw264.7 macrophages. Blue indicates DAPI
(nucleus). Bars = 50 μm. (H) qRT-PCR analysis for angiogenic, anti-apoptotic, neurotrophic,
and anti-inflammatory factor mRNAs inside NV and NV-IONP. n = 3, *p < 0.05 versus NV.
(I) Western blot analysis for angiogenic, anti-apoptotic, neurotrophic, and anti-inflammatory
factors inside NV and NV-IONP. CD9, an exosome-specific marker, was used for the loading
control. n = 3, *p < 0.05 versus NV.
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Figure 3.5. The expression of MSC marker (CD29+, CD34-, and CD44+) genes in hMSC,
hMSC-IONP, NV, and NV-IONP
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Figure 3.6. In vitro angiogenic effects of NV-IONP on human umbilical vein endothelial
cells (HUVECs) and anti-apoptotic effects of NV-IONP on neuron-like PC12 cells. (A)
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Tube formation assay of HUVECs after treatment with IONP, NV, or NV-IONP. HUVECs
were cultured in matrigel-coated plates and visualized with DiI, a red fluorescent dye. The
number of tubes and tube junctions formed were determined at 8 h. Bars = 100 μm. (B) The
proliferative behavior of HUVECs with various treatments. The relative cell number was
evaluated by the CCK-8 assay. (C) Migration of HUVECs with various treatments in serumfree medium for 24 h. The quantification shows the percentage of cell-free area at 24 h
compared with the initial cell-free area. Bars = 200 μm. (D) Western blot analysis and
quantification of the expression of cell signaling molecules in HUVECs after treatment of
IONP, NV, or NV-IONP. (A, B, C, D) The control group received no treatment. n = 3, *p <
0.05 versus control, ¶p < 0.05 versus IONP, and §p < 0.05 versus NV. (E) Live/dead cell
staining of PC12 cells 24 h after LPS treatment and culturing under hypoxic conditions (2%
O2). PC12 cells were treated with either IONP, NV, or NV-IONP prior to LPS treatment and
hypoxic environment. Live cells and dead cells were stained with FDA (green) and EB (red),
respectively. The control group was not treated with LPS, and was incubated under normoxic
conditions (20% O2). Bars = 100 μm. (F) Cell viability and the expression of apoptotic (Bax)
and anti-apoptotic (BCl-2) genes at the mRNA level in PC12 cells treated with the same
conditions of (E). n = 3, *p < 0.05 versus LPS / Hypoxia, ¶p < 0.05 versus LPS / Hypoxia +
IONP
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3.2.3. Enhanced angiogenesis and anti-apoptotic effect of NV-IONP
Previous studies have reported that conditioned media or extracellular vesicles from
MSCs stimulate proliferation, migration, and angiogenesis in endothelial cells16, 105 and show
neuro-protective effect against apoptosis in neuron-like cells.18, 106, 107 As growth factors are
major contributors in angiogenesis and anti-apoptosis,108, 109 we investigated whether the
higher level of growth factors in NV-IONP could enhance angiogenesis and anti-apoptotic
activity in target cells. First, we carried out capillary tube formation assay using human
umbilical vein endothelial cells (HUVECs) to examine the angiogenic activity of NV-IONP.
Capillary tube formation of DiI-labeled HUVECs were analyzed 8 h after incubation in the
matrigel-coated plates in the presence of IONP, NV, or NV-IONP (Figure 3.6A). The
treatment of HUVECs with NV-IONP (40 μg/mL) markedly enhanced both tube formation
and tube junction compared to the other treatments. The treatment with IONP at 0.68 μg/mL,
which is the equal iron concentration of NV-IONP at 40 μg/mL, did not enhance the capillary
formation. Furthermore, NV-IONP-treated HUVECs showed active proliferation compared to
the other groups (Figure 3.6B). Next, the scratch assay was carried out to investigate the
ability of NV-IONP to stimulate the migration of HUVECs (Figure 3.6C). To minimize the
cell proliferation, HUVECs were incubated in a serum-free medium for 24 h. NV-IONPtreated HUVECs showed more active migration compared to the other groups. As a previous
report revealed that exosomes derived from hMSCs enhanced proliferation and migration of
fibroblasts by triggering AKT and ERK1/2 pathway,110 western blot analysis of signaling
cascades in HUVECs was carried out (Figure 3.6D). As expected, NV-IONP-treated
HUVECs showed significant up-regulation in the phosphorylated forms of both, AKT and
ERK1/2.
Next, we evaluated the anti-apoptotic effect of NV-IONP on neuron-like PC12 cells
cultured in an inflammatory and ischemic environment. As SCI lesion shows strong
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peripheral inflammation and ischemia, which exacerbate the tissue damage, PC12 cells were
treated with lipopolysaccharide (LPS) and cultured under hypoxic condition (2% O2) for 24 h
(Figure 3.6E and F). PC12 cells showed poor survival under the LPS/hypoxic condition.
Interestingly, the pre-treatment with NV or NV-IONP improved the cell viability (Figure
3.6E and F). Moreover, qRT-PCR assay indicated that the pre-treatment with NV or NVIONP down-regulated Bax (apoptotic) and up-regulated Bcl-2 (anti-apoptotic) mRNA
compared to the other groups (Figure 3.6F).
In the above-mentioned experiments, the IONP treatment at 0.68 μg/mL did not
activate the pathways or cause the phenotypical changes in HUVECs and PC12 cells. These
data indicate that contained therapeutic growth factors and their mRNAs are responsible for
the angiogenic and anti-apoptotic effects of NV-IONP, rather than the contained IONPs.
These results correspond with the results of previous studies that hMSC-derived extracellular
vesicles exert therapeutic effects by delivering mRNA85, 87 and proteins.73, 86 Moreover, as the
IONP concentration of 0.68 μg/mL is only 1.7% of the IONP concentration (40 μg/mL) that
significantly up-regulated growth factor expression in the hMSC-IONP, the IONP
concentration of 0.68 μg/mL is possibly insufficient amount to activate the angiogenesis or
anti-apoptosis in HUVECs and PC12 cells.
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Figure 3.7. In vitro effects of NV-IONP on the expression of angiogenic, anti-apoptotic,
and neurotrophic factors in astrocytes and on M2 polarization of LPS-stimulated
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macrophages. (A) qRT-PCR analysis for mRNA expression and (B) ELISA analysis for
secretion of angiogenic, anti-apoptotic, and neurotrophic factors in astrocytes at 48 h after
IONP, NV, or NV-IONP treatment. (C, E) qRT-PCR analysis for mRNA expression and (D, F)
ELISA analysis for secretion (C, D) of M1 macrophage phenotype cytokine markers and (E,
F) M2 macrophage phenotype markers in LPS-stimulated Raw264.7 macrophages 48 h after
IONP, NV, or NV-IONP treatment. (G) Angiogenic and inflammatory protein array of
conditioned medium from cultures of unstimulated Raw264.7 (LPS (-)) and LPS-stimulated
Raw264.7 cells (LPS (+)) 48 h after NV or NV-IONP treatment. Designated factors are
significantly changed proteins among the groups. (A, B, C, D, E, and F) n = 3, *p < 0.05
versus control, ¶p < 0.05 versus IONP, and §p < 0.05 versus NV. The control group received
no treatment.
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3.2.4. Stimulation of therapeutic growth factor expression in astrocytes by
NV-IONP
Astrocytes in CNS play a pivotal role in maintaining optimal microenvironment and
homeostatic functions for neurons and endothelial cells.111 Astrocytes modulate the tight
junction integrity and angiogenesis of the gliovascular system and the survival of neurons by
secreting various growth and neurotrophic factors.112 As a previous study reported that coculture of bone marrow-derived MSCs and astrocytes enhanced the expression of BDNF,
FGF2, and VEGF gene in the astrocytes via AKT and ERK1/2 signaling cascades,113 in this
study we hypothesized that NV and NV-IONP might stimulate the expression of therapeutic
growth factors in astrocytes.
The treatment of NV and NV-IONP on astrocytes significantly increased the
expression of Ang-1, FGF2, HGF, VEGF, and BDNF mRNA, which promote angiogenesis
and neuronal survival112 (Figure 3.7A). The NV-IONP treatment showed a significantly
higher expression of growth factor mRNA, except for Ang-1 mRNA, compared to the NV
treatment. ELISA analysis of the conditioned medium of astrocyte cultures indicated that the
secretion of therapeutic growth factors was significantly increased in the NV- and NV-IONPtreated astrocytes (Figure 3.7B). The proliferation of astrocytes did not get affected by NVIONP (data not shown). The secretion of FGF2 and VEGF was significantly higher in the
NV-IONP-treated astrocytes than that in the NV-treated astrocytes. The treatment with IONP
(0.68 μg/mL) at the equal iron amount to NV-IONP (40 μg/mL) did not increase the growth
factor expression, excluding the effect of IONP inside NV-IONP on the enhanced therapeutic
growth factor expression in astrocytes. These results suggest that when astrocytes in injured
spinal cord were treated with NV or NV-IONP, the secretion of therapeutic growth factors
from astrocytes can be stimulated, resulting in improved angiogenesis and neuronal survival
in the injured spinal cord.
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3.2.5. In Vitro attenuation of inflammatory responses and M2 polarization
in macrophages
The various pathological events in SCI include significant infiltration and activity of
macrophages in the spinal cord lesion.114 Therefore, understanding and modulating the
inflammatory responses of macrophages would be crucial in SCI repair. Macrophages, in
terms of distinctive phenotypes and functions, can be classified to pro-inflammatory and
cytotoxic state (M1) and anti-inflammatory and regenerative state (M2). During the early
stage of SCI, M1 macrophages are the majority among the macrophage population in spinal
cord lesion.115 Previous studies have reported that conditioned medium and extracellular
vesicles from MSCs exhibited anti-inflammatory effect via M2 polarization of
macrophages.22, 116 Thus, we investigated the effects of NV and NV-IONP on inflammatory
cytokine expression and macrophage polarization. Raw 264.7 cells, a murine macrophage cell
line, were activated to M1 state by LPS-treatment for 24 h.117 Then the cells were treated with
IONP, NV, or NV-IONP for 16 h. Forty-eight hours after removal of treatments, qRT-PCR
and ELISA analysis indicated that the NV or NV-IONP treatment drastically reduced the
expression of M1-related cytokines such as TNF-α and IL-6 (Figure 3.7C and D). The
insignificant difference between the M1 marker expression in NV- and NV-IONP-treated
macrophages may be possibly due to excessive M1-stimulation by LPS. The IONP treatment
did not show any significant effect on the TNF-α and IL-6 expression. Meanwhile, the NV or
NV-IONP treatment increased the expression of Arginase-1 (Arg-1) and CD206 mRNA,
which are highly expressed in M2-polarized macrophages (Figure 3.7E). ELISA indicated
that the secretion of IL-10, an anti-inflammatory M2 cytokine, was drastically increased in
NV- and NV-IONP-treated macrophages (Figure 3.7F). The secretion of VEGF, which is also
classified as an M2 marker,118, 119 was increased in the NV and NV-IONP groups. The
expression of M2 markers was significantly enhanced in the NV-IONP group than that in the
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NV group. M2 polarization induced by NV-IONP may be attributed to the up-regulation of
TGF-β1, which is known to induce M2 polarization.120, 121
Next, we performed angiogenic and inflammation-regulatory protein array assay on
the conditioned media of the groups (Figure 3.7G). The NV and NV-IONP group showed
decreased secretion of IL-1β and MMP-9, which are M1 markers. In agreement with the
ELISA result, the secretion of VEGF and IL-10 in the NV-IONP group was increased in the
protein array assay. The expression of angiogenic growth factors such as angiopoietin and
platelet-derived growth factor (PDGF) was also increased in the NV-IONP-treated
macrophages.
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Figure 3.8. Photographs of a neodymium magnet and magnet strapping to SCI mouse
model. (A) A neodymium magnet used for magnetic guidance. The size was compared with a
1 cc syringe. (B) A magnet was strapped on the skin above the injured spinal cord (dotted
white circle) using Tegarderm® and self-adherent strap.
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Figure 3.9. Biodistribution of systemically injected hMSC-IONP and NV-IONP in spinal
cord-injured mice, in the presence or absence of an external magnetic field (MF) for 24
h. (A) Ex vivo fluorescence images of major organs and injured spinal cord at 24 h after
injection of hMSC-IONP or NV-IONP, in the presence or absence of an applied MF on
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injured spinal cord. VivoTrack 680, a lipophilic red fluorescent dye, was used for labeling
hMSC-IONP and NV-IONP. The region-of-interest (ROI) quantification analysis of major
organs from mice injected with (B) hMSC-IONP or (C) NV-IONP. (D) Spinal cord-targeting
efficiency of hMSC-IONP and NV-IONP, with or without magnetic guidance. (B, C, and D) n
= 3 animals per group, n.s. indicates no significance. *p < 0.05 (E) Confocal microscopy
images of longitudinal sections of spinal cord of hMSC-IONP- or NV-IONP-injected mice in
the presence or absence of an applied MF. VivoTrack 680 from hMSC-IONP or NV-IONP is
visualized as red. Blue indicates DAPI (nuclei). Bars = 200 μm. (F) Prussian blue staining of
longitudinal sections of spinal cord of hMSC-IONP- or NV-IONP-injected mice in the
presence or absence of an applied MF. Blue pigment indicates IONP. Bars = 200 μm.
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3.2.6. Spinal cord targeting of NV-IONP via external magnetic guidance
Systemic administration of hMSCs results in accumulation in pulmonary capillaries
due to their relatively large size (15 ~ 50 μm).122-124 Thus, we intravenously injected nanosized NV-IONP to evade the entrapment in pulmonary capillaries, and therefore to improve
the efficiency of targeting toward injured spinal cord via external magnetic guidance. To
show the enhanced spinal cord-targeting ability of NV-IONP over hMSC-IONP, intravenous
injection of hMSC-IONP served as the control in the biodistribution assay. NV-IONP and
hMSC-IONP were fluorescently labeled with VivoTrack 680, a lipophilic red dye. A
neodymium magnet was placed and fixed near the injured spinal cord (Figure 3.8). After 24 h
post-injection, major organs (heart, lung, liver, kidney, spleen, bladder, and the spinal cord)
were retrieved and examined using an optical imaging system (Figure 3.9A). The majority of
injected hMSC-IONP accumulated in lung and liver (Figure 3.9A and B). hMSC-IONP were
poorly accumulated in the injured spinal cord regardless of the magnetic field (MF+ or MF-).
Due to entrapment in the pulmonary capillary, hMSC-IONP possibly did not have sufficient
blood-circulation time to be navigated toward the MF-guided spinal cord. In contrast,
administered NV-IONP showed a relatively high fluorescence intensity in the liver (Figure
3.9A and C), which is in agreement with the result of previous studies reporting that
systemically injected extracellular vesicles are taken up mainly by liver due to mononuclear
phagocyte system.94, 95 However, we observed a relatively insignificant accumulation of NVIONP in the lung, suggesting that the nano-sized NV-IONP successively passed through the
pulmonary capillary. Importantly,

injected and

magnet-guided NV-IONP showed

significantly enhanced accumulation in the spinal cord (Figure 3.9A and C), possibly due to
increased blood-circulation time of NV-IONP and the external magnetic guidance. Next, we
compared the spinal cord-targeting efficiency by percentage of relative fluorescence unit
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(RFU) (Figure 3.9D). The fluorescence intensity in the spinal cord was divided with the sum
of the fluorescence intensities from all major organs retrieved. The quantification analysis
indicated that NV-IONP (MF-) showed 3.9 ~ 4.5-fold higher accumulation in the spinal cord
compared to hMSC-IONP (MF+ or MF-) and the magnetic guidance increased the spinal
cord-targeting efficiency of NV-IONP by 2.18-fold. Accordingly, NV-IONP (MF+) showed
8.5 ~ 10-fold higher accumulation in the spinal cord compared to hMSC-IONP (MF+ or MF).
Next, spinal cord tissue sections were obtained, and the accumulation of
fluorescently labeled hMSC-IONP and NV-IONP in the spinal cord was observed using
confocal fluorescence microscopy (Figure 3.9E). No fluorescence signals were detected in
the hMSC-IONP groups regardless of MF. Notable fluorescence signals were observed in the
NV-IONP (MF-). The signals were further increased in the NV-IONP (MF+). Prussian blue
staining, which stains accumulated IONP in the tissue, of the spinal cord tissue sections also
revealed the improved targeting efficiency of NV-IONP (MF+) (Figure 3.9F).
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Figure 3.10. In vivo angiogenesis and M2 phenotype polarization of infiltrated
macrophages in injured spinal cord after intravenous injection of NV or NV-IONP, with
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or without magnetic guidance. Animals were assigned into five groups; (i) sham, (ii) injury
+ PBS injection, (iii) injury + NV injection, (iv) injury + NV-IONP injection, and (v) injury +
NV-IONP injection + magnetic guidance for 24 h. (A) Western blot analysis and
quantification of angiogenic factors (Ang-1 and VEGF) in spinal cord tissue at 14 days after
injury. n = 3 animals per group. (B) Immunohistochemical (IHC) staining for blood vessels
(vWF, red) at the lesion core at 28 days after injury. n = 3 animals per group. Bars = 20 μm.
(C) IHC staining for M1 phenotype (CD86, green) and M2 phenotype (Arg-1, red)
macrophages at the site of injury at 28 days after injury. n = 3 animals per group. Bars = 20
μm. (D) Western blot analysis and quantification of M1 phenotype-related inflammatory
cytokines (IL-6, IL-1β, and TNF- α) in spinal cord tissue 1 day after injection. n = 3 animals
per group. (E) IHC staining for TNF-α at the site of injury at 1 day after injury (green). Bars
= 20 μm. (A and D) *p < 0.05 versus (ii), ¶p < 0.05 versus (iii), and §p < 0.05 versus (iv).
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3.2.7. Enhanced angiogenesis and M2 polarization in injured spinal cord by
magnet-guided NV-IONP
It was previously demonstrated that angiogenic factors promote angiogenesis, neural
regeneration, and functional recovery in SCI.125 VEGF induce re-vascularization in the
injured spinal cord.126 VEGF is also a crucial neurotrophic factor, and it plays a significant
role in neuron survival in the spinal cord.127 Meanwhile, Ang-1 suppresses vascular leakage
and inflammation and accelerates blood vessel formation during angiogenesis.128 Exogenous
administration of Ang-1 has favorable effects on both vascular integrity and functional
recovery after SCI.129, 130 In the present study, injection of NV-IONP and external magnetic
guidance significantly increased protein expression of Ang-1 and VEGF in the injured spinal
cord, evaluated by western blot analysis (Figure 3.10A). Immunohistochemical (IHC)
staining of injured spinal cord with von Willebrand factor (vWF) at 28 days post-injury
revealed vascular impairment after SCI (Figure 3.10B). Importantly, a markedly enhanced
expression of vWF was observed in the NV-IONP (MF+) group as compared to the other
groups.
Prolonged inflammation at the lesion site results in augmented tissue damage.
Macrophage polarization is one of the cellular mechanisms involved in controlling the
inflammation and tissue repair of injured spinal cord.114 M1 and M2 are the two major
subsets of macrophages at the injured site. Macrophage can switch from one phenotype to the
other depending on the microenvironment following injury. To minimize tissue damage and
maximize tissue repair after SCI, the tissue-reparative M2 macrophages should be induced
and the number of pro-inflammatory M1 macrophages should be reduced.119, 131 IHC staining
of the injured spinal cord sections revealed a drastically increased expression of CD86, an
M1 marker, in the injured spinal cord, indicating the M1 polarization of infiltrated
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macrophages after SCI (Figure 3.10C). The injection of either NV or NV-IONP (MF-) did
not significantly reduce inflammatory M1 macrophages in the injured spinal cord, however
the injection of NV-IONP (MF+) showed significant effect. Also, the injection of NV-IONP
(MF+ and MF-) significantly enhanced expression of Arg-1, an M2 marker, while the other
groups did not. Moreover, as M1 macrophages secrete inflammatory cytokines, the
expression of IL-6, IL-1β, and TNF-α was significantly elevated in the injured spinal cord at
1 day post injury, however, the injection of NV-IONP (MF+) significantly attenuated the
SCI-induced expression of the inflammatory cytokines, as evaluated by western blot analysis
(Figure 3.10D). IHC staining for TNF-α in the injured spinal cord sections also showed
significantly decreased expression of inflammatory TNF-α in the injured spinal cord after
injection of NV-IONP (MF+) (Figure 3.10E). These results demonstrated that the injection of
NV-IONP along with external magnetic guidance is able to induce the phenotypic shift of
macrophages from M1 to M2 for effective repair of injured spinal cord.
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Figure 3.11. Attenuation of glia scar formation and enhancement in functional recovery
in spinal cord-injured mice by intravenous injection of NV-IONP with magnetic
guidance. Animals were assigned into five groups; (i) sham, (ii) injury + PBS injection, (iii)
injury + NV injection, (iv) injury + NV-IONP injection, and (v) injury + NV-IONP injection
+ magnetic guidance for 24 h. (A) IHC analysis for neuron (NF, green) and astrogliosis
(GFAP, red) in longitudinal sections of spinal cord at 28 days after injury. The white arrows
indicate artifacts produced during the histological analysis processing. Bars = 100 μm. (B)
Western blot analysis and quantification of astrogliosis (GFAP), neuron-specific (MAP-2),
and apoptotic (C-Cas-3) proteins in spinal cord tissue at 14 days after injury. n = 3 animals
per group. *p < 0.05 versus (ii), ¶p < 0.05 versus (iii), and §p < 0.05 versus (iv). (C) IHC
analysis for fibrotic tissue (laminin, green) in spinal cord sections at 28 days after injury. Bars
= 50 μm. (D) Fluorescence microscopy images of apoptotic TUNEL-positive cells (green,
white arrows) at the injured spinal cord at 7 days after injury. n = 3 animals per group. Bars =
100 μm. (E) (a) Representative images of the spinal cord retrieved at 28 days after injury. The
dotted green circles indicate the lesion core. Bars = 2 mm. (b) Masson’s trichrome-stained
transverse sections of lesion core tissues. The dotted area indicates fibrotic tissue area. Bars =
100 μm. (F) BMS score-based quantitative analysis of time-lapse functional recovery in
spinal cord-injured mice for 28 days. n = 10 animals per group, *p < 0.05 versus (ii), and ¶p <
0.05 versus (iii).
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3.2.8. Attenuation of glial scar formation and enhanced functional recovery
by magnet-guided NV-IONP
After SCI, the number of astrocytes increases and causes scar formation, which is
called astrogliosis.132 The glial scar formation acts as a substantial impediment inhibiting
axonal regeneration after SCI.133 At 28 days after the injury; neuronal disintegration and
astrogliosis were evaluated by IHC staining for neurofilament (NF) and glial fibrillary acidic
protein (GFAP), respectively (Figure 3.11A). Extensive recruitment of astrocytes and
neuronal loss were evident in the PBS injection group. In contrast, the NV-IONP (MF+)
group showed markedly attenuated astrogliosis and neuronal loss. Western blot analysis for
GFAP also revealed the drastic attenuation of astrogliosis in the NV-IONP (MF+) group
compared to that in the other groups (Figure 3.11B). Moreover, expression of microtubuleassociated protein-2 (MAP-2), a neuron-specific protein that promotes assembly and stability
of the microtubule network, was significantly increased in the NV-IONP (MF+) group,
indicating the prevention of SCI-induced neuronal loss. Another essential feature of the glial
scar is the increased expression of extracellular matrix (ECM) proteins. Fibrotic scar tissue is
rich in fibronectin and laminin at the lesion site after SCI.134 The compression injury caused a
drastic increase in laminin at the injury site after 28 days post-injury (Figure 3.11C). The
injection of NV-IONP (MF+) significantly reduced the laminin at the lesion site. As previous
studies have reported that acidic FGF135 and HGF136 reduced the astrocytic scar formation in
injured spinal cord, we speculate that the attenuated glial scar is possibly due to greater
amounts of FGF2 and HGF in NV-IONP. Furthermore, as one of the functions of glial scar
formation is preventing the spread of inflammation,137 the anti-inflammatory effect of NVIONP may have induced the attenuation of astrogliosis.
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The increased apoptosis that occurs after SCI is also detrimental to functional
recovery. To evaluate apoptosis at the lesion site after SCI, terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining was performed at 7 days post-injury
(Figure 3.11D). The number of TUNEL-positive cells in the spinal cord was increased after
SCI. The injection of NV-IONP (MF+) remarkably reduced the number of apoptotic cells,
Moreover, western blot assay for cleaved caspase-3 (C-Cas-3), an apoptotic marker, showed
a strong inhibition of apoptosis in the NV-IONP (MF+) group (Figure 3.11B). The reduced
apoptosis in the NV-IONP (MF+) group is likely due to targeted delivery of NV-IONP that
contain large amounts of anti-apoptotic factors including VEGF, FGF2, and HGF.
The injured spinal cord retrieved at 28 days post-injury revealed the efficient
preservation of its structure after injection of NV-IONP (MF+) (Figure 3.11E). The
morphological observation revealed that the width of the lesion (dotted green circle) was
constant after injection of NV-IONP (MF+). Furthermore, Masson’s trichrome staining of the
lesion site showed significantly reduced fibrotic area (dotted green area) and efficient
preservation of both, white and grey matter in the spinal cord after injection of NV-IONP
(MF+).
Functional recovery after SCI was assessed in open-field testing by the Basso Mouse
Scale (BMS) score until 28 days post-injury (Figure 3.11F). Animals that develop paraplegia
after SCI exhibit a low BMS score, and functional recovery after SCI is indicated by the
gradual increase in the score. The result revealed that, although the NV and NV-IONP (MF-)
groups showed a higher BMS score compared to PBS group at 28 days post-injury, there was
no significant difference among the scores, possibly due to insufficient targeting efficiency of
NV and NV-IONP in absence of magnetic field. In contrast, the injection of NV-IONP and
their subsequent magnetic guidance showed a significant improvement in functional recovery
after SCI.
８０

Chapter 4. Stem Cell-derived Magnetic Nanovesicles
Target and Attenuate Ischemic Stroke
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4.1. Introduction
Ischemic stroke is one of the most lethal diseases and leading cause of long-term
disability.138 Main pathological event of ischemic stroke is temporary brain ischemia
occurred by blood vessel occlusion, resulting a neuronal damage of brain tissue.139 Severe
inflammation in microenvironment of damaged brain tissue also contributes to exacerbation
of neuronal injury and brain dysfunction.140 Oxidative stress caused by ischemia and
reperfusion in brain tissue activates macrophages to release pro-inflammatory cytokines,
leading to detrimental outcomes in brain microenvironment.141, 142
As a promising neuronal regenerative strategy, administration of mesenchymal stem
cells (MSC) has gained widespread attention for treatment of cerebral ischemic stroke.143, 144
MSC are one of the most promising tools in cell-based therapeutics and regenerative
medicine. Due to its unique properties, MSC have generated considerable interest in various
clinical applications.1,

145,

146

MSC release therapeutic biomolecules that promote

angiogenesis,147 anti-apoptotis,148 immunomodulation,149 and therefore have a great potential
in the treatment of ischemic stroke. However, in spite of those advantages, there are still few
considerations about delivering the MSC in vivo. Direct intra-cerebral implantation of stem
cells in ischemic brain is invasive operation that can cause an additional damage of normal
brain tissues, thus can be more concerned in clinical trials.150 Furthermore, administered
MSC show poor survival rate in inflammatory and ischemic lesion.151 Indeed, intravenous
administration is simpler and less invasive route compared to direct implantation, therefore a
highly preferred route for patients suffering from severe clinical condition. However,
systemic delivery of MSC poses a problem such as lung entrapment causing the poor
accumulation of administered MSC in ischemic brain. Due to the large diameter of MSC (15
~ 40 µm), pulmonary capillary acts as a barrier which captures the intravenously infused
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MSC and cause decreased blood flow velocity.5,

123, 124

Consequently, systemically

administered MSC lack their targeting ability in vivo. Because the size of MSC causes lung
accumulation, there has been increased demand of nano-sized therapeutic agent with similar
therapeutic functions to those of MSC.
Exosomes, recently emerged as preferable option for cell-free therapeutics, are nanosized extracellular vesicles which contain various genes and proteins produced from donor
cells.73 Once reached to target cells, exosome deliver various mRNAs and proteins inducing
biological process and signaling pathways, thereby elicit the physiological changes in target
cells. Moreover, nanoscopic size and surface proteins enable exosomes to penetrate
interstitial space among the organs and to accumulate in target tissue.52 Based on compelling
evidences of therapeutic effects from MSC, exosomes derived from MSC have been studied
as a therapeutic agent for treatment of various CNS injuries,82, 91 including ischemic stroke.41,
152-154

These reports support an evidence that the MSC-derived exosomes exert similar or

equivalent therapeutic functions to those of MSC in treatment of ischemic stroke.
Furthermore, exosomes provide several benefits over the MSC that exosomes are
independent from cell viability, can pass the pulmonary capillaries after intravenous
administration, and have a lower possibility of immune-rejection.76 However, as well as from
other mammalian cells, very small quantities of exosomes are released from MSC. Less than
4 µg of exosomes per day are produced from one million MSC,51 indicating that collecting
sufficient amount of naturally secreted exosomes for pre-clinical or clinical studies is
impractical and highly laborious. Furthermore, repetitive cell culture can cause poor
expression of growth factors in MSC, which would significantly reduce the therapeutic
efficacy of exosomes released from those MSC.93 Importantly, poor in vivo targeting ability
of systemically administered exosomes toward the target tissue still remain as critical
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challenge for further therapeutic application.94-96 Surface modification of exosome with
peptide can enhance accumulation of MSC-exosomes in ischemic brain,154 however,
conjugation of targeting moieties require multiple chemical reaction steps which may affect
the function of exosomal proteins. Moreover, therapeutic agent such as curcumin, was
additionally loaded on MSC-exosomes to improve their therapeutic efficacy.
In this context, rather than integration of additional targeting moieties or therapeutic
agent in natural exosomes, we synthesized therapeutic efficacy-potentiated magnetic
nanovesicles (MNV) by simple utilization of iron oxide nanoparticles (IONP). According to
our previous studies that the treatment of IONP activates the phosphorylation of c-Jun and
JNK molecules,24, 101 signaling cascades associated with growth factor expressions,102, 155 we
discovered that the expressions of therapeutic growth factors in MSC were markedly
upregulated in time-dependent manner after the treatment of IONP (MSC-IONP). Fabricated
by serial extrusion of MSC-IONP, MNV contained significantly larger amount of therapeutic
growth factors compared to control nanovesicle (NV) isolated from untreated MSC. In
addition to growth factors, MNV also contained IONP which act as a navigator of MNV to
target ischemic brain with assistance of external magnetic field (Figure 4.1). Together, we
demonstrate that the simple treatment of IONP to MSC can provide not only magnetic
properties but also potentiated therapeutic efficacy of MSC-derived nanovesicles.
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4.2. Result and discussion
4.2.1. IONP uptake and enhanced therapeutic growth factors in MSC
We first investigated the physiological properties of iron oxide nanoparticles (IONP),
and its biological effects including therapeutic growth factor up-regulation in MSC. PEGylated superparamagnetic IONP with size of 12 nm were fabricated, and treated to human
bone marrow-derived MSC. Transmission electron microscopy (TEM) showed the shape and
size of IONP, and internalization to MSC (Figure 4.1A). Agglomerated IONP clusters (red
arrows) were observed in endosomes of MSC-IONP. To determine the cytotoxicity, IONP
were treated to MSC with increasing concentration from 5 to 160 μg/mL, and incubated for
16 h (Figure 4.1B). Measured by CCK-8 assay, IONP did not show significant cytotoxicity
up to concentration of 80 μg/mL. MSC-IONP with increasing dose of IONP, were
investigated by Prussian blue staining (Figure 4.1C). Blue pigments which indicate
internalized IONP, were distributed in cytoplasm of MSC. Next, we investigated whether the
treatment of IONP induce cell proliferation of MSC (Figure 4.1D). Measured until 72 h after
removal of IONP-containing cell medium, MSC proliferation was significantly increased in
dose-dependent manner, indicating internalized IONP influenced the biological process of
MSC. Thus, we evaluated the expressions of various therapeutic growth factors and cytokines
associated with angiogenesis (Ang-1, FGF2, HGF, VEGF, PDGF, TGF-β1, TGF-β3), antiapoptosis (FGF2, HGF, VEGF, PDGF, TGF-β1, TGF-β3), neurotrophic (NGF, BDNF,
GDNF, NT3, NT4), and anti-inflammation (TGF-β1, TGF-β3), in MSC-IONP at 2, 24, 48 h
after treatment of 40 μg/mL IONP (Figure 4.1E). Those respective genes were markedly upregulated in a time-dependent manner until 48 h, as compared to untreated MSC. We
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discovered that low pH in intracellular endosome partially ionize IONP into iron ions, and
stimulate the JNK and c-Jun signaling pathways (Figure 4.1F). Whole cell lysate of MSCIONP was collected 48 h after IONP treatment, and analyzed by western blot and
corresponding quantification. Expressions of Ang-1, FGF2, HGF, VEGF, BDNF, and TGFβ3 were significantly increased in MSC-IONP compared to untreated MSC. Enhanced
expressions of therapeutic growth factors were attributed to phosphorylation of JNK and cJun signaling molecules.
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Figure 4.1. Enhanced expression of angiogenic, neuroprotective, and anti-inflammatory
factors in MSC by IONP. (A) Transmission electron microscopy of (ⅰ) IONP and (ⅱ)
８８

MSC-IONP. The dotted yellow box indicates cell endosome in MSC-IONP. (B) Cell viability
of MSCs at 16 h after incubation with various concentrations of IONP. (C) Dose-dependent
uptake of IONP by MSC, as evaluated by Prussian blue staining. Blue pigments indicate
internalized IONP. Bars = 100µm. (D) The proliferative behavior of MSC-IONP until 72 h
after treatment of various concentrations of IONP. *P<0.05, ***P<0.001. (E) Relative
mRNA expressions of angiogenic, neuroprotective, and anti-inflammatory factors in MSCIONP, as evaluated by qRT-PCR analysis. (F) Schematic illustration of intracellular
mechanism underlying the growth factor up-regulations in MSC-IONP. (G) Western blotting
and quantification of Ang-1, FGF2, HGF, VEGF, BDNF, and TGF-β3 expressions in MSC
and MSC-IONP. *P<0.05 versus MSC.
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Figure 4.2. Characterization of NV and MNV. (A) Size distribution of NV and MNV. (B)
Transmission electron microscopy of NV and MNV. Yellow arrows indicated IONP. (C)
Magnetization of MNV by application of external magnetic field (MF). (D) Fluorescence
observation of NV and MNV. Lipid bilayer of NV and MNV was stained with DiO (green)
lipophilic dye, and RITC-labeled IONP was used for synthesis of MNV. Scale bar = 2 µm. (E)
PC12 cells treated with NV or MNV. Blue indicates cell nuclei (DAPI). Scale bar = 50 µm.
(F) qRT-PCR and (G) western blot analysis of various therapeutic factors in NV and MNV.
*P<0.05 versus NV.
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4.2.2. IONP and higher level of therapeutic growth factors in MNV
According to qRT-PCR and western blot analysis that gene and protein expressions
of therapeutic growth factors are significantly enhanced in MSC-IONP at 48 h after IONP
treatment, MSC-IONP were harvested at 48 h post-treatment of IONP and serially extruded
to 10, 5, 1, and 0.4 µm pore-sized membrane filters to fabricate MNV. Non-encapsulated
IONP were removed during the synthesis. NV isolated from untreated MSC were served as
control. Hydrodynamic size of NV and MNV was measured using dynamic light scattering
(DLS) analysis (Figure 4.2A). NV and MNV showed the average size of 168.3 ± 48.3 and
194.2 ± 44.5 nm, respectively. Next, TEM observation of NV and MNV revealed their
spherical formation (Figure 4.2B). Importantly, it demonstrated that IONP were successfully
encapsulated in MNV (yellow arrows indicate IONP). To determine the magnetic properties
of MNV, external magnetic field (MF) was applied to MNV (Figure 4.2C). Neodymium
magnet was placed on side of MNV-containing tube, and the MNV pellet was observed near
the magnet after 10 min of magnetization. Encapsulation of IONP in MNV was further
confirmed with confocal microscopy (Figure 4.2D and 4.2E). MNV were fabricated using
IONP labeled with Rhodamine-B-Isothiocyanate (RITC, red), and their surface lipid bilayer
was stained with 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO, green). Confocal
microscopy observation of MNV revealed the overlapped locations of green and red
fluorescence signals, indicating the successful encapsulation of IONP inside MNV (Figure
4.2D). To evaluate their stable incorporation during the cellular internalization, PC12 cells
were treated with MNV (Figure 4.2E). At 4 h after treatment of MNV, cells showed both
green and red fluorescence signal with their overlapped locations. In contrast, cells treated
with NV showed only green fluorescence signals due to the absence of IONP. We next
determined whether the enhanced expressions of therapeutic growth factors in MSC-IONP
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can be transferred to MNV. qRT-PCR analysis showed that MNV contain significantly larger
amounts of mRNAs encoding those growth factors, as compared to NV (Figure 4.2F).
Western blotting also revealed that increased protein level of therapeutic growth factors was
contained in MNV than NV (Figure 4.2G). These results demonstrate that MNV encapsulate
not only IONP as magnet navigating tool, but also significantly larger amount of therapeutic
factors to treat ischemic stroke.
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Figure 4.3. In vitro angiogenic, neuroprotective, and anti-inflammatory effects of NV
and MNV on endothelial cells (HUVEC), neuronal cells (PC12 cells), and rat bone
marrow-derived macrophages (rBMDM) (a) Angiogenic behavior of HUVEC after
treatment with IONP, NV, or MNV, as determined by tube formation assay. HUVEC were
stained with DiO, a green fluorescent dye. Bars = 100 µm. Number of tubes and tube
junctions were quantified. *P<0.05, **P<0.01, ***P<0.001. (b) Increased proliferation of
９５

HUVEC after various treatments. Relative cell number was determined by CCK-8 assay.
**P<0.01, ***P<0.001. (c) Cell viability of PC12 cells treated with IONP, NV, or MNV,
followed by incubation under inflammatory (LPS) and hypoxic condition (1% O2). For
visualization of live and dead cells, PC12 cells were stained with FDA (green) and EB (red),
respectively. (d) Viability of PC12 cells was quantified by CCK-8 assay. (e) Relative values
of Bax (apoptotic) and Bcl-2 (anti-apoptotic) were evaluated by qRT-PCR analysis. The
normoxia group did not receive LPS treatment and hypoxia. *P<0.05, **P<0.01, ***P<0.001.
(f) Relative mRNA expressions of M1 (iNOS, IL-1β, and TNF-α) and M2 (Arg-1, CD206,
and IL-10) macrophage markers in rBMDM after various treatments. rBMDM were preactivated to M1 state by LPS treatment and hypoxia. The normoxia group did not receive
LPS treatment and hypoxia. *P<0.05, ***P<0.001.
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4.2.3. In vitro therapeutic effects of MNV
Next we investigated whether the increased growth factors in MNV exert enhanced
angiogenic, anti-apoptotic, and anti-inflammatory effect. Human umbilical vein endothelial
cells (HUVEC), neuron-like PC12 cells, and rat bone marrow-derived macrophages (rBMDM)
were treated with IONP (0.68 μg/mL), NV, and MNV (40 μg/mL). IONP with concentration
of 0.68 μg/mL, an equal concentration of IONP inside 40 μg/mL of MNV (17 ng of IONP in
1 μg of MNV), were served as a control to determine whether the function of MNV is an
effect from therapeutic growth factors or IONP inside MNV.
First, angiogenic activity of HUVEC was determined by tube formation assay.
HUVEC fluorescently labeled with 3,3´-dioctadecyloxacarbocyanine perchlorate (DiO), were
seeded on matrigel-coated well and incubated in presence of IONP, NV, or MNV (Figure
4.3A). After 8 h, capillary tube formation of HUVEC was prominent in MNV-treated group.
By quantified analysis, number of tube formation and tube junctions were significantly
increased in HUVEC treated with MNV, as compared to IONP- or NV-treated HUVEC.
Proliferation behavior of HUVEC after various treatment revealed the similar tendency
(Figure 4.3B). Measured until 72 h after treatment, HUVEC incubated with MNV showed the
most active proliferation. This result may attribute to larger amounts of therapeutic growth
factors inside MNV which contribute to angiogenesis of endothelial cells.108, 156 Next, we
investigated whether MNV show anti-apoptotic and neuroprotective effect on neuron-like
PC12 cells in inflammatory and hypoxic condition, which are representative pathological
events in brain microenvironment after ischemic stroke.157 To induce apoptosis, PC12 cells
were treated with lipopolysaccharide (LPS, 5 μg/mL) and incubated under hypoxic (1% O2)
condition.158, 159 Cells were pre-treated with IONP, NV, or MNV before inducing apoptosis.
After 24 h, survival of PC12 cells was evaluated by live (green) and dead (red) staining

９７

(Figure 4.3C), and quantified by CCK-8 assay (Figure 4.3D). Pre-treatment of MNV
significantly alleviated the apoptosis of PC12 cells, as compared to IONP or NV. The
expressions of pro-apoptotic Bax, and anti-apoptotic Bcl-2 were measured by qRT-PCR
(Figure 4.3E). Compared to other groups, Bax was significantly down-regulated and Bcl-2
was up-regulated in MNV-treated group.
Next, we investigated the anti-inflammatory effect of MNV. Macrophages, in terms
of distinctive phenotypes and functions, can be classified to pro-inflammatory and cytotoxic
state (M1) and anti-inflammatory and regenerative state (M2).160 During the progression of
stroke, the M1 phenotype drastically increases in peri-infarct regions, and release proinflammatory cytokines that exacerbate neuronal injury.161 Phenotypic transition of M1
macrophages toward M2 subtype can prevent further brain damage.162 To determine whether
MNV elicit M2 polarization of M1 macrophages, we first activated rBMDM to M1 state by
LPS and culturing them under hypoxic condition. Then, M1-induced rBMDM were treated
with IONP, NV, or MNV. After 48 h, mRNA expressions of M1 markers (iNOS, IL-1β, and
TNF-α) and M2 markers (Arg-1, CD206, and IL-10) were evaluated (Figure 4.3F). In
contrast to non-activated rBMDM (normoxia), M1-induced rBMDM showed up-regulated
M1 markers. However, treatment of MNV resulted in significant down-regulation of those
M1 markers. Meanwhile, M2 markers were markedly up-regulated after the treatment of
MNV. In the above in vitro experiments, treatment of IONP did not showed significant
differences compared to control group. This demonstrates that the potentiated biological
effect of MNV is an effect of larger amount of therapeutic growth factors rather than the
incorporated IONP.
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Figure 4.4. In vivo targeting of ischemic stroke lesion of MCAO rats by systemic
injection of MNV with application of external magnetic field (MF). (A) Biodistribution of
intravenously injected MNV with or without MF, as evaluated by IVIS imaging of major
organs. (Br: brain, Li: liver, Lu: lung, Sp: spleen, Ki: kidney), LH: left hemisphere (ischemic
lesion), RH: right hemisphere (non-ischemic region) (B) Quantitative fluorescence
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measurement of major organs collected from rats injected with MNV, with or without MF.
**P<0.05. (C) Comparison of fluorescence intensity in ischemic lesion between MNV (MF-)
and MNV (MF+). **P<0.01. (D) Normalized ratio of fluorescence intensity in LH versus RH,
indicating ischemic lesion-specific accumulation of MNV in presence of MF. **P<0.01. (E)
Prussian blue staining of ischemic stroke lesion of rats injected with MNV with or without
MF. Blue pigments (black arrows) indicate IONP inside MNV. Bars = 50 µm. (F) Number of
blue pigments were quantified. *P<0.05.
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4.2.4. Magnet-assisted ischemic lesion targeting of MNV
To evaluate the feasibility of MNV for magnet-guided targeting toward ischemic
stroke lesion, we next performed fluorescence imaging to track the intravenously injected
MNV in transient middle cerebral artery occlusion (MCAO)-induced rats. After reperfusion,
MNV were injected via the lateral tail vein. MNV were fluorescently labeled with a lipophilic
dye VivoTrack 680 before injection. As an external magnetic field (MF), magnet helmet was
applied to MCAO rats. After 24 h of post-injection, major organs including brain, liver, lung,
spleen, and kidney were obtained from MCAO rats, and fluorescently visualized with IVIS
fluorescence imaging system (Figure 4.4A). The fluorescence imaging revealed that MNV
are partially accumulated in brain without MF, however, a majority of injected MNV were
accumulated in liver and spleen. This result corresponds to previous reports that systemically
administered extracellular vesicles rapidly accumulate in organs of the reticuloendothelial
system, such as liver and spleen.94, 96, 154 Nevertheless, fluorescence signals in ischemic brain
was markedly increased in MNV (MF+) group, notably in the left hemisphere (LH, ischemic
lesion) where the magnet was placed above. Region-of-interest analysis of major organs
collected from MNV (MF+) group also revealed that MNV were significantly less
accumulated in liver, thereby targeted the ischemic brain 2.9-fold higher than MNV (MF-)
group (Figure 4.4B). Narrowing down the scope to LH of brain (Figure 4.4C), MNV (MF+)
showed 5.1-fold increased fluorescence intensity compared to MNV (MF-). Moreover, the
fluorescence ratio of LH to right hemisphere (RH) showed as high as 9.2-fold following
application of external MF (Figure 4.4D). Next, brain tissue sections were obtained, and the
accumulation of MNV in ischemic lesion was observed by Prussian blue staining. LH of
cerebral cortex was observed with optical microscopy (Figure 4.4E). Quantification of blue
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pigments which indicates IONP inside MNV, demonstrated that significantly larger amount
of MNV were accumulated in ischemic lesion in presence of MF (Figure 4.4F).
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Figure 4.5. In vivo therapeutic effect of MNV in ischemic stroke. (A) TTC staining of
serial sections of brain tissues and quantification of the cerebral infarction volume in MCAO
rats systemically administered with PBS, MNV (MF-) or, MNV (MF+) (n = 11 per group).
(B) Infarct volume of rat MCAO models after different treatments. *P<0.05, ***P<0.001. (C)
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LPT score-based quantitative analysis of functional recovery until 28 days after MCAO (n =
6). *P<0.05, **P<0.01. (D) Western blot and corresponding quantification of M1 (iNOS and
nNOS) and M2 (Arg-1) macrophage markers, and neuronal marker (MAP2) in brain tissue
lysate of MCAO rats. The normal group did not receive MCAO. *, ¶, and Ф indicate
significant differences in comparison with the normal, PBS, and MNV (MF-) groups,
respectively. (E) Macrophage polarization in ischemic brain tissues obtained from different
groups, evaluated by IHC staining against M1 (IL-1β, red) and M2 (Arg-1, green) markers.
Bars = 50 µm. *P<0.05, **P<0.01, ***P<0.001. (F) IHC staining for blood vessels (vWF,
red) in ischemic brain tissues obtained from different groups, **P<0.01. Bars = 50 µm. (G)
Evaluation of neuronal survival in ischemic brain by IHC staining of MAP2 (green), followed
by quantitative analysis. Bars = 100µm. **P<0.01, ***P<0.001. (H) Fluorescence
microscopy images and quantification of apoptotic TUNEL-positive cells (green) in ischemic
stroke lesion. Bars = 100 µm. **P<0.01, ***P<0.001.

１０５

4.2.5. In vivo therapeutic effect and mechanism of MNV for treatment of
ischemic stroke
To investigate the therapeutic effect of MNV in ischemic stroke, we measured and
compared the infarct volume at 3 days after MCAO and injection of MNV. The infarct
volume in brain of MNV (MF+) group was significantly reduced compared to that in the
brain of MNV (MF-) and PBS groups (75.48 ± 28.62 mm3 in MNV (MF+) vs. 168.50 ±
105.70 mm3 in MNV (MF-) vs. 272.6 ± 132.4 mm3 in PBS) (Figure 4.5A and 4.5B). Possibly
due to partial accumulation in ischemic lesion, MNV (MF-) also decreased the infarction
volume, as compared to PBS control group (Figure 4.5B). These results showed that MNV
administration decreased the infarct volume, especially the application of external magnet
noted to effectively reduce infarct volume. The delivery of MNV (MF+) improved functional
recovery after transient MCAO, compared to that in the MNV (MF-) and PBS groups (Figure
4.5C). It caused an amelioration of neurological deterioration during the monitoring period,
and the functional recovery was significant at 28 days.
We next determined the therapeutic mechanism of MNV. On the basis of in vitro
findings, anti-inflammatory, angiogenic, and neuroprotective events were assessed. Evaluated
by western blot analysis of brain tissue lysate collected from different groups (Figure 4.5D),
pro-inflammatory M1 markers such as iNOS and nNOS were significantly attenuated in
MNV (MF+) group, as compared to PBS and MNV (MF-) groups. Meanwhile, expression of
Arg-1 (M2 marker) and MAP2 (neuronal marker) in MNV (MF+) group were significantly
higher than others. Furthermore, as evaluated by immunohistochemical (IHC) staining
(Figure 4.5E), MNV (MF+) group exhibited markedly attenuated IL-1β (M1) and increased
Arg-1 (M2) expressions, as compared to PBS and MNV (MF-) groups. These result indicate
that increased amount of MNV accumulated in ischemic lesion successfully polarized the
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brain-resident macrophages (microglia) toward M2 subtype. We next stained the Von
Willebrand factor (vWF), an endothelial cell marker to observe the angiogenesis in each
group (Figure 4.5F). Although blood vessels were disrupted after ischemic stroke as shown in
PBS injected group, MNV (MF+) injected group showed enhanced reconstruction of vascular
system. Moreover, as determined by IHC staining of MAP2 (Figure 4.5G), MNV
accumulated in ischemic lesion showed an excellent neuroprotection. As compared to
ischemic lesion of PBS group in which severe neuronal loss was observed, population of
neurons was notably higher in MNV (MF+) group. This was confirmed by TUNEL staining
of ischemic lesion (Figure 4.5H). Highly increased number of TUNEL-positive cells in the
brain tissue after MCAO was remarkably reduced by administration of MNV (MF+).
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Chapter 5. Conclusion
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This thesis presents the studies on systemic administration of IONP-incorporated
exosome-mimetic nanovesicles in presence of external MF to specifically target and treat two
representative CNS injuries, SCI and ischemic stroke.
Chapter 3 demonstrates the effective systemic targeting ability of NV-IONP.
Furthermore, we discovered that IONP not only served as a navigating tool for systemic
targeting, but also up-regulated the therapeutic growth factors in hMSC. Accordingly, NVIONP successfully delivered large amounts of therapeutic growth factors to the injured spinal
cord in the presence of a magnetic field. NV-IONP induced angiogenesis, anti-apoptosis,
neuro-protection, and anti-inflammation by M2 polarization which are involved in repair of
injured spinal cord. Systemic injection of NV-IONP, which were magnetically guided, in
spinal cord-injured mice markedly enhanced the targeting efficacy toward injured spinal cord,
alleviated spinal cord damage, and improved neuronal function.
Chapter 4 show the fabrication of MSC-derived nanovesicles with magnetic
properties and their application for treatment of ischemic stroke. MSC treated with IONP
showed enhanced expressions of therapeutic growth factors which are major contributors in
angiogenesis, anti-apoptosis, and anti-inflammation. Moreover, those enhanced growth
factors were stably incorporated in isolated MNV. Magnetic properties of MNV enabled
MNV to specifically target ischemic brain with the help of external magnetic field.
Accumulated MNV elicited polarization of macrophages in ischemic lesion from cytotoxic
M1 to anti-inflammatory M2 subtype. MNV also improved the blood vessel formation of
infarcted lesion, and consequently attenuated the neuronal damage. Due to those therapeutic
functions, MCAO-induced rats showed significant functional recovery after the systemic
administration of MNV in presence of external MF.
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The results described in this thesis collectively demonstrate that IONP-incorporated
exosome-mimetic nanovesicles can be served as nano-sized therapeutic agent capable of
precise targeting the injured neuronal tissues such as spinal cord and cerebral lesion with help
of external magnet. Their application may be a potential new therapy for CNS injuries, and
can be expanded to treat various diseases including myocardial infarction that involve the
sequence of tissue damage, inflammation, and tissue repair. The injured CNS-targeting
efficacy of these IONP-incorporated nanovesicles can be further fortified by magnetic
resonance imaging (MRI), because IONP are widely used as a contrast agent for MRI.163
IONP-incorporated nanovesicles accumulated in injured tissues can be imaged in vivo or ex
vivo by MRI. Therefore, these nanovesicles can be served as theranostic (therapy + diagnosis)
agent for CNS injuries.
Furthermore, this cell-derived nanovesicle technology can be further expanded to
other types of stem cells such as embryonic stem cells, hematopoietic stem cells, or induced
pluripotent stem cells. In addition to stem cells, various types of immune cells such as
macrophages, dendritic cells, or T cells can be subjected to extrusion to fabricate
nanovesicles. Those immune cell-derived nanovesicles can be utilized in immuno-therapeutic
studies.
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요약 (국문 초록)

뇌졸중, 뇌출혈, 외상성 뇌 손상, 그리고 척수 손상과 같은 중추신경계
손상 질환은 장기적인 신체 장애, 더 나아가 죽음까지 이르게 하는 원인이다.
새로운 조직 재생 치료 전략으로서, 중간엽줄기세포 유래 엑소좀을 이용한
중추신경계 손상 치료는 최근 각광을 받고 있다. 중간엽줄기세포 유래 엑소좀은
그 만의 독특한 성질 때문에 중추 신경계 손상을 비롯한 다양한 질병에서 활발히
연구되어

왔다.

그러나

중추신경계

손상

치료를

위해

엑소좀을

사용하는

방식에는 여전히 한계가 남아 있다. 극소량의 엑소좀만이 중간엽줄기세포에서
분비되며, 엑소좀을 전신 주사 (정맥 주사) 하여도 표적 조직에 잘 도달하지
않는다. 따라서 본 주제에서는 산화철 나노입자를 중간엽줄기세포에 처리하였고
해당 세포로부터 엑소좀-모방 나노베지클을 분리하였다. 산화철 나노입자는
중간엽 줄기세포 내에서 철 이온으로 이온화 되며, 해당 이온들은 세포의
JNK/c-JUN

세포

신호전달

체계를

자극하여

다양한

성장

인자의

발현을

촉진시킨다. 따라서 해당 세포로부터 분리한 나노베지클은 자성을 띄는 산화철
나노입자 뿐만 아니라 고용량의 성장 인자가 탑재되어 있다. 본 연구에서는,
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산화철 나노입자가 탑재된 나노베지클을 중추 신경계 병변으로 체내 전달하였고
그에 따른 치료효과를 제시한다.
먼저,

제

3

장에서는

철나노입자가

처리된

중간엽줄기세포에서

철나노입자가 탑재된 철-나노베지클을 분리하였고, 이를 마우스 척수손상 모델에
전신 주사하여 외부 자장의 도움으로 손상된 척수에 전달되었다. 철나노입자가
처리된 중간엽줄기세포는 세포 자체의 큰 직경 때문에 대부분 폐에 걸렸지만,
나노미터

크기의

철-나노베지클은

폐

모세혈관을

통과하여

자기장이

있는

상태에서 손상된 척수에 상당 부분 축적되었다. 척수 병변에 축적 된 철나노베시클은 혈관 재건에 기여하였고, 염증성 대식세포를 항염증성 아형으로
분화시켰으며,

성상교세포증을

감쇠하고

신경

세포

사멸을

억제

하였다.

결과적으로 동물 행동 검사에 의해 평가 된 바와 같이, 손상된 척수에 축적된
철-나노베지클은 치료 효과를 발휘하였고 척수 기능을 개선시켰다.
제 4 장에서는 중간엽줄기세포에서 유래하였고 철나노입자가 함유 된
자성 철-나노베지클을 랫드 허혈성 뇌졸중 모델에 정맥 주사 하였다. 동물
모델은 과도 중간 대뇌 동맥 폐색 수술을 통해 허혈성 뇌졸중을 유발했다. 세포
실험을 통해, 철-나노베지클은 대조군 나노베지클과 비교하여 다양한 유형의
세포에서 증진된 혈관 생성 효과, 세포 사멸 억제 효과, 그리고 항염증 효과를
나타내었다.

동물

실험에서는,

철-나노베지클의

정맥

주사

직후에

외부

자기장으로 작용하는 자석 헬멧을 동물 모델에 씌웠다. 그리고 동물 형광 촬영을
통해 좌뇌 반구 (뇌졸중 병변)에 철-나노베지클이 축적됨을 관찰하였다. 주사 후
3 일째에 경색 부위 크기를 정량화 한 결과, 외부 자기장 존재 아래 철나노베지클을 투여 한 실험군에서 경색 부위가 대조군에 비하여 현저하게
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감소되었다. 또한, 동물 행동 실험을 통하여 철-나노베지클 (자기장 O) 의 주입
및 치료가 동물 모델의 운동 기능을 향상 시킨다는 것을 입증하였다.
따라서 본 연구에서는 산화철 나노입자가 처리된 중간엽줄기세포로부터
분리한 나노베지클은 고용량의 성장 인자뿐만 자석 항법 도구로 쓰일 수 있는
산화철 나노입자를 함유하며, 외부 자기장을 통해 손상된 척수 또는 대뇌 병변에
표적 전달되는 것을 확인했다. 이러한 철-나노베지클은 중추신경계 손상 치료를
위한 우수한 치료제로서 활용될 수 있으며, 통상적인 중간엽줄기세포 기반 또는
중간엽줄기세포 유래 엑소좀 기반의 치료 기법을 대체할 수 있다. 본 연구의
기술은 미래에 중추신경계 손상의 성공적인 치료를 위해 사용 될 수 있을 것이다.

주요어: 중간엽줄기세포, 엑소좀, 나노베지클, 산화철 나노입자, 척수 손상, 뇌졸중,
중추신경계 손상
학번: 2015-31024
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