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Preface 
Stroke is the second most common cause of death and major cause of disability worldwide1,2. 

According to the World Heart Federation, 15 million people worldwide suffer a stroke each 

year. Because the limited regenerative capacity of damaged central nervous system (CNS), in 

these people, nearly six million die and another five million are left permanently disabled in 

their lifetime though some studies provided a few of treatment options3. Recent studies have 

powerfully suggested that cell transplantation may be a hopeful treatment for stroke. Various 

cell types have been evaluated as cell source for cell therapy, including embryonic stem (ES) 

cells, neural stem cells (NSCs), inducible pluripotent cells (iPS) and bone marrow stromal cells 

(BMSCs) 4-6. Of these, BMSCs may be the most suitable source of donor cells for humans in 

clinical situations because they can be harvested from the patients themselves without ethical 

or immunological problems, and more importantly, they are regarded as no risk of 

tumorigenesis7-9. 

 

Bone marrow stromal cells 

Bone marrow stromal cells, a kind of mesenchymal stem cells, are multipotent stromal cells 

that can differentiate into a variety of cell lineages, such as osteoblasts, chondrocytes, myocytes, 

and adipocytes10-12. Since 1998, BMSCs were found the ability to differentiate into neural cells, 

these cells were regarded as a potential cell source for neural regeneration13,14. 

Recent years, both in vitro and in vivo studies have demonstrated that BMSCs can 

differentiate into neural cells after transplantation based on the findings of BMSCs’ neuron-like 

morphological change and expression of neuronal phenotype13-16. Our study group reported that 

BMSCs can modify their gene expression profile in response to the surrounding environment17. 

Furthermore, more and more evidence indicated that BMSCs can produce and significantly 

increase the expression of some neuroprotective and neurotrophic factors, including nerve 

growth factor (NGF), hepatocyte growth factor (HGF), brain-derived neurotrophic factor 

(BDNF), neurotrophin (NT)-3, glial cell line-derived neurotrophic factor (GDNF), basic 

fibroblast growth factor (bFGF), and vascular endothelial growth factor (VEGF), to support the 

survival of the host neural cells and promote neural functional recovery of patients18-22,5,23-25. 
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Although these results are encouraging, several problems still remain unsolved to impede its 

clinical application. 

 

New generation of cell therapy for stroke: The Research on Advanced 

Intervention using Novel Bone Marrow Stem Cell (RAINBOW) study 

To investigate these unsolved problems and give a new hope for cerebral infarction patients, 

now our team design a new clinical trial called the RAINBOW study, which is a phase 1 study 

and uses autologous BMSCs for acute ischemic stroke. In order to avoid the risk of animal 

product, donor cells will be cultured by allogeneic human platelet lysate (hPL) instead of fetal 

calf serum (FCS) in cell processing center (CPC). These cells will be labeled with 

superparamagnetic iron oxide (SPIO) for cell tracking using magnetic resonance imaging (MRI) 

and then be stereotactically transplanted around the infarct regions. After transplantation, MRI 

is used for cell tracking, 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) 

and 123I-iomazenil single-photon emission computed tomography (IMZ-SPECT) are performed 

for analysis of cellular function, metabolism and therapeutic effects. 

 

Table: Summary of the protocol of the RAINBOW study26 

Autologous bone marrow stromal cell transplantation for acute ischemic stroke 
Purpose The primary purpose of the clinical study is to determine the 

safety of autologous bone marrow stromal cell HUNS001-01 
when administered to acute ischemic stroke patients 

Phase Phase 1 
Study design Open label, uncontrolled, dose response study 
Condition Acute ischemic stroke, ICA territory 
Intervention HUNS001-01 will be administered around the infarct area 

stereotactically. Each patient in one of two groups will be 
given a dose of 20 or 50 million cells 

Primary outcome measures Safety (time frame: 1 year) 
Secondary outcome 
measures 

Improvement in stroke symptoms and functional shift in bio-
imaging (time frame: 1 year). Possible improvement in stroke 
symptoms will be determined by a variety of neurological 
assessments. Possible functional shift will be assessed using 
MRI, FDG-PET, and IMZ-SPECT 

Estimated enrollment ≥6 (low-dose group: 3, high-dose group 3) 
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In the present study, we aimed to evaluate the feasibility and the efficacy of hBMSC culture 

with allogeneic PL (Chapter I), the safety of SPIO-labeled BMSCs and the curative effect of 

cell therapy after stereotactically transplantation (Chapter II) as the preparatory work for 

RAINBOW study. 
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Chapter I  

Feasibility and efficiency of human bone marrow stromal cell 

culture with allogeneic platelet lysate-supplementation for cell 

therapy against stroke 
 

INTRODUCTION  

Human bone marrow stromal cells (hBMSC) have been regarded as a potential cell source 

for ischemic stroke therapy, owing to their potential to differentiate into multiple cell lineages, 

their neuroprotective effects, and their ability to promote functional neural recovery of 

patients13,27,19,28,24. 

Expansion of hBMSCs in in vitro culture requires the addition of supplements to the basal 

culture medium29. Fetal calf serum , an expansion supplement isolated from the clotted blood 

of unborn bovine fetuses, has been commonly added to cell culture mediums because of its high 

levels of growth stimulatory factors and low levels of growth inhibitory factors30-33. Although 

FCS as a widely accepted standard has been long employed for both research and clinical use, 

there are increasing safety concerns regarding the use of FCS in clinical-scale cellular 

preparations due to its xenogeneic origin34-36. FCS poses many risk factors, as the 

administration of animal products to humans may theoretically cause transmittable spongiform 

encephalopathy (TSE) and zoonoses contamination37,38. Moreover, hBMSCs can internalize 

protein components of FCS and elicit immune reactions in the host when these foreign proteins 

act as antigenic substrates once transplanted39,40. To find for xeno-free agents, cord blood serum, 

platelet-rich plasma (PRP) and platelet lysate (PL) have been studied as a compelling substitute 

for FCS41-43,36. 

Platelets play an important role not only in hemostasis but also in wound healing and tissue 

regeneration44. Human PL, obtained by lysing platelet bodies through freeze/thaw cycles, 

addition of calcium chloride or thrombin activation, is a concentration of various growth factors 

in human platelets44. From 1980, hPL was found to support proliferation of established cell 

lines, numerous studies have demonstrated that due to the multiplicity of platelet derived growth 



11 
 

factors, hPL is very effective for promoting cell expansion as well as FCS44,45,37,46,47. It is known 

that PL stores a series of potent bioactive mediators including platelet-derived growth factors 

(PDGF-AA, -AB and -BB), transforming growth factor-β (TGF-β), BDNF, b-FGF, VEGF, 

insulin-like growth factor-1 (IGF-1), and other important elements48-50. These factors have 

important roles in promoting hBMSC expansion. In addition, PL supplementation doesn’t alter 

the surface markers and multipotent features of the cultured cells compared with those cultured 

with FCS51-53. 

 

MATERIALS AND METHODS 

Isolation and preparation of PL from human peripheral blood 

Nine kinds of platelet concentrates (PC; Lot No. 1, 2, 3, 4, 6, 7, 8, 9, and 10) were collected 

from nine healthy volunteers by an apheresis system designed for clinical use. The amount of 

each PC was 10 units in No. 4 and 6, 20 units in No. 8 and 10, and 15 units in others. Freeze/thaw 

cycles (-150°C/37°C), twice centrifugation with 2000 ×g for 20 min and inactivation at 56°C 

for 30 min were used to produce nine kinds of single donor-derived PLs (sPL). After twice 

centrifugation with 500 ×g for 5 min, these were aliquoted into small portions and frozen at 

−80°C until being thawed immediately before use9. Three kinds of mixtures of PL (mPL) were 

made from three different sPL (Lot No. 1 + 2 + 3, 4 + 6 + 7, and 8 + 9 + 10). 

 

Measurement of platelet surface antigens and growth factors by enzyme-linked 

immunosorbent assay (ELISA) 

CD41 (human integrin alpha-IIb ELISA kit, CUSABIO, College Park, MD) and CD61 

(human integrin beta-3 ELISA kit, CUSABIO) were measured in 12 PL samples (9 sPL and 3 

mPL) according to the manufacturer's instructions to speculate on the residual particles of cell 

membranes. Optical densities were measured by a spectrophotometer (model 550 reader; Bio-

Rad, Hercules, CA). All samples and standards were run in triplicate. The growth factor level 

was extrapolated from a standard curve. If any obtained data were under the mean minimum 

detectable dose, they were considered as nondetectable (ND) in the analysis. 

Concentrations of PDGF-BB (DBB00, R&D Systems, Minneapolis, MN), TGF-β1 (DB100B, 
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R&D Systems), and BDNF (DBD00, R&D Systems) in 12 PL samples were also measured 

according to the manufacturer's instructions. 

 

Culture of hBMSCs for cell proliferation assay 

Two sources of hBMSCs were adopted in our present study. One was derived from a young 

donor by purchasing from Cell Applications Inc. (San Diego, CA). According to the 

manufacture's manual, the ampoule including the frozen cells was thawed, diluted and 

centrifuged. Pellets were resuspended and plated in 175 cm2 non-coated flasks (Easy Flask 

159910; Nunc, Sigma-Aldrich, St. Louis, MO) with 25 mL of Dulbecco’s modified Eagle 

medium (DMEM)/low glucose (D6046; Sigma-Aldrich) containing 10% preselected FCS (Lot 

No. 1355888, Gibco, Thermo Fisher Scientific, Waltham, MA) and 1% penicillin/streptomycin 

(P/S, Sigma-Aldrich). Cells were incubated at 5% CO2 at 37°C. After 2 or 3 days, non-adherent 

cells were washed off. The culture medium was replaced 2 or 3 times a week. After the third 

passage, cells were detached with a 5 min application of 0.05% Trypsin-EDTA (Gibco) at 37°C, 

counted, and seeded on 6-well plates (6000 cells/well) with FCS-containing DMEM (n = 6) or 

12 kinds of 10% PL-supplemented minimum essential medium alpha (αMEM, M0894; Sigma-

Aldrich) containing gentamicin sulfate (GS, 40 μg/mL; MSD, Tokyo, Japan), respectively (n = 

3 in each PL). After 2 weeks, the cells were counted by an automated cell counter (Invitrogen, 

Thermo Fisher Scientific). 

 

Isolation and culture of hBMSCs in CPC 

The second cell source of hBMSCs was obtained by extracting approximately 50 mL of bone 

marrow from a healthy volunteer. The bone marrow was brought to CPC of Hokkaido 

University Hospital, and the following processes were performed in the closed operation system 

(CPWS system Cell Processing Work Station, Panasonic Healthcare Co., Tokyo, Japan). Bone 

marrow mononuclear cells were isolated via density-gradient centrifugation with Ficoll-

Hypaque (Pharmacia, Uppsala, Sweden), and 1.1 × 107 cells were plated in a 75 cm2 non-coated 

flasks (Easy Flask 156499; Nunc) with 15 mL of αMEM with 10% mPL and 40 μg/mL GS. 

After 48h, non-adherent cells were removed by changing the medium. The culture medium was 
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replaced 2 or 3 times a week. The hBMSCs were passed three times for the subsequent 

transplantation.  

 

Cell labeling and collection for MRI tracking 

At 24 h before cell injection, 1 μl/ml Ferucarbotran (27.9μg Fe/ml, Resovist®, Fujifilm RI 

Pharma Co., Ltd., Tokyo, Japan), a SPIO agent, was added into the culture medium to be 

incubated with BMSCs. SPIO-labeled hBMSCs in flasks were lifted using 4 mL TrypLe Select® 

(a recombinant trypsin substitute, Gibco) and incubated for 5 min. After fully agitating, cell 

suspensions were transferred into test tubes and centrifuged at 800 ×g, 5 min at 15°C. The 

supernatant was decanted and the cells were gently resuspended by Artcereb® (the irrigation 

and perfusion solution for cerebrospinal surgery; Otsuka Pharmaceutical Factory, Inc., Naruto, 

Japan) to 5 × 107 cells/mL. In order to analyze SPIO-positive hBMSCs, 600 μL/well cell 

suspensions were seeded on a fibronectin-coated four-well (1.7 cm2 per well) chamber slide. 

After 24h, the medium was discarded and the cells on the culture slide were rinsed twice with 

phosphate buffered saline (PBS). The cells were fixed with 4% acetone for 3 min and then 

immersed in PBS for 10 min. Subsequently, the slide was stained by Turnbull’s Blue method 

and counted to analyze the concentration of SPIO-labeled hBMSCs.  

 

Flow cytometric analysis 

To evaluate the surface markers of hBMSCs, the hBMSCs were suspended and incubated with 

either a mouse monoclonal antibody against human CD19 (R&D Systems; dilution, 1:100), 

CD44 (R&D Systems; 1:100), CD45 (R&D Systems; 1:100), CD90 (R&D Systems; 1:100), 

CD105 (R&D Systems; 1:100), CD106 (R&D Systems; 1:100), CD146 (R&D Systems; 1:100), 

CD166 (R&D Systems; 1:100), or each mouse isotypic control for 30 min on ice. Cell 

suspensions were then incubated with Alexa Fluor 488-conjugated secondary antibodies 

(Molecular Probes, Thermo Fisher Scientific; 1:200) for 30 min on ice. Flow cytometric analysis 

was performed after two washes using a cytometer (Attune® Acoustic Focusing Cytometer, 

Applied Biosystems, Thermo Fisher Scientific). Live events (10,000) were acquired for analysis. 
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Cell injection into decapitated pig brain parenchyma and MR imaging 

The SPIO-labelled hBMSCs were stereotactically injected into the striatum of a decapitated 

pig brain. A burr hole was made 3 cm left of the bregma using a small dental drill. A cell 

injection needle (Mizuho Co., Tokyo, Japan) attached to a syringe was inserted 4 cm into the 

brain parenchyma. Then, 300 μL of the cell suspension (5 x 104cells/μL) was injected over 5 

min. After injection, the needle was left in situ for 5 min to avoid leakage of the injected fluid 

through the needle tract54,3. 

All MRI data were acquired using a clinical MR scanner (TRILLIUM OVAL, Hitachi, Tokyo, 

Japan). Quantitative susceptibility mapping (QSM) images were acquired by the use of an 

RSSG EPI sequence. The sequence parameters were: repetition time (TR) = 30 msec, echo time 

(TE) = 15 msec, flip angle = 15°, number of acquisition (AC) = 0, matrix = 512 x 512, slice 

thickness = 1.2 mm. 

 

Histological analysis 

The day after cell injection, the pig’s brain was removed from the skull and stored in 4% 

paraformaldehyde for one week. It was then sliced and embedded in Tissue Freezing Medium 

O.C.T. Compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan), and quickly frozen in liquid 

nitrogen. Frozen sections of 12 μm thickness were mounted on silane-coated glass slides. 

During Turnbull’s blue analysis, sections were dipped into 10% ammonium sulfide solution 

(Sigma-Aldrich) overnight, followed by incubation with compound solution mixed in 20% 

potassium ferricyanide (Wako, Osaka, Japan) and 1% HCL solution for 20 min. Nuclear fast 

red solution was used for counterstaining.  

For fluorescent immunohistochemistry, after blocking non-specific reactions, sections were 

treated with a mouse anti-human nuclei monoclonal antibody MAB1281 (1:100 dilution) as the 

primary antibody at 4°C overnight followed by incubation with Alexa Fluor 594 Goat Anti-

mouse IgG (H+L) Antibody (1:200, Life Technologies, Thermo Fisher Scientific) as the 

secondary antibody at room temperature for 1h. The fluorescence emitted was observed through 

each appropriate filter on a fluorescence microscope (BX51, Olympus, Tokyo, Japan) and was 

digitally photographed using a cooled CCD camera (model VB-6000/6010, Keyence, Japan). 
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RESULT 

Residues of cell membrane in PL 

ELISA analysis demonstrated that the platelet cell surface antigen CD41 of all PL samples 

was not detected (the lower limitation of detect range: 156 pg/mL). CD61 was detected in the 

all samples, however, the mean amount was extremely small (210 ± 63 pg/mL; mean ± SD, Fig. 

1A). 

 

 
Figure 1:  Panel A shows ELISA analysis for cell surface antigens of platelets (left: CD41, right: CD61). The broken lines 

indicate each mean minimum detectable dose. Panel B shows the measurement of growth factors in PL samples. Each graph 

indicates the concentration of human PDGF-BB, TGF-β1, and BDNF in the 12 kinds of fresh PL samples, respectively. Gray 

bars: sPL), white bars: mPL. 

 

Growth factors contained in PL  

The mean concentrations of human PDGF-BB, TGF-β1, and BDNF were 3.36 ± 2.20 ng/mL, 

44.9 ± 23.0 ng/mL, and 14.3 ± 8.9 ng/mL in all PL samples, respectively (Fig. 1B). The 

concentration in each PL seemed to be correlated among the growth factors and there was a big 

difference among each sample, especially sPL, for every growth factor. When the data were 

analyzed for the platelet units in original PC, we found that the amount of these growth factors 
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correlated with platelet units in original PC (Fig. 3A). Among mPL, there was a relatively small 

difference in concentrations because they were balanced by mixtures of 3 different sPL (Fig. 

1B). 

 

 
Figure 2:  Cell proliferative potential for PL or FCS medium. Panel A shows the quantity of cultured cells in PL or FCS-

supplemented culture medium. Gray bars: cells cultured with sPL, white bars: cells cultured with mPL, striped bar: the cells 

cultured with FCS. Error bars: SD. Broken line: the quantity of seeded cells on a well (6000 cells). Panel B shows the quantity 

of cultured cells in PL-supplemented culture medium. X-axis: numbers of the platelet units in original PC. Panel C showed the 

cell proliferation when cultured in CPC as a simulation of the clinical trials, the RAINBOW study. Broken line: 20 million cells 

as the target in the low dose group. Solid line: 50 million cells as the target in the high dose group. 

 

Cell proliferative potential of PL 

Cell proliferation assays demonstrated the expansive capacity of hBMSCs with 12 types of 

PL-supplemented αMEM (9 sPL and 3 mPL) or FCS-supplemented DMEM. Two weeks after 

cell seeding, a distinct difference existed among each quantity of cell proliferation (Fig. 2A). 

Compared with the cell proliferation in FCS medium, most of the PL medium had the equivalent 

or much higher expansive ability. However, the sPL derived from 10 unit-PC (No. 4 and No. 6) 

were much lower than FCS. Moreover, one of mPL, No. 4 + 6 + 7, also had a lower proliferative 
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potential because it was made of No. 4 and No. 6 in sPL (Fig. 2A). Thus, when the data were 

analyzed regarding the platelet units in original PC, we found a correlation between the unit 

number and proliferative potential (Fig. 2B). Moreover, the proliferative potential was 

positively correlated with the concentrations of PDGF-BB (r = 0.74), TGF-β1 (r = 0.80), and 

BDNF (r = 0.73, Fig. 3B)  

 

 
Figure 3:  Cell proliferative potential and growth factors. Panel A shows the concentration of each growth factor (left: PDGF-

BB, center: TGF-β1, right: BDNF). X-axis: numbers of the platelet units in original PC. Panel B shows the correlation between 

cell proliferative potential and the concentration of each growth factor (left: PDGF-BB, center: TGF-β1, right: BDNF).  

 

The hBMSCs derived from 4 healthy volunteers (Lot. No. 1, 2, 3, and 4) were cultured in 

CPC as a simulation of the RAINBOW study (phase 1 clinical trial, the Research on Advanced 

Intervention using Novel Bone Marrow Stem Cell; Fig. 2C). The cells in each lot were passed 

first on the day 7 or 8 after the culture. The cells in 3 lots were passed second on the day 15, 

and the cell numbers in each lot reached over 5 × 107 cells which is the target in the high dose 

group. On the other hand, the cells in Lot No. 3 were passed second on day 13 and the cell 

numbers reached 3.5 × 107 cells. In Lot No. 3, the numbers of hBMSCs were over 20 million 
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which is the target in the low dose group, but not the high dose one (Fig. 2C). 

 

Surface marker of hBMSC 

Flow cytometric analysis was performed to assay the surface markers of hBMSCs cultured 

with PL-supplemented αMEM. These cells expressed CD44 (96.5 ± 2.5 %), CD90 (97.3 ± 

3.5 %), CD105 (98.5 ± 0.6 %), CD106 (51.5 ± 14.8 %), CD146 (36.8 ± 18.1 %), and CD166 

(97.8 ± 1.5 %), while there was an absence of CD19 (2.8 ± 1.7 %) and CD45 (1.8 ± 0.5 %) (n=4 

in each, Fig. 4). 

 

 
Figure 4:  Flow cytometric analysis of the surface markers. Gray lines: each specific antibody (CD44, CD90, CD105, CD106, 

CD146, CD166, CD19, and CD45), black lines: each isotopic antibody. 

 

SPIO-labeled hBMSC and QSM MRI 

Turnbull’s Blue staining demonstrated that approximately 34% of the PL-cultured hBMSCs 

were labeled with SPIO 24h after incubation with SPIO nanoparticles (Fig. 5A). The MRI for 

clinical use could visualize the bolus of SPIO-hBMSCs engrafted in the decapitated pig brain. 

The cell bolus showed a strong signal loss when imaged with QSM methods (Fig. 5B).  

Histological analysis clearly revealed that some SPIO-positive cells (Fig. 5C) or human cells 

(Fig. 5D) were found around the injection region. These findings were consistent with the 

results of MRI. 
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Figure 5:  MRI and histological analysis of pig’s brain with SPIO-labeled hBMSC injection. Panel A shows the 

photomicrographs of the cultured SPIO-hBMSCs after Turnbull’s Blue staining (blue: SPIO). Scale bars: 50μm. Panel B 

represents QSM MR images. Arrowheads indicate the signal extinctions caused by the bolus of SPIO-labeled hBMSCs in the 

left striatum. Panels C and D display representative photomicrographs of the region around the SPIO-hBMSC injection after 

Turnbull’s Blue staining (blue: SPIO, Panel C) and fluorescence immunostaining (red: MAB1281, Panel D). Scale bars: 20 μm 

(Panel C), 50 μm (Panel D). 

 

DISCUSSION 

In the present study, we harvested 12 kinds of human PLs as growth supplements instead of 

FCS. ELISA analysis showed that PL contained adequate growth factors and very small amount 

of platelet surface antigens. Although the PL had equivalent or higher cell proliferation capacity 

compared with FCS, there was no contradiction to BMSC for cell surface markers in hBMSC-

PL. About 2 weeks, the cell numbers could reach up to 2 × 107 cells which is the target in our 

clinical trials in every lots. When SPIO-labeled hBMSCs were injected into the pig brain, MRI 

could detect their distribution the same as histological analysis. 

When PL products are made from human PRP in accordance with good manufacturing 

practice (GMP), we noticed the existence of fragments of platelet membranes as residue 
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materials which are a source for inducing immune response. Instead of fragments of platelet 

membranes, we analyzed the platelet surface antigens in PL products because it is difficult to 

detect the residual fragments themselves. In the present study, we detected a very small amount 

of CD61, but not CD41. The findings suggested that the amount of CD61 in PL was useful for 

quality control of residue materials when produced on GMP level. In fact, the mean content of 

CD61 in PL was 210 ± 63 pg/mL (the lower limitation of detect range: 125 pg/mL) in our 

present data., so the presence of CD61 is unable to be detected in culture medium because only 

10% PL was added to the medium and filtering was employed to reduce the impurity. This 

finding demonstrated that our PL products held adequate safety and quality for clinical 

application.  

Various studies have indicated that growth factors such as PDGF-BB, TGF-β1, and BDNF 

play a prominent role in BMSC culture. PDGF-BB can elicit a mitogenic response from BMSCs 

and stimulates these cells to proliferate55-57. It has also been demonstrated that TGF-β1 could 

stimulate the proliferation of undifferentiated MSC55,58. In contrast, our previous report showed 

that the concentration of human BDNF, which was derived from PL, markedly decreased in the 

medium after hBMSC culture. These results strongly suggested that the cultured hBMSCs may 

consume human BDNF for their survival and proliferation38 . In the present study, we found 

that the content of these growth factors in each PL was relevant to the amount of platelets in 

original PC. Furthermore, the ability of cell expansion correlated with the contents of the growth 

factors in each PL. When the contents of platelets in original PC reached more than 15 units, 

the cell proliferating potential of PL was equivalent or much higher compared with the FCS. 

This indicated that the PL-supplement contains adequate essential growth factors and nutrition 

as well as FCS for the expansion of hBMSC. When made in accordance with GMP, however, 

the findings suggested that we could check the contents of a growth factor, PDGF-BB, TGF-

β1, or BDNF as a quality control of PL products instead of the potential for cell expansion. 

Moreover, because there was a smaller difference among mPL compared with sPL regarding 

the contents of growth factors, pooled PL should be useful in mass production. 

It is well known that hBMSCs express CD44, CD90, CD105, CD106, CD146, and CD166 

but not CD14, CD19, CD34, and CD4559-61. In our previous study, no significant differences 
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were observed between hBMSCs cultured using 5% PL and using 10% FCS38. In the present 

study, although the concentration of PL was changed to 10%, we confirmed that the hBMSCs 

were identical for surface markers. Thus, our findings demonstrate that 10% PL-cultured 

hBMSCs are reliable for clinical application as well as 5% PL-cultured cells. In the productions 

of hBMSC products, moreover, the present results suggested that CD44, CD90, CD105, and 

CD166, but not CD106 or CD146, should be suitable positive makers for the specific test, 

because of their high percentage and low SD.  

In our new clinical trials, RAINBOW study, the subjects are acute ischemic stroke patients. 

Autologous bone mallow is obtained 2 weeks after the stroke onset. And then BMSCs are 

cultured with allogeneic PL in CPC up to 2 cell doses; 20 million cells in the low dose group 

and 50 million cells in the high dose one. In the present study, the cell numbers could reach up 

to 5 × 107 cells in only 3 lots, though the numbers could increase over 2 × 107 cells in every 4 

lots 2 weeks after the start of culture. So we decided to translate the results to the protocol of 

RAINBOW study. Thus, in the patient allocated to the high dose group, the patient would be 

shifted to the low dose group if the cell numbers could not reach up to 5 × 107 cells in a period. 

In addition, hBMSCs were visualized in a decapitated pig brain. Cell labeling with SPIO was 

employed to track donor cells in the host brain by means of MRI. Cultured hBMSCs can uptake 

SPIO nanoparticles into their cytoplasm when the particles are added to the culture medium62. 

In the present study, Turnbull’s Blue staining analysis showed that 34% hBMSCs in a chamber 

slide contained SPIO nanoparticles. Because SPIO nanoparticles have clearly detectable signal 

extinctions, SPIO-labelled cells were easily tracked anatomically with QSM MR images 62. 

Histological analysis gained the same hBMSC distribution compared with MRI. Our previous 

study identified the long term safety of SPIO-labeled BMSCs62. Thus, we believe that MRI cell 

tracking with SPIO based labeling agents is a good resource to monitor cell distribution after 

hBMSC transplantation. We hope this technology can be used for cell therapy in clinical 

applications.  
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Chapter II  

Short-, middle- and long-term safety of superparamagnetic iron 

oxide-labeled allogeneic bone marrow stromal cell transplantation 

in rat model of lacunar infarction 
 

INTRODUCTION  

BMSCs have been regarded as potential cells in regenerative medicine. In addition, 

allogeneic cell sources as off-the-shelf products have advantaged, such as lower invasiveness, 

fewer limitations on the timing of administration, and a lower cost of treatment. However, the 

fate of allogeneic BMSCs and the resulting immunological reaction after the transplantation for 

the treatment of stroke are still unknown. To gain a better understanding of the cellular fate in 

various biological processes, a range of imaging techniques have been proposed to render 

transplanted cells visible.  

The SPIO is composed of nano-sized iron oxide crystals coated with dextran or 

carboxydextran and available as clinical MRI contrast agents for liver. Although SPIO was not 

originally designed for cell tracking, due to its high labeling rates, long half-life, and high 

resolution on MR imaging, it has been optimized for the imaging of stem cells in clinical 

investigations on the basis of numerous animal studies63-67. Ferucarbotran (Resovist®), one of 

the representative SPIO agents, is composed of a 60 nm particle coated with carboxydextran, 

and it is accumulated by phagocytosis in a cell body68,69. Uptake of SPIO in the cells decreases 

the signal intensity on MRI. When the SPIO-labeled cells are transplanted in the brain, their 

position can be tracked by monitoring on T2-weighted images68. However, at present, the 

detailed safety evaluation of SPIO-labeled BMSCs still remains undetermined. Therefore, this 

study aimed to investigate and evaluate the short-, middle- and long-term safety of the SPIO-

labeled BMSCs in rat lacunar infarction model. 
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MATERIALS AND METHODS 

Isolation and culture of BMSCs from rats 

All animal experiments were approved by the Animal Studies Ethical Committee at 

Hokkaido University Graduate School of Medicine. The BMSCs were isolated from 7-week-

old green fluorescence protein (GFP)-transgenic rats (Japan SLC, Inc., Hamamatsu, Japan). 

Anesthesia was induced with 4% isoflurane in N2O/O2 (70:30) and maintained via spontaneous 

ventilation with 2% isoflurane in N2O/O2 (70:30). The femora were aseptically dissected. Both 

ends were cut and the marrow was rinsed with 5ml DMEM containing 10% FCS, 1% P/S, and 

10% heparin, using a 2.5ml syringe and a 21-gauge needle.  

The cell suspension was collected and centrifuged at 800 xg for 5 minutes at 15°C. The pellet 

was suspended in DMEM culture medium (Sigma-Aldrich, St. Louis, MO). Cells were seeded 

in a 150cm2 collagen-coated flask with 25ml DMEM containing 10% FCS and 1% P/S. Then 

these cells were cultured in an incubator with 5% CO2 at 37°C. After 48 hours, the non-adherent 

cells were removed by changing the medium. The culture medium was replaced 2 or 3 times a 

week. GFP-BMSCs were passed three times for subsequent transplantation.  

At 24 h before transplantation, 1μl/ml Ferucarbotran (27.9μg Fe/ml, Resovist®, Fujifilm RI 

Pharma Co., Ltd., Tokyo, Japan) was added into the culture medium to be incubated with 

BMSCs. The labeled BMSCs in flask were lifted by 4ml 0.25% trypsin and 0.02% EDTA in 

PBS and put into the incubator for 5 min. After agitating fully, the BMSCs liquid was transfer 

into a test tube and centrifuged by 800 xg, 5min at 15°C. The supernatant was decanted and the 

cells were gently resuspended by PBS.  

 

Rat lacunar infarct model 

Wistar rats (male, 240-260g) were used to make lacunar infarction models. Ouabain (a Na/K 

ATPase pump inhibitor, Sigma, St. Louis, MO) or vehicle was stereotactically injected into the 

right striatum to induced lacunar lesion. Anesthesia was as same as above mention. The animals 

were fixed to a stereotactic apparatus (Model DKI-900, David Kopf Instruments, Tujunga, CA). 

A burr hole was made 3mm right to the bregma, using a small dental drill. A Hamilton syringe 
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was inserted 5mm into the brain from the surface of dura mater, and 1μl of 2.5mM ouabain was 

injected over 5min, using an automatic microinjection pump (Model KDS-310, Muromachi 

Kikai Co., LTD.,Tokyo, Japan). After injection, the needle was left in situ for 5min to avoid 

leakage of the injected fluid through the needle tract54,3. 

 

BMSC transplantation 

Seven days after the insult, BMSC suspension (or SPIO solution) were stereotactically 

transplanted into the left striatum. Briefly, a burr hole was made 3mm left to the bregma. A 

Hamilton syringe was inserted 4mm into the brain parenchyma. Then, 10μl (5×105cells) of 

BMSC suspension was injected into the left striatum over 5min, using an automatic 

microinjection pump. All animals in the whole groups were subcutaneously injected 

immunosuppressive drug Cyclosporine A (CsA, 10mg/kg; Novartis Pharma K.K., Tokyo, Japan) 

daily up to 6 weeks after transplantation. 

 

Serial MR tracking of transplanted BMSCs in vivo 

The behaviors of transplanted BMSCs were serially monitored from 1 to 42 days after BMSC 

injection by an MRI apparatus (n=4). All MR imaging was acquired using a small animal, 

horizontal bore, 7.0-Tesla MR scanner (Unity INOVA, Varian, Inc., Palo Alto, CA) interfaced 

to a VNMR console (Varian Inc.). In order to administrating anesthetic gas and minimizing 

error in the repeatability of head positioning, the rat was anesthetized with a nose cone and 

placed on nonmagnetic holder. Using feedback-controlled water bath, the core temperature was 

kept between 36.5°C and 37.5°C, during the imaging procedure. Coronal T2-weighted images 

are obtained by standard two-dimensional Fourier transform, multislice (nine slices, 1 mm thick) 

and spin echo T2 sequence to detect the SPIO-labeled BMSCs in the brain. The T2 sequence 

parameters were as follow: TR = 2 500ms, TE = 60ms, AC = 4 times, field of view (FOV) = 30 

× 30mm, and matrix = 512 × 51270,3. 
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Histological analysis 

All animals were used for histological analysis after their sacrifice (n=22). Sixteen rats were 

treated with ouabain and BMSCs, and they were sacrificed 7 days after transplantation (7 days 

group; n=7), 6 weeks (6 weeks group; n=6), or 10 months (10 months A group; n=3), 

respectively. The other animals, which were treated with ouabain and SPIO solution (10 months 

B group; n=1), with vehicle and BMSCs (10 months C group; n=2), and with vehicle and SPIO 

solution (10 months D group; n=3), were sacrificed 10 months after transplantation. 

Animals were deeply anesthetized and transcardially perfused with 20ml of heparinized 

saline, followed by 50ml of 4% paraformaldehyde. The brains were removed and protected into 

the 4% paraformaldehyde with low temperatures. They were sliced and embedded in paraffin. 

Paraffin sections of a 4 μm thickness were mounted onto silane-coated glass slides. The sections 

were stained with Hematoxylin and Eosin (HE) and Turnbull Blue method to evaluate the 

distribution of SPIO-labeled BMSCs. 

In multi-staining immunohistochemistry, for antigen retrieval, deparaffinized sections on 

glass slides were immersed into 0.01mol/l pH6.0 citric acid buffer solution (LSI Medience, 

Tokyo, Japan) and heating treated by pressure pot for 2min. These sections were pretreated with 

peroxidase blocking reagent (Dako Japan, Tokyo, Japan), and then incubated by 1% block ace 

solution (DS Pharma Biomedical, Osaka, Japan) for 30min. The sections were treated with 

rabbit polyclonal antibody against Iba1 (1:2000 dilution, Wako, Osaka, Japan) at 37℃ for 1h. 

After Simple Stain AP (M) (Nichirei, Tokyo, Japan) was used, New Fuchsin substrate kit 

(Nichirei, Tokyo, Japan) was applied to color GFP-BMSCs. Then, the sections were heating 

treated again to deactivate the first antibody for the following stain with primary antibody 

against GFP (rabbit monoclonal, 1:200 dilution, Cell Signaling, Danvers, MA) at 37℃ for 1h. 

DAKO EnVision+Kit and DAB Substitute Kit (Dako Japan, Tokyo, Japan) were employed 

according to their instructions. After the staining, these sections were dipped into 10% 

ammonium sulfide solution (Sigma-Aldrich, St. Louis, MO) overnight, followed by incubation 

with compound solution mixed by 20% potassium ferricyanide (Wako, Osaka, Japan) and 1% 

HCl solution 20min. Hematoxylin was used for counterstaining. A few sections were treated 

with antibody against Iba1 (1:2000 dilution, Wako, Osaka, Japan) merely, and then were colored 
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with DAKO EnVision+ kit and DAB substitute kit (Dako Japan, Tokyo, Japan). 

For fluorescent immunohistochemistry, after the sections were processed for antigen retrieval 

and blocking of non-specific reaction, rabbit polyclonal anti-Iba1 antibody (1:1500 dilution, 

Wako, Osaka, Japan) and mouse monoclonal anti-CD68 antibody [ED1] (1:80 dilution, abcam, 

Cambridge, England) were applied at 37℃  for 1h. As secondary antibodies, they were 

incubated with Alexa Fluor 594 Goat Anti-Rabbit IgG (H+L) Antibody and Alexa Fluor 350 

Goat Anti-Mouse IgG1(γ1) (1:200 dilution, Life Technologies, Carlsbad, CA) at 37℃ for 1h, 

respectively. Subsequently, they were incubated with the rabbit monoclonal antibody against 

GFP (1:80 dilution, Cell Signaling, Danvers, MA) tagged with a fluorescence label, Zenon 

Alexa Fluor 488 Rabbit IgG Labeling Kit (Life Technologies, Carlsbad, CA), at room 

temperature for 1h. A few sections were treated with antibody against GFP (1:80 dilution, Cell 

Signaling, Danvers, MA) or antibody against neuronal nuclear antigen (NeuN; 1:400 dilution, 

Chemicon, Temecula CA) merely, and then were colored with Alexa Fluor 488 Goat Anti-rabbit 

IgG Antibody (1:200 dilution, Life Technologies, Carlsbad, CA) or Alexa Fluor 594 Goat Anti-

mouse IgG Antibody (1:200 dilution, Life Technologies, Carlsbad, CA). Some of sections were 

counterstained with DAPI (Invitrogen). The fluorescence emitted was observed on fluorescence 

microscope (BX51, Olympus, Tokyo, Japan) and was digitally photographed using a cooled 

CCD camera (model VB-6000/6010, Keyence, Osaka, Japan). 

 

RESULT 

SPIO-labeled BMSCs 

Turnbull blue staining demonstrated that most of the cultured BMSCs were labeled with 

SPIO 24 h after the incubation with SPIO nanoparticles (Fig. 6A). However, it was found that 

the amount of SPIO nanoparticles in the cell body was decreasing with time. When 7 days 

passed, because of the cell division, the nanoparticles were diluted within each cell (Fig. 6B–

D). In contrast, it was found that all cultured cells could express green fluorescence derived 

from GFP (Fig. 6D). 
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Figure 6:  The cultured SPIO-BMSCs and MRI. Panels A–D show representative photomicrographs of cultured GFP-BMSCs 

(A: 24 h after the incubation with SPIO, B–D: 7 days after the incubation). Panels A and B show Turnbull blue staining (blue: 

SPIO). Panel C shows the image obtained using a polarizing microscope and panel D is a merged picture with a fluorescent 

image (yellow: SPIO, green: GFP). Scale bars: 100 μm (A), 50 μm (B), and 20 μm (C, D). Panel E shows serial T2-weighted 

MRI images. Arrows show the ouabain-induced lesion in the right striatum. Arrowheads indicate the signal extinctions caused 

by the bolus of SPIO-labeled BMSCs in the left striatum. 

 

Serial T2-weighted MRI 

MRI could serially monitor the ouabain-induced lesion. In addition, it could track SPIO-

BMSCs in the brain, leading to a decreased signal in their accumulation when imaged with T2-

weighted images (Fig. 6E). Two days after the ouabain injection, MRI clearly showed the lesion 

in the right striatum with a high intensity area, which was determined to be not only an ischemic 

but also an extensive edematous lesion. One day after the cell transplantation, the bolus of 

SPIO-labeled BMSCs revealed a strong signal loss in the left striatum. Until 3 weeks after the 

transplantation, MRI showed low signal intensity in the corpus callosum and right external 

capsule. This result suggested that SPIO-labeled BMSCs may start to migrate through the 

corpus callosum to the lacunar lesion. Six weeks after the transplantation, MRI showed a 

smaller lesion area and a ventricular dilatation. Because low signal intensity was seen around 
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the lacunar lesion, SPIO-labeled BMSCs may have reached the lesion through the corpus 

callosum (Fig. 6E). 

 

 
Figure 7:  HE staining. Arrows indicate the ouabain-induced lesion in the right striatum. Scale bar: 1 mm. 

 

Histological analysis of the 7-day group 

HE staining showed that the ouabain-induced lacunar lesion was located in the right striatum 

7 days after the transplantation (Fig. 7). Turnbull blue staining revealed that some SPIO-positive 

cells were found not only in the transplantation area but also in the corpus callosum, in distal 

white matter on the transplantation side, and around the lacunar lesion (Fig. 8). These findings 

were consistent with the results of MRI. 

 

 
Figure 8:  Turnbull blue staining in the 7-day group. Panels A–D show photomicrographs in the 7-day group (A and B: corpus 

callosum, C: white matter in the transplanted side, D: the lacunar infarction area; blue: SPIO. Scale bars: 20 μm. Panel E is a 

schematic diagram that shows the location of the lacunar infarct (red), distribution of the SPIO-positive cells (blue) and the 

location of panels A–D (broken circles) in the brain of rats from the 7-day group. 
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In the 7-day group, immunohistochemistry with Turnbull blue staining showed that microglia 

migrated and concentrated around the lacunar infarction and cell transplantation area (Fig. 9A–

C). Interestingly, there were many GFP-positive cells without SPIO in the donor cell bolus (Fig. 

9B). It was suggested that SPIO-labeled GFP-BMSCs may have survived and began to 

proliferate there.  
 

 
Figure 9:  Immunohistochemical analysis in the 7-day group. Panels A and B show representative photomicrographs with 

immunohistochemistry and/or Turnbull blue staining. Panel A shows the area around the lacunar infarction (brown: Iba1), and 

panel B shows the area around the transplantation site (pink: Iba1, brown: GFP, blue: SPIO. Scale bars: 500 μm (A) and 200 

μm (B). Panel D shows the area around the lacunar infarction (red: Iba1, blue: CD68), and panel E shows the area around the 

transplantation site (red: Iba1, blue: CD68, green: GFP, yellow: SPIO). Scale bars: 20 μm. Panel C is a schematic diagram that 

indicates the location of the lacunar infarct (red), distribution of the SPIO-positive cells (blue), and the location of panels A, B, 

D and E (broken circles) in the brain of rats from the 7-day group. 

 

Fluorescent immunohistochemistry clearly revealed the relationship among the lacunar 

lesion, BMSCs and microglia in the host brain. Immunoreaction for CD68, a marker for 

microglial activation, demonstrated that a large number of activated microglia aggregated and 

surrounded the lacunar infarction area (Fig. 9D). By means of cell counting, 80.7% of microglia 
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expressed M1 phenotype (CD68+) in the infarction area. In the transplantation area, it was also 

found that many activated microglia aggregated and surrounded the bolus of donor cells (Fig. 

9E). Double immunostaining against GFP and NeuN showed that BMSCs had no tendency 

toward neural differentiation in the transplantation area and around the lacunar lesion (Fig. 12A). 
 

Histological analysis of the 6-week group 

Compared with the 7-day group, the animals of the 6-week group had a ventricular dilatation 

in the hemisphere on the infarction side (Fig. 7). Following migration of donor cells, a few 

SPIO-positive cells and more GFP-positive cells were found in the corpus callosum (Fig. 10). 

On the other hand, more SPIO-positive cells and GFP-positive cells were found in the area 

adjacent to the lacunar infarct compared with the 7-day group (Fig. 11A, B, and F). These 

findings about SPIO-positive cells accord with the MRI result (Fig 11E). A part of SPIO-

positive cells co-expressed Iba1 (Fig. 11C). It suggested that some microglia may phagocytize 

some SPIO particles released from dead donor cells, but there was no evidence of BMSCs’ 

differentiation into microglia. No double-positive cells with GFP and Iba1 were observed (data 

not shown). In contrast, there were fewer SPIO-positive cells in the transplanted area compared 

with the 7-day group. Although some M1 phenotype microglia were also found around the 

transplantation area, the number of activated cells was much lower compared with the 7-day 

group (Fig. 11D). The same phenomenon was found in the infarction side (Fig. 11E), and only 

18.3% microglia expressed M1 phenotype in the infarction area. On the other hand, some 

BMSCs had a tendency toward neural differentiation around the infarction lesion (Fig. 12B). 

 

 
Figure 10:  The BMSCs in corpus callosum of the 6-week group. Turnbull blue staining (A) and fluorescent immunostaining 

(B and C, green: GFP) show the existence of BMSCs in corpus callosum of the 6-week group. Scale bars: 50 μm (A), 20 μm 

(B, C). 
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Interestingly, we also found that some SPIO-positive cells and a few GFP-positive cells got 

attached to blood vessels on both the transplantation and infarction sides (Fig. 13A, D). 

Although most SPIO nanoparticles were engulfed by microglia (Fig. 13B), others were not (Fig. 

13C). These results were also observed in both the 7-day group and 10-month group A. 

 

 
Figure 11:  Turnbull blue staining and immunohistochemical analysis in the 6-week group. Panels A and B show 

representative photomicrographs around the infarct lesion (A, blue: SPIO; B, green: GFP). Scale bars: 20 μm. Panels C and D 

show representative photomicrographs around the transplantation site (C, brown: Iba1, blue: SPIO; D, blue: CD68, red: Iba1, 

yellow: SPIO). Panel E shows the infarction area (blue: CD68, red: Iba1, yellow: SPIO). Scale bars: 20 μm. Panel F is a 

schematic diagram that indicates the location of the lacunar infarct (red), distribution of the SPIO-positive cells (blue) and the 

location of panels A–D (broken circles) in the brain of rats from the 6-week group. 

 
Histological analysis of the 10-month groups 

In the 10-month group A, HE showed a scar formation in the lacunar lesion and ventricular 

dilatation on the ipsilateral side (Fig. 7). The SPIO-positive cells were extensively spread in both 

hemispheres, but the number of cells was lower than in the 6-week group. Some SPIO-positive 

cells were seen along the route of the cell transplantation (Fig. 14A) and the lacunar area (Fig. 

14B). None of the animals were observed to develop either a tumor or severe inflammation.  
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Figure 12:  Immunofluorescence exhibits the situation of neural differentiation of BMSCs. Panel A represents the transplantation 

area of the 7-day group. Panel B shows infarct lesion of the 6-week group (green: GFP, red: NeuN). Scale bars: 20 μm. 

 

 
Figure 13:  The relationship between SPIO-positive cells and blood vessels. Panel A shows a representative photomicrograph 

with Turnbull blue staining (blue: SPIO). Panels B and C show representative photomicrographs with immunohistochemical 

analysis and Turnbull blue staining (brown: Iba1, blue: SPIO). Panel D shows representative photomicrographs with fluorescent 

immunostaining (green: GFP, blue: DAPI). Scale bars: 20 μm. 
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In the 10-month group B, animals had lacunar infarction and injection of the SPIO solution 

in the opposite side. Although a few of the SPIO nanoparticles were found along the injection 

track (Fig. 14D), immunohistochemical staining for Iba1 showed absence of severe tissue 

inflammation (Fig. 14E). 

In both the 10-month C and D groups, because there was no ouabain-induced lesion in the 

brain, SPIO-positive cells or SPIO nanoparticles were unable to migrate anywhere; therefore, 

they stayed along the injection track. No animals had signs of severe brain injury around the 

injection area (data not shown). 
 

 
Figure 14:  Immunohistochemical analysis and Turnbull blue staining in the 10-month groups. Panels A and B show 

representative photomicrographs around the transplantation site (A) and infarct lesion (B) in the 10-month group A. Panel A 

shows immunohistochemistry (brown: Iba1, yellow: SPIO, and panel B shows Turnbull Blue staining (blue: SPIO). Scale bar: 

20 μm. Panel C is a schematic diagram that indicates the location of the lacunar infarct (red), the distribution of SPIO-positive 

cells (blue), and the location of panels A and B (broken circles) in the brain of rats from 10-month group A. Panels D and E 

show representative photomicrographs around the transplantation site with Turnbull blue staining (D, blue: SPIO) and 

immunohistochemistry (E, brown: Iba1, yellow: SPIO) in the 10-month group B. Scale bars: 100 μm (D) and 20 μm (E). 
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DISCUSSION 

In the present study, MRI and histological analysis were employed to investigate SPIO-

labeled allogeneic BMSCs’ short-, middle- and long-term safety after the transplantation to rat 

lacunar stroke model. Serial MRI indicated that the migration of SPIO-labeled BMSCs from 

transplantation area to lacunar infarction lesion. Histological analysis demonstrated that 

activated microglia were found 7 days after BMSC transplantation, although an 

immunosuppressive drug was used. Some SPIO-labeled BMSCs resided and started to 

proliferate along the injection track. In 6 weeks group, a large numbers of SPIO-labeled BMSCs 

had reached the lacunar infarction area via the corpus callosum. Some SPIO nanoparticles were 

phagocytized by microglia. In 10 months group, the number of SPIO positive cells were lower 

than other groups. No severe brain injury or no tumor formation was observed in any groups. 

In order to make a reproducible lacunar stroke and have a persistent motor dysfunction, a 

Na/K-ATPase pump inhibitor ouabain was employed54,71. Ouabain, the effect of which is based 

on membrane depolarization of excitable cells, can blockade energy-dependent ionic pump and 

brings metabolic and structural changes in brain. These changes have been verified to have the 

same pattern and development trajectory compared with focal ischemia72. Furthermore, the 

animal models which had Ouabain-induced lacunar stroke by stereotactic injection were also 

reported previously54,3. 

Recent studies have strongly suggested that when transplanted in cerebral ischemia models, 

the BMSCs could regenerate the lost neurologic function through neural differentiation, 

neurotrophic factor release, cell fusion adjacent the lesion, or migrate into subventricular zone 

(SVZ) to enhance intrinsic neurogenesis73,22,74,75.  

In the present study, a stereotactic BMSC transplantation was performed to the lacunar stroke 

model76,77,3 and cell labeling with SPIO was employed to track the donor cells in host brain by 

means of MRI. The cultured BMSCs can take SPIO nanoparticles into their cytoplasm by the 

addition into culture medium. Because SPIO nanoparticles have clearly detectable signal 

extinction, SPIO-labeled cells are easily tracked anatomically with T2-weighted images31. 

To evaluate the safety of SPIO-labeled BMSCs histologically, immunohistochemistry with 

Turnbull blue staining technique was quite useful to grasp the behaviors of donor cells and to 
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investigate the relationship among BMSCs, ischemic brain tissue, and inflammation with 

microglia. The staining also showed that some SPIO-positive cells were phagocytizing 

microglia. As SPIO-labeled BMSC transplantation, the residual SPIO nanoparticles in vehicle 

might be also taken into the brains. In contrast, if SPIO-labeled BMSCs were dead, SPIO 

nanoparticles may be released into the brain and their deposition may be formed in tissues. 

Some of them were phagocytized by microglia, which were activated to phagocytize the 

damage cells and foreign matters. In 10 months group, SPIO-solution or SPIO-labeled BMSCs 

caused no severe inflammation in host brain, regardless of the presence of lacunar infarction. 

Unfortunately, MRI was unable to distinguish microglia phagocytizing SPIO nanoparticles 

from SPIO-labeled BMSCs. This is a limitation of the cell tracking method with SPIO. 

With the proliferation, differentiation and migration of BMSCs, SPIO nanoparticles could 

move to the region where BMSCs have reached. Yano et al. reported a quite different result 

between SPIO-labeled BMSCs and GFP-labeled BMSCs. SPIO-positive cells did not decrease 

in appearance because of the distribution of SPIO nanoparticles during BMSC proliferation, 

but GFP-labeled BMSCs increased in terms of equal inheritance of their phenotype78. Because 

some GFP-positive and SPIO-negative BMSCs were found in transplanted cell bolus, excellent 

cell proliferation may have occurred in 7 days group. However, we found no tumor formation 

in any animals for 10 months. 

It is generally accepted that microglia spread throughout anywhere and are key modulators 

of the immune response for noxious agents and injurious processes in the CNS79,80. Resting 

microglia display a ramified appearance, they become amoeboid and are indistinguishable from 

macrophages and circulating monocytes when they are activated81. Activated microglia have 

M1 and M2 major phenotypes, which are the two polars of microglial activation states in CNS82. 

Proinflammatory cytokine interferon gamma (IFN-γ) and lipopolysaccharide (LPS) promote 

M1 phenotype, which produces high levels of proinflammatory cytokines and oxidative 

metabolites to act in tissue defense and to promote the destruction of invaders81. In contrast, 

M2 microglia execute an anti-inflammatory effect and promote wound healing and tissue 

repair83. In the present study, we confirmed that M1 was the major phenotype of microglia 

around the injury area in the 7-day group, regardless of immunosuppression. As time passed, 



36 
 

the activated microglia, especial M1 phenotype, became less and less around the donor cells. 

This phenomenon suggested that M2 microglia would become the main phenotype gradually, 

instead of M1 microglia, to promote the repair and regeneration of brain lesion after acute injury 

period. Recently, the allogeneic BMSCs attracted a lot of attention as a cell source for clinical 

applications23. Our present results support the possible clinical utility of the allogeneic BMSC 

transplantation. 

In addition, we found several SPIO-positive cells existed near the blood vessels. Some cells 

were engulfed by microglia and others were not. In recent studies, some parenchymal microglia 

called "juxtavascular microglia" were observed to be rapidly activated and can be preferentially 

recruited to the surfaces of blood vessels following brain tissue injury84. On the other hand, 

BMSCs also have been showed to have the potential to differentiate into endothelial cells and 

smooth muscle cells which are the major components of blood vessels85-87. We believed that 

some SPIO-positive cells were BMSCs that participated in the injury of blood vessels, and some 

SPIO-positive cells represented phagocytizing microglia traveling to the injury area through the 

blood vessels. 
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Summary and Conclusion 
BMSCs can be harvested and cultured easily and have a great potential as cell sources of 

transplantation therapy for ischemic stroke. Now we are preparing a new phase 1 clinical trial 

called the RAINBOW study for acute ischemic stroke patients. In the present study, BMSCs 

were cultured with allogeneic PL, labeled by SPIO, and stereotactically transplanted into 

animals’ brains as presented in Chapter 1 and 2 and obtained the following results to be applied 

to the clinical therapy. 

1. Using ELISA analysis, we found that platelet cell surface antigens (CD61 and CD41) cannot 

be detected in the 10% PL-supplemented culture medium. Flow cytometric analysis didn’t 

find any mutation of BMSCs after being cultured by PL-supplemented medium. This 

finding demonstrated that PL products is safety for clinical application. 

2. The contents of growth factors (PDGF-BB, TGF-β1 and BDNF) in PL are adequate for cell 

culture. When the contents of platelets in original PC reached more than 15 units, the cell 

proliferating potential of PL was equivalent or much higher compared with the FCS. 

3. SPIO labeled BMSCs can be detected easily by MRI. In the 3-week after transplantation, 

MRI showed low signal intensity in the corpus callosum and right external capsule. This 

suggested that SPIO-BMSCs may start to migrate through the corpus callosum to the 

infarction region. 

4. In histology, from 7-day group to 10-month groups, none of animals were observed to 

develop either a tumor or severe inflammation. And the BMSCs which expressed NeuN 

were found around the infarction lesion. This exhibited that SPIO-BMSCs have the same 

differentiating ability as normal BMSCs. 

 

These finding not only demonstrate that BMSCs with allogeneic PL-supplement may be 

valuable, feasible, safe and effectible for cell therapy against ischemic stroke but also provide 

a new way for avoiding zoonoses and monitoring the transplanted cells. The RAINBOW study 

will start on Feb 2017, we will translate these results to the protocol of RAINBOW, and we 

hope that it will be helpful for the patients who suffer from stroke. 
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