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Authors’ Justification: 
The authors believe that the submitted manuscript is complete as it stands. However, to provide 
sufficient methodological and data analysis detail, additional information has been included in the 
Online Supplemental Materials. 
 
Induction and confirmation of experimental type 1 diabetes in non-human primates (NHPs) 
 
All monkeys were supplied and kept by Orient Bio Co Ltd (Seongam, Korea), as described previously 
(Park H, Park JB, Kim JH, et al. Simultaneous Subtotal Pancreatectomy and Streptozotocin Injection for 
Diabetes Modeling in Cynomolgus Monkeys. Transplant Proc 2017;49:1142-1149). 

To induce experimental type 1 diabetes, subtotal pancreatectomy and splenectomy were 
performed before administration of STZ. After overnight fasting, anesthesia was induced by 
intramuscular injection of 10 mg/kg ketamine and inhalation of 3–5% isoflurane and maintained with 1–
2% isoflurane, nitrous oxide, and oxygen. Immediately (within 5 min) after the subtotal pancreatectomy, 
60–80 mg/kg STZ was diluted with 10 ml of normal saline and administered intravenously. After 
confirmation of diabetes induction, blood glucose level was measured 3 to 4 times daily and maintained 
below 200 mg/dL with insulin (glargine: Lantus®; Sanofi-Aventis, Bridgewater, NJ, USA, and glulisine: 
Apidra®, Sanofi-Aventis). Body weight measurements and physical examinations were performed at 
regular intervals.  
 
Intravenous glucose tolerance test  
Before each IVGTT, monkeys were fasted for 12 h. IVGTT was performed before and after STZ 
injection while monkeys were sedated using ketamine. Baseline blood samples were collected, and 0.5 
g/kg of 50% dextrose solution was diluted in the same volume of normal saline and infused over 30 
seconds. Blood glucose level was determined before and at 1, 3, 5, 7, 10, 15, 20, 25, 30, and 60 min after 
infusion, and C-peptide level was measured before and at 1, 3, 5, 7, 10, 30, and 60 min. Serum C-
peptide was measured with a radioimmunoassay kit developed for human plasma (C-peptide IRMA kit; 
IMMUNOTHECH, Beckman Coulter Inc., Prague, Czech Republic), which shows 90% cross-reactivity 
with that of cynomolgus monkeys. 
 
Spheroid culture from bone marrow–derived mononuclear cells of mice and NHPs 

Murine bone marrow (BM) was obtained from the femurs and tibias of male GFP-Tg and wild-type 
C57BL/6J mice aged 10 to 12 weeks. BM was flushed by injection of phosphate-buffered saline (PBS), 
dispersed by pipetting, and isolated by density gradient centrifugation with Histopaque-1083 (Sigma). 
Mononuclear cells (MNCs) were isolated from GFP-Tg mice to trace transplanted cells in vivo. To form 
spheroids from BM-MNCs, 3–5 × 106 MNCs per ml were suspended on HydroCell™ ultra-low 
attachment surface (Thermo Fisher Scientific, Rochester, NY) with endothelial basal medium-2 
supplemented with EGM-2 SingleQuots (EGM-2 medium, Lonza Inc, Walkersville, MD, USA) and 5% 
fetal bovine serum (FBS) at 37°C in a 5% CO2 humidified incubator. After 2 days of culture, fresh 
media was added without changing the old media. 

NHP BM was collected from the humerus of Cynomolgus monkeys aged 4–5 years. They were 
sedated with an intramuscular injection of ketamine (7 mg/kg). The humerus head was sterilized and 
covered with a sterile drape. A BM aspiration needle was inserted on the humerus head, and 20 ml of 
bone marrow was obtained by aspiration and transferred to vacutainer heparin tubes. Harvested BM was 
diluted with 1 × PBS and isolated by density gradient centrifugation with Histopaque-1077 (Sigma). The 
BM-MNCs were collected from the defined layer at the interface and lysed with ACK lysis buffer to 
remove red blood cells. The spheroid culture method was the same as that used in the murine BM MNCs 
experiments described above. The viability of fresh and thawed BM-spheroids was evaluated by trypan 
blue exclusion method. 
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Magnetic resonance imaging of labeled BM-spheroids 
Mouse BM-MNCs were suspended at 3–5 × 106 MNCs per ml for labeling. BM-MNCs were labeled 
with ferucarbotran (Resovist®, Bayer Schering Pharma AG, Germany) for 24 h at a concentration of 2.5 
μl/ml and washed with culture medium to remove remaining ferucarbotran. Labeled BM-MNCs were 
cultured for 3–4 days to form BM-spheroids. As a preliminary experiment, we obtained ex vivo 
magnetic resonance (MR) images of the labeled BM-spheroids embedded into 1% agarose gel to ensure 
the efficacy of labeling with ferucarbotran. To obtain in vivo MR images, the labeled BM-spheroids 
were transplanted via the portal vein. All mouse MR images were obtained using a 7.0T MRI system 
(Bruker-Biospin, Fallanden, Switzerland). Detailed information on the MRI protocol is described 
elsewhere (Kim JH, Jin SM, Oh SH, et al. Counting small hypointense spots confounds the 
quantification of functional islet mass based on islet MRI. Am J Transplant 2012;12:1303-1312). 
 The NHP BM-spheroids were labeled with ferucarbotran (Bayer Schering Pharma AG) by the same 
methods as used in the labeling of murine BM-spheroids. NHP BM-MNCs stored in liquid nitrogen 
were thawed, counted, and assessed for viability 4–5 days before transplantation. The number of 
intraportally infused BM-spheroids in the NHP MRI experiment was 29,000. The average size and 
viability of the NHP-BM-spheroids labeled with ferucarbotran were similar to those of non-labeled BM-
spheroids (Fig. S1C). The recipient liver was fixed with 4% paraformaldehyde (PFA) to perform 
concurrent tissue ex vivo MRI and histological analysis at DPT 17. The caudate lobe of the liver was 
sliced to about 5 mm thickness and embedded into 1% agarose, and then MRI of each liver slice was 
performed. For Prussian blue staining, the recipient liver slices were sectioned to 4 µm thickness and 
stained with an iron stain kit (Sigma), according to the manufacturer’s recommendation.  
 All NHP MR images were acquired using a Biospec system (Bruker Biospec, Ettlingen, Germany) 
equipped with a 4.7 T, 40 cm bore horizontal magnet (Oxford Ltd., Oxford, United Kingdom). NHPs 
were anesthetized by inhalation of a mixture of air and O2 containing 0.5%–1% isoflurane and were 
placed in a supine position inside a 197 mm i.d. transmitter–receiver birdcage coil. Coronal T2*-
weighted MR images were acquired using the FLASH sequence with the following acquisition 
parameters: repetition time of 320 ms, echo time of 8.0 ms; field of view of 150mm × 150mm; matrix 
size of 192 × 192; flip angle of 30.0°, number of excitations averaging 16, and 24 total slices with a slice 
thickness of 2 mm and no inter-slice gaps. 
 
Ex vivo bioluminescent imaging 
To track the BM-spheroids using bioluminescent imaging, we applied GFP-BM-spheroids derived from 
GFP-Tg mice. Bioluminescence imaging was performed using a Xenogen IVIS Spectrum and analyzed 
using IVIS Living Imaging 3.2 software (Xenogen, Alameda, CA). The bioluminescent signal was 
expressed in photons per second and displayed as an intensity map. The image display was adjusted to 
provide optimal contrast and resolution. GFP-spheroids and single cells dissociated from GFP-spheroids 
were transplanted via the portal vein, and the mice of each group were injected with the same number of 
GFP cells (1 × 106 cells). We imaged the spleen, lung, and liver at DPT 1.  
 
Intravital microscopy (IVM) images  
To confirm the presence of the intraportally transplanted single cells dissociated from the BM-spheroids 
and intact BM-spheroids in the liver during the early post-transplant period, we used intravital 
microscopy. For this, 1.25 mg/kg anti-CD31 antibody (BD Bioscience, San Diego, CA, USA) 
conjugated with the Alexa-647® protein labeling kit (Invitrogen) was injected into the tail vein of mice 
before intraportal transplantation of GFP-BM-spheroids derived from GFP-Tg mice. Mice were 
anesthetized by intraperitoneal injection of a mixture of 12.5 mg/kg Zoletil (Virbac) and 10 mg/kg 
xylazine (Bayer Korea) in solution. BM-spheroids or dissociated-spheroid single cells were packed in a 
29-gauge insulin syringe in a volume of 100 µl Hank’s balanced salt solution (HBSS) supplemented 
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with heparin. Bleeding after needle removal from the portal vein was prevented by applying a small 
piece of Spongostan film. After injection, the left lateral lobe of the liver was exposed, and a coverslip 
was placed on the tissue surface to allow high-magnification and high-resolution microscopy. Intravital 
imaging of the liver was performed using a custom-built video-rate confocal microscopy platform. To 
monitor a wide area of the liver, 1000 ×1000 µm2 images obtained from a low-magnification objective 
lens (UPlanSApo, 10X, 0.4NA, Olympus) were stitched together. To achieve higher resolution images, 
we used a high-magnification objective lens (LUMFLN, water immersion, 60X, 1.1NA, Olympus) that 
provided a field of view of 170 × 170 µm2. To enhance the signal to noise ratio of the images, 90 frames 
obtained over 3 seconds were averaged to make a single image. In addition, motion artifacts, mainly 
caused by respiration and heartbeat, were corrected using a custom-written MATLAB code based on a 
2D image registration algorithm. The vasculature and GFP-BM-spheroids were individually identified 
and tracked within the liver. IVM imaging was obtained at 0, 1, and 7 days to monitor changes in the 
number of BM-spheroids. 
 
Microarrays 
mPMSCs (hereafter described as MSCs) from three donors grown in hanging drop for 3 days and BM-
spheroids from three donors formed in suspension culture for 5 days were harvested for total RNA. The 
whole transcript expression array process was executed using a GeneChip WT Pico Reagent kit 
according to the manufacturer's protocol (Affymetrix). cDNA was synthesized using the GeneChip WT 
Pico Amplification kit as described by the manufacturer (Affymetrix). The sense cDNA was then 
fragmented and biotin-labeled with TdT (terminal deoxynucleotidyl transferase) using the GeneChip 
WT Terminal Labeling kit (Affymetrix). Approximately 5.5 μg of labeled DNA target was hybridized to 
a GeneChip Mouse 2.0 ST Array (Affymetrix) at 45°C for 16h. Hybridized arrays were washed and 
stained on a GeneChip Fluidics Station 450 and scanned on a GCS3000 Scanner (Affymetrix). Array 
data export processing and analysis were performed using Affymetrix® GeneChip Command Console® 
software. The data were summarized and normalized with the robust multi-average (RMA) method 
implemented in Affymetrix® Expression Console™ software. We exported the result with gene-level 
RMA analysis and performed differentially expressed gene (DEG) analysis. The statistical significance 
of the expression data was determined using the local pooled error (LPE) test and fold change in which 
the null hypothesis was that no difference exists among groups. False discovery rate was controlled by 
adjusting the p-value using the Benjamini-Hochberg algorithm. For a DEG set, we performed 
hierarchical cluster analysis using complete linkage and Euclidean distance as a measure of similarity. 
Gene-enrichment and functional annotation analysis for the significant probe list were performed using 
Gene Ontology (www.geneontology.org). All data analysis and visualization of differentially expressed 
genes were conducted using R 3.1.2 (www.r-project.org). 
 
Western blot analysis 
BM-MNCs, BM-spheroids, MSCs, and MSC-spheroids (formed from 1 × 103, 2.5 × 103, 5 × 103, and 1 
× 104 single cells) were harvested and lysed in lysis buffer (40 mM Tris-HCl, pH 8.0, 120 mM NaCl, 
0.1% Nonide P-40) supplemented with a protease inhibitor cocktail (Roche, Mannheim, Germany) and 
centrifuged. Clarified cell lysates were fractioned by SDS-PAGE gel. Proteins were transferred onto a 
nitrocellulose membrane by electrotransfer for 1 h. After soaking in blocking buffer, membranes were 
incubated with primary antibodies overnight at 4℃. The antibodies were anti-tissue factor (Abcam, 
Cambridge, UK) and MCP-1 (Cell Signaling Technology, Beverly, MA USA). Antibody binding was 
visualized using horseradish peroxidase–conjugated goat anti-rabbit or anti-mouse secondary antibodies 
and an enhanced chemiluminescent system (GE Healthcare, Buckinghamshire, UK). 
 
Islet isolation from mice and NHPs 
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Mouse islet cells were isolated by intraductal injection of 0.8 mg/ml collagenase P (Roche, Mannheim, 
Germany) in Hank’s buffered saline solution, and the dissected pancreas was digested at 37°C for 13 
minutes. Islets were purified using a discontinuous Ficoll (Biochrom, Berlin, Germany) density gradient 
and cultured in RPMI 1640 (Hyclone, Logan, UT, USA) with 10% FBS and 1% penicillin/streptomycin 
overnight before the transplantation. Purified islets of 100–200 μm were transplanted into the liver 
through the portal vein. NHP islets were isolated using a modified Ricordi’s method. The dissected NHP 
pancreas was placed in a 4°C histidine-tryptophan-ketoglutarate (HTK) solution (Essential 
Pharmaceuticals, Ewing, NJ, USA) and distended with a cold Liberase MTF C/T solution (4 mL/g of 
pancreas; Roche). After placing the distended pancreas in an isolation chamber, the temperature was 
increased to 37°C to initiate digestion of the pancreas. The isolation chamber was gently shaken when 
the temperature reached 36–37°C, with microscopic observation of dithizone (DTZ, Sigma-Aldrich) 
staining of free islets. When free islets were detected, Phase II solution (Corning, NY, USA) was 
circulated with a peristaltic pump to eliminate the enzyme reaction. Digested cells were transferred to 
200-mL conical tubes to collect the cells and rinsed with washing solution (Corning). Cells were 
preserved in HTK solution for 1 h before islet purification. The continuous density-gradient method with 
HTK solution and density-gradient media (OptiprepTM, Axis-Shield PoCAS, Oslo, Norway) was used 
to purify islets, and islets were separated with a COBE 2991TM cell processor (Gambro BCT Inc., 
Lakewood, CO, USA). Mouse and NHP islet preparations with a purity >90% were used for further 
experiments. 
 
Intraportal co-transplantation of islets and BM-spheroids in mice and NHPs 
Co-transplantation of islets and BM-spheroids or dissociated BM-spheroid-derived single cells 
(dissociated BM-spheroids) was performed in a syngeneic diabetic mouse model. For each co-
transplantation experiment, we used a mixture of 300 hand-picked islets and about 150 BM-spheroids 
(each BM-spheroid contained 2–4  103 cells depending on the initial number of cells seeded, and the 
total cell number was approximately 5  105) or a mixture of 300 islets and 5  105 dissociated BM-
spheroids. Islets and BM-spheroids or dissociated BM-spheroids were packed in a 29-gauge insulin 
syringe in a volume of 100 µl HBSS supplemented with heparin. Bleeding after needle removal from the 
portal vein was prevented by applying a small piece of Spongostan film. After transplantation, body 
weight and blood glucose concentrations were measured twice weekly to monitor islet graft function. 
For assessment of grafted islet function, IPGTTs were performed at DPT 28. Mice were fasted overnight 
(~20 h) before performing IPGTTs. The next day, mice were injected intraperitoneally with 1 g/kg of 
glucose solution, and tail vein blood was sampled 0, 15, 30, 45, 60, 90, and 120 min after the glucose 
injection. Blood samples to measure serum insulin at 0 and 30 min were collected from the retro-orbital 
sinuses of mice using a heparinized capillary tube, and serum was separated. The percentage of animals 
achieving normoglycemia was calculated for each group. Reversal of diabetes was defined as a blood 
glucose level < 200 mg/dL on two consecutive days. At DPT 28, serum insulin was measured using a 
rat/mouse insulin enzyme-linked immunosorbent assay kit (Millipore, Billerica, MA, USA). 

For each co-transplantation experiment in the NHP model, a laparotomy was performed, and the 
portal vein was exposed to infuse the islets. An 18-gauge angiocatheter was inserted into the portal vein. 
Islets alone or islets plus BM-spheroids suspended in CMRL-1066 medium (Corning) with the addition 
of heparin (75 units/kg; Choongwae, Korea) were infused with gravity pressure for 10 min. After 
infusion, the angiocatheter was withdrawn, and the puncture hole was ligated with 6-0 Prolene sutures. 
The abdominal cavity was closed using the routine method. All monkeys were continually observed 
until they regained consciousness. 

Immunosuppressive agents and other drugs were administered through a central venous line. Rabbit 
anti-thymocyte globulin (5 mg/kg; rATG, Genzyme, Cambridge, MA) was infused along with 
hydrocortisone (20 mg/kg) for 5 min, and pheniramine (2 mg) was administered to prevent a 
hypersensitivity reaction against rATG. All monkeys received rATG 4 times at 12-hour intervals to 
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induce immunosuppression. Enoxaparin (1mg/kg) and Anakinra (interleukin 1 receptor antagonist) were 
injected subcutaneously for 7 days after islet transplantation, and Etanercept (tumor necrosis factor 
inhibitor) was infused on DPT 0, 3, and 6. As maintenance immunosuppression, tacrolimus (FK506) and 
mycophenolate mofetil (MMF) were given orally with a target trough level of 5–8 μg/ml and 1–3 μg/ml, 
respectively. 
 
Immunohistochemistry of islet grafts and evaluation of graft morphology 

The graft-bearing livers and pancreata were removed at the end of the experiments and fixed with 
4% PFA (Sigma). Following fixation, livers were either embedded in paraffin or frozen with optimum 
cutting temperature compound (Tissue-Tek; Sakura, CA, USA) in liquid nitrogen. Sections were washed 
three times with PBS, then blocked with PBS containing 5% normal serum and 0.2% Triton X-100 for 
45 min. For paraffin-embedded sections, antigen retrieval was performed in 10 mM citrate buffer at pH 
6.0. After blocking, the cells were incubated in primary antibodies overnight at 4°C. The primary 
antibodies used were as follows: rat anti-CD31 (1: 100, BD Pharmingen), rabbit anti-GFP (1:300, 
Molecular Probes), guinea pig anti-insulin (1:500, Dako, Denmark), and rabbit anti-glucagon (1:500, 
Dako). The next day, samples were washed three times with PBS and then incubated with secondary 
antibodies as follows: Alexa-488-conjugated goat anti-rabbit, Alexa-488-conjugated goat anti-rat, 
Alexa-568-conjugated goat anti-rat (1:200, Molecular Probes), Cy3- or 405-conjugated anti-guinea pig 
(1:300, Jackson Immunolaboratories, West Grove, PA, USA). Cell nuclei were visualized using DAPI 
(1:2,500, Molecular Probe). Paraffin-embedded sections were developed with Dako REAL™ 
Envision™ Detection system (Dako) and counterstained with hematoxylin. For the quantitation of the 
fractional β-cell area, each tissue section was captured with Aperio ScanScope® AT Turbo (Aperio 
Technologies, Inc., Vista, CA), and the ratio of β-cell area to tissue area, islet size, and islet number/total 
area were quantified using Aperio ImageScope 12.0. Fluorescent imaging, including vascular density, 
islet size, and islet composition, was performed with a fluorescence microscope (Nikon ECLIPSE 80i) 
and quantified using NIS-Element AR 3.0 (Nikon). Islet size was calculated with image analysis of 
single measured islets and expressed as area in μm2. Vascular density within grafted islets was expressed 
as the number of CD31+ EC (endothelial cells)/mm2 of insulin-positive tissue. 

We performed a liver biopsy at DPT 30 to monitor transplanted NHP islets. Liver tissue was obtained 
by wedge biopsy at the edge of the caudate lobe or the left lateral lobe and fixed with 4% PFA overnight 
at 4℃, and then paraffin blocks were prepared. Two recipients, control-1 and control-2, were sacrificed 
at DPT 93 and 98, respectively, and whole livers were obtained. In the BM-spheroid-1 recipient, a 
wedge biopsy at the edge of the caudate lobe of the liver was attempted at DPT 36 but was not 
successful, and that recipient died from intestinal obstruction caused by an intra-peritoneal adhesion, 
despite an operation to release the adhesion. In the BM-spheroid-2 recipient, whole livers were obtained 
at DPT 191, and normoglycemia was maintained throughout. The hepatic tissue obtained from the left 
median lobe of control-1, control-2, BM-spheroid-1, and BM-spheroid-2 was serial-sectioned with a 4 
μm thickness to obtain 10 consecutive slides, followed by trimming to 500 μm, and then another 10 
slides were obtained in the same manner. Slides were stained with rabbit anti-insulin (Santacruz) or 
guinea pig anti-insulin (Dako), mouse anti-glucagon, mouse anti-CD31, rabbit anti-CD3, and mouse 
anti-CD68 (Dako). The following secondary antibodies were applied: Alexa-488-conjugated goat anti-
rabbit or mouse (1:200, Molecular Probes) and Alexa-598-conjugated donkey anti-rabbit or mouse 
(1:200, Molecular Probes), and DAPI staining was performed. 

 
Lectin infusion and graft assessment 

At 14 and 28 days post-transplantation, Rhodamine-Bandeiraea Simplicifolia (BS)1-lectin (1 mg/ml; 
Vector Laboratories) was intracardially injected (0.1 ml/mouse) and allowed to circulate 1 h before 
harvesting the tissues for histological analysis. Graft-bearing livers were preserved for cryosectioning 
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and stained as described above. Vascular density within grafted islets was expressed as the number of 
lectin+ EC/mm2 of insulin-positive tissue. 
 
Flow cytometric analysis 
Mouse pancreatic-derived mesenchymal stem cells (mPMSC) were trypsinized for 5 min at 37°C. Then, 
1–2  105 cells were stained by incubation for 20 min at 4C with varying concentrations of the primary 
or isotype control antibody in 100 l PBS with 0.5% BSA, washed three times with PBS, and analyzed 
by FACS (FACSCalibur, Becton Dickinson). Antibodies used were phycoerythrin (PE) conjugated anti-
mouse CD31, fluorescein isothiocyanate (FITC) conjugated anti-mouse CD45, PE-anti-mouse CD117, 
PE-anti-mouse Flk-1, PE-anti-Scal-1, PE-anti-mouse CD90.2, PE-anti-mouse CD44 (BD Biosciences, 
San Diego, CA, USA), and FITC-anti-mouse CD34 (eBioscience, San Diego, CA, USA). After washing 
and fixing, at least 10,000 gated cells were analyzed using CellQuestPro software. 
 
Real-time quantitative PCR (Q-PCR) analysis 

Total RNA was extracted by TRIzol reagent (Invitrogen, Carlsbad, CA, USA) from MSC-monolayers 
and MSC-spheroids formed from 1  103, 2.5  103, 5  103, and 1  104 single cells. One microgram of 
RNA was reverse-transcribed into first-strand cDNA using SuperScript™ II Reverse Transcriptase 
(Invitrogen). Real-time RT PCR was performed in duplicate for β-actin, ANGPT-1, 2, VEGF, IGF-1, 
TGF-β, and PLGF using SYBR® Premix Ex Taq™ (TAKARA BIO INC., Japan) according to the 
manufacturer’s protocol. PCR was carried out with Applied Biosystems QuantStudio 6 Flex Real-Time 
PCR system (Thermo Fisher Scientific). The 2-ΔΔCT method was used to calculate the relative change in 
gene expression. PCR primer sequences are shown in Table S1. 
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Supplementary Table S1. Mouse Q-PCR primer 
 
Gene Forward primer Reverse primer 

Angpt1 GGGACAGCAGGCAAACAGA TGTCGTTATCAGCATCCTTCGT 

Angpt2 GGCTGGGCAATGAGTTTGTC CCCAGTCCTTCAGCTGGATCT 

Vegf  GCAGGCTGCTGTAACGATGA GCATGATCTGCATGGTGATGTT 

Fgf2 GTCACGGAAATACTCCAGTTGGT CCGTTTTGGATCCGAGTTTATACT 

Igf1 TGCTTCCGGAGCTGTGATCT CGGGCTGCTTTTGTAGGCT 

Tgfb AAACGGAAGCGCATCGAA GGGACTGGCGAGCCTTAGTT 

Plgf TGGTGCCTTTCAACGAAGTG TTCATCCAAGATGTACACCAGCTT 

β-actin  TGTTACCAACTGGGACGACA GGGGTGTTGAAGGTCTCAAA 
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Supplementary Figure S1. Experimental scheme for co-transplantation of islets and BM-
spheroids. (A) Recipient BM was extracted and preserved in liquid nitrogen before use for co-
transplantation. Frozen cell stock was thawed, and then monkey-BM-spheroids were formed by 
suspension culture for 4–5 days. Monkeys received co-transplants of allogeneic islets and autologous 
BM-spheroids via the portal vein. (B) Viability after thawing NHP BM-MNCs. (C) Representative 
images and spheroid sizes of formed BM-spheroids. Upper panel is BM-spheroids formed by 3D culture 
method for 4 days, and lower panel is the sizes of transplanted BM-spheroids. Scale bar, 100 μm. 
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Supplementary Figure S2. Characterization of MSCs and spheroid formation by the hanging drop 
method. (A) MSCs derived from mouse pancreas were characterized for the surface markers CD31, 
CD117, Flk-1, CD34, CD45, Sca-1, CD90.2, and CD44 by FACS. Open black line histograms represent 
test antibodies, and gray field histograms represent isotype IgG. (B) Representative images of MSC-
spheroids. MSC-spheroids formed using different numbers of cells (1  103, 2.5  103, 5  103, 1  104) 
had diameters that varied with the initial number of cells. (C) MSC-spheroid sizes formed by hanging 
drop culture for 3 days according to cell number. (D) The expression levels of angiogenic genes Angpt-
1, Angpt-2, Vegf, Igf-1, Tgf-β, and Plgf for MSC-monolayers and MSC-spheroids formed from 1 × 103, 
2.5 × 103, 5 × 103, and 1 × 104 single cells.  
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Supplementary Figure S3. The distribution of GFP-MSC-monolayer cells and GFP-MSC-
spheroids in the livers after intraportal injection. GFP-MSC-monolayer cells (2.5 × 105, and 5 × 105), 
~300 GFP-MSC-spheroids (containing 3 × 105 cells; ~1 × 103 cells per spheroid), and ~300 GFP-MSC-
spheroids (containing 7.5 × 105 cells; ~2.5 × 103 cells per spheroid) were transplanted via the portal 
vein. After 24 h, each liver was extracted and observed for the distribution of GFP cells. White 
arrowheads and white dotted lines indicate transplanted GFP cells and the infarcted areas, respectively. 
Regions denoted by a white line indicate magnified images (right panel). Scale bar of left panel, 1 mm 
and scale bar of right panel, 200 μm.  
 

 



SUPPLEMENTARY DATA 

©2018 American Diabetes Association. Published online at http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0705/-/DC1 

Supplementary Figure S4. Comparison of intraportal islet post-transplant outcomes between 
intraportal and intravenous injection of BM-spheroids. (A) Experimental scheme of islet co-
transplantation via the portal vein and peripheral vein. Experimental groups were divided as follows: 
islets alone (300), islets (300) plus 25–50 BM-spheroids, and islets (300) plus dissociated BM-spheroids 
(0.5–1 × 106 cells). Islets plus BM-spheroids and islets plus dissociated-BM-spheroids were co-
transplanted through the portal vein and tail vein, respectively. Blood glucose level was measured in 
mice that received (B) Intraportal transplants of islets alone (n=6), (C) Intraportal-lower number (IP-
lower) BM-spheroids (n=9), or (D) Tail vein (TV)-dissociated BM-spheroids (n=10). (E) Cumulative 
diabetes reversal curve after islet transplantation. Normoglycemia was defined as <200 mg/dL on 
consecutive days. * p < 0.05 for log-rank test. (F) Glucose tolerance test at DPT 28. Blood glucose level 
was measured at 0, 15, 30, 45, 60, 90, and 120 min after glucose (1 g/kg) injection. (G) Area under the 
curve for IPGTT. Islets alone (black bar) or TV-dissociated BM-spheroids (red bar) vs. IP-lower BM-
spheroids (blue bar), * p < 0.05. 
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Supplementary Figure S5. Histological assessments for graft-bearing liver co-transplanted with 
BM-spheroids by intraportal injections. (A) Graft-bearing liver tissues were stained with insulin 
antibody (red) and glucagon antibody (green). Glucagon-positive cells decreased in islets in the livers of 
all groups and were randomly scattered as single cells. Scale bar, 50 μm. (B) To trace the transplanted 
BM-spheroids, GFP-BM-spheroids derived from GFP-Tg mice were formed and co-transplanted with 
islets. Liver tissues were stained with GFP-antibody to determine how many GFP-cells were present at 
DPT 28. Scale bar, 50 μm.  (C) Representative images indicate vessel formation at the graft site. 
Vessels, GFP cells, and islets were stained for CD31 (red), GFP (green), and insulin (blue), respectively. 
Scale bar, 50 μm. (D) Quantification of the vessel density of each group. Islets alone (white bar) or 
dissociated BM-spheroid (gray bar) vs. BM-spheroid (black bar), * p < 0.05, 1-way ANOVA followed 
by Tukey’s multiple comparisons test. 
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Supplementary Figure S6. Histological assessments for graft-bearing liver co-transplanted with 
BM-spheroids by intraportal and intravenous injection. (A) At DPT 28, graft-bearing liver tissues 
were stained for insulin. Representative images of each group are shown. Scale bar, 50 μm. Evaluation 
of the (B) fractional β-cell area, (C) islet size, and (D) islet number/total area for the grafted tissues of 
each group. * p < 0.05. (E) Representative images indicate vessel formation at the graft site. Vessels 
were stained for CD31 (red), and islets were stained for insulin (blue). Scale bar, 50 μm. (F) 
Quantification of the vessel density in each group. Islets alone (white bar) or TV-dissociated BM-
spheroids (gray bar) vs. IP-lower BM-spheroids (black bar), * p < 0.05. 
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Supplementary Figure S7. Pancreatic beta cell mass of mouse and NHP recipients after ending the 
experiments.  (A) Pancreatic beta cell mass of mice of each group. Representative images are shown. 
Islets were stained for insulin (red). Regions denoted by a white line indicate magnified images (lower 
panel). Scale bar of upper panel, 500 μm and scale bar of lower panel, 50 μm. (B) Pancreatic beta cell 
mass of each NHP recipient. Representative images are shown. Regions denoted by a white line indicate 
magnified images. Pre-DM indicates healthy NHP pancreas before induction of DM. Scale bar of whole 
pancreas images, 1 mm and scale bar of magnified images, 100 μm. (C) Quantification of pancreatic 
beta cell mass in each NHP recipient.  
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