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Abstract

The quality and quantity of endothelial progenitor cells (EPCs) are impaired in

patients with diabetes mellitus patients, leading to reduced tissue repair during autol-

ogous EPC therapy. This study aimed to address the limitations of the previously

described serum-free Quantity and Quality Control Culture System (QQc) using

CD34+ cells by investigating the therapeutic potential of a novel mononuclear cell

(MNC)-QQ. MNCs were isolated from 50 mL of peripheral blood of patients with dia-

betes mellitus and healthy volunteers (n = 13 each) and subjected to QQc for 7 days

in serum-free expansion media with VEGF, Flt-3 ligand, TPO, IL-6, and SCF. The vas-

cular regeneration capability of MNC-QQ cells pre- or post-QQc was evaluated with

an EPC colony-forming assay, FACS, EPC culture, tube formation assay, and quantita-

tive real time PCR. For in vivo assessment, 1 × 104 pre- and post-MNC-QQc cells

from diabetic donors were injected into a murine wound-healing model using Balb/c

nude mice. The percentage of wound closure and angio-vasculogenesis was then

assessed. This study revealed vasculogenic, anti-inflammatory, and wound-healing

effects of MNC-QQ therapy in both in vitro and in vivo models. This system

addresses the low efficiency and efficacy of the current naïve MNC therapy for
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wound-healing in diabetic patients. As this technique requires a simple blood draw,

isolation, and peripheral blood MNC suspension culture for only a week, it can be

used as a simple and effective outpatient-based vascular and regenerative therapy

for patients with diabetes mellitus.
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diabetes mellitus, mononuclear cell therapy, peripheral blood mononuclear cells, quantity and
quality control culture technique, vasculogenesis, wound healing

1 | INTRODUCTION

Since the successful isolation of endothelial progenitor cells (EPCs)

from peripheral blood in 1997,1 autologous mononuclear cells (MNCs)

have been derived from bone marrow (BM)2,3 and used for clinical vas-

cular regenerative therapy. Autologous BM and peripheral blood MNC

(PbMNC) therapy with functional EPCs are clinically effective in ische-

mia and have been used successfully in nondiabetic individuals.2,4 Fur-

thermore, autologous granulocyte-colony stimulating factor (G-CSF)-

mobilized peripheral blood CD34+ cell therapy is safe, feasible, and

effective in diabetic patients with chronic non-healing ulcers.5 How-

ever, clinical trials of autologous cell therapy with freshly isolated

CD34+ cells have limitations in the isolation and expansion of cells.

The number and functional capacity of EPCs (CD34+ cells) are severely

impaired in diabetic patients, limiting their clinical value for autologous

EPC therapy.5-8 Since vasculogenic cells, such as CD34+ or CD133+

cells, constitute a very small percentage of PbMNCs (0.01%) and BM-

MNCs (0.1%), a large amount of BM aspiration or peripheral blood

apheresis and injection of G-CSF is needed for cell therapy applica-

tions.5 Additionally, PbMNCs are heterogenous and may include cells

such as B cells, Killer T cells, NK cells, and M1 macrophages, which can

cause inflammatory side effects of cell therapy.9,10 Ameliorating func-

tional deficits and increasing cell counts to a sufficient level are, thus,

central to successful autologous EPC therapy in diabetic patients.11

Therefore, isolation techniques with a simple methodology and minimal

effort are needed. We identified a serum-free Quantity and Control

culture method (QQc) that could restore the functionality of BM-

derived murine diabetic c-kit+Sca-1+lin− (KSL) cells and peripheral

blood CD34+ cells of patients with diabetes.12 In subsequent study, we

observed post QQc treatment, human peripheral blood CD34+ cells

demonstrated significantly high vasculogenic and wound healing

potency in mouse model.13 However, isolating clinically sufficient num-

ber of CD34 + cells from small amount of human peripheral blood is

difficult as apheresis can be a large burden for the patients. Therefore,

we aimed to develop a method to accumulate highly regenerative cells

from a simple cell isolation technique.

A novel QQc for PbMNCs obtained from serum-free expansion

media with five cytokines enhanced the vasculogenic potential of

EPCs derived from healthy subjects and facilitated the preparation of

PbMNCs for regenerative phenotype activation.14-16 Without any

requirement of isolation of CD34+ cells, this new technique is more

practical than CD34-QQ cell therapy. In this study, we hypothesized

that QQc would restore the functions of human PbMNCs derived

from patients with diabetes and therapy with the MNC-QQ cells

(monocytes, CD34+, and lymphocytes) would demonstrate vascu-

logenic, anti-inflammatory, and wound-healing potential in diabetic

patients with ischemic disease and non-healing wounds. Leveraging

the prominent clinical potential of PbMNC-QQ, this is one of the first

pre-clinical studies for vascular regenerative therapy using blood from

patients with diabetes.

2 | METHODS

2.1 | Ethics

All participants provided informed consent. This study was conducted

in complete accordance with the Declaration of Helsinki and was

approved by Juntendo University's ethics committee and review

board. The study followed the recommendations in the Guide for the

Care and Use of Laboratory Animals of the National Institutes of

Health and was approved by the guidelines of the Institutional Animal

Significance statement

Mononuclear cells (MNCs) isolated from humans are used

for vascular regenerative therapy. Such therapies are useful

for treating non-healing wounds of patients with diabetes.

But isolating large number of functional vasculogenic cells

from such patients is a difficult process. In the current study,

a new and more practical serum-free quantity-control cul-

ture method is described. This new technique can restore

the functions of human peripheral blood MNCs (PbMNCs)

derived from patients with diabetes. PbMNCs derived with

this technique showed high vasculogenic, anti-inflammatory,

and wound healing potential in diabetic patients. This is one

of the first preclinical studies for vascular regenerative ther-

apy using blood from the patients with diabetes.
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Care and Use Committee of Juntendo University School of Medicine

(Tokyo, Japan) based on the Guide for the Care and Use of Laboratory

Animals (National Research Council).

2.2 | Participants

Patients with type 2 diabetes were selected from the outpatient depart-

ment of Juntendo University Hospital, Tokyo, Japan. Nonsmoking males,

between 20 and 80 years of age with HbA1C < 8.0 g/dL were included.

Patients with severe heart failure, hemodialysis, peritoneal dialysis, infec-

tious disease, hematologic disease, inflammatory disease, or malignant

tumors were excluded. Healthy volunteers were recruited to serve as

controls (Table 1).

2.3 | Preparation of PbMNCs

Peripheral blood from healthy volunteers and patients with diabetes

mellitus (DM) was obtained with written informed consent under the

institutional approval of the Clinical Investigation Committee of

Juntendo University School of Medicine and Tokai University School

of Medicine. The preparation of PbMNCs was performed as described

previously.14 Peripheral blood samples (50 mL/subject) were drawn

into tubes containing EDTA-2Na (Venoject II, Terumo, Tokyo, Japan).

The whole blood was placed into 50-mL tubes and centrifuged (400g,

25�C, 10 minutes). PbMNCs were prepared from the collected buffy

coat suspended with EDTA-PBS by density gradient centrifugation

(400g, 25�C, 30 minutes) using Histopaque-1077 (Sigma, St. Louis,

Missouri). After washing with EDTA-PBS, the cells were treated with

NH4Cl solution (pH 7.3), washed twice with ETDA-PBS, and, finally,

suspended in an appropriate medium or ETDA-PBS.

2.4 | Ex vivo expansion culture

PbMNCs prepared from healthy donors and patients with DM were

processed in an ex vivo serum-free expansion culture system named

QQc, as described previosuly.17 For this, fresh PbMNCs (pre-QQc)

were seeded at a density of 2 × 106 cells/well in six-well Primaria

plates (BD Falcon, Franklin Lakes, New Jersey) with 2 mL/well of Ste-

mline II medium (Sigma, St. Lois, Missouri) supplemented with recom-

binant human vascular endothelial growth factor (rhVEGF; 50 ng/mL),

rh interleukin-6 (rhIL-6; 20 ng/mL), rh Fms-related tyrosine kinase-3

ligand (rhFlt-3L; 100 ng/mL), rh thrombopoietin (rhTPO 20 ng/mL), rh

stem cell factor (rhSCF; 100 ng/mL) (all from PeproTech, Rocky Hill,

New Jersey), and an antibiotic cocktail (Invitrogen), and cultured for

7 days at 37�C in a 5% CO2 atmosphere. After 7 days, without subcul-

ture or re-feeding, post-QQc cells were harvested by gently pipetting

and washing the wells with EDTA-PBS, and were then suspended in

an appropriate medium.

2.5 | RNA Seq

MNCs were lysed in RLT solution (Qiagen, Germany) and total RNA

was prepared following the manufacturer's protocol. All RNA-seq was

performed using a TruSeq Stranded RNA-seq kit (Illumina) following the

manufacturer's protocol. The ribosomal RNA depletion method was

followed using a Ribo-Zero kit (Illumina) or NEBNext rRNA depletion kit

for samples smaller than 10 ng. All libraries were applied on a

HiSeq2500 sequencer for 50 paired-end reads in the high throughput

mode with HiSeq Flow Cell v3. The obtained reads were aligned with

the reference sequence of the human genome, GRCh37, using STAR.18

The alignments with a mapping quality of more than 20 were counted

per gene of Gencode V1919 using feature counts.20 Gene expression

levels were quantified as a logarithm of CPM (counts per million) base

2 through RLE normalization using edgeR.21 Hierarchical clustering of

gene expression was estimated by hclust in R, with the complete linkage

method based on the distance of 1-Pearson's correlation coefficient.

2.6 | EPC colony-forming assay

Cells were placed in an EPC-colony-forming assay (CFA) semisolid cul-

ture medium, MethoCult SF H4236 (Stem Cell Tech.), supplemented

with rhVEGF (50 ng/mL), rhFGF-2 (50 ng/mL), rhSCF (100 ng/mL),

rhIGF-1 (50 ng/mL), rhIL-3 (20 ng/mL), rhEGF (50 ng/mL)

(PeproTech), 30% FBS (CCB, Nichirei Biosci., Tokyo, Japan), heparin

(2 IU/mL) (Ajinomoto, Tokyo, Japan), and an antibiotic cocktail. EPC-

CFA working medium was diluted with 30% FBS-IMDM, and 1 mL of

suspended PbMNCs was seeded with blunt-end needles (Nipro,

TABLE 1 Summary of profiles of patients with diabetes and
healthy subjects

Patients with

diabetes

Healthy

subjects

N 36 13

Age (years) 63.4 ± 5.4 61.2 ± 4.4

BMI 24.5 ± 4.2 21.2 ± 2.6

DM duration (years) 23.1 ± 14.4 N/A

HbA1c (%) 6.5 ± 1.1 N/A

Systolic BP (mmHg) 129.3 ± 21.2 N/A

Diastolic BP (mmHg) 73.6 ± 12.7 N/A

Total Cholesterol

(mg/dL)

150.8 ± 28.0 N/A

HDL (mg/dL) 50.2 ± 17.8 N/A

LDL (mg/dL) 88.8 ± 24.1 N/A

Triglyceride (mg/dL) 101.0 ± 47.3 N/A

Notes: Values are expressed as the mean ± SD. N/A: not applicable. No

significant differences observed for age (P > .05). BMI: DM vs Healthy,

P = .0055.

Abbreviations: BMI, body mass index; BP, blood pressure; DM, diabetes

mellitus; HbA1c, glycated hemoglobin; HDL, high density lipoprotein; LDL,

low density lipoprotein.
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Osaka, Japan) attached to 1-mL syringes into a 35-mm Primaria cul-

ture dish to promote cell adhesion (2 × 105 cells/dish). On day 16, the

number of adherent colonies per dish was measured using a gridded

scoring dish (Nunc, Thermo Fisher Scientific) using a phase-contrast

light microscope (Eclipse Ti-U; Nikon, Tokyo, Japan). Based on the

maturation stage of colony-forming cells, EPCs were classified as

primitive EPC colony-forming units (pEPC-CFUs) or definitive EPC

(dEPC)-CFUs.

2.7 | EPC culture assay

PbMNCs and PbMNCs-QQ were suspended in EGM-2MV medium

containing 5% FBS and depleted hydrocortisone (1 × 106 cells/mL),

and were cultured in a human fibronectin-coated 96-well Primaria

plate (1 × 105 cells/100 μL/well) for 7 days. On day 7, the medium

was replaced with fresh medium containing FITC-labeled Ulex

europaeus agglutinin I (FITC-UEA-I, 10 μg/mL, Vector Lab., Burlin-

game, California) and 1,10-dioctadecyl-3,3,30,30-tetramethylindo-

carbocyanine perchlorate-labeled acetylated low-density lipoprotein

(DiI-acLDL, 10 μg/mL, Biomedical Tech., Stoughton, Massachusetts).

The attached cells were cultured for 4 hours for EPC labeling. The

cells were washed with PBS twice and fixed with 4% paraformalde-

hyde phosphate buffer solution (PFA, Wako, Osaka, Japan) at 4�C for

30 minutes. The wells were then covered by Vector shield with DAPI

(Vector) to avoid fluorescence decay and nuclear staining. The plates

were kept at 4�C in the dark prior to observation. In each well, three

to five micrographs with random fields were acquired using a fluores-

cence microscope (Keyence, Osaka, Japan). The FITC-UEA-1 and DiI-

acLDL double-positive cells were counted as early EPC.

2.8 | Tube formation assay

The tube formation assay was performed as described previously.17

Briefly, PbMNCs were labeled with low-density lipoprotein from

human plasma, acetylated DiI complex (DiI-Ac-LDL) (Biomedical Tech-

nologies, Inc) at 37�C for 2 hours. The 96-well plates were pre-coated

with 50 μL/well of Biocoat Matrigel (Corning). The gels were then

overlaid with 1 × 103 pre- and post-QQc cells and cocultured with

1.5 × 104 human umbilical vein endothelial cells (HUVECs,; Lonza,

Basel, Switzerland) in 50 μL of EBM-2 containing 2% FBS (Lonza) and

incubated at 37�C in a 5% CO2 atmosphere for 4 hours. Wells con-

taining only HUVECs were used as controls. The wells were photo-

graphed using a phase-contrast microscope. Total DiI-Ac-LDL-labeled

cells incorporated into the tubes were analyzed using fluorescence

microscopy (BZ-9000; Keyence, Osaka, Japan).

2.9 | FACS analysis

Pre- or post-QQc cells in EDTA-PBS containing 2% FBS (FACS buffer)

were treated with FcR blocking reagent (Miltenyi, Auburn, California) at

4�C for 30 minutes, and then stained with the specific antibodies

PE/Cy7-labeled anti-CD31 (clone:WM59, BioLegend, San Diego, Califor-

nia), PE-labeled anti-CD34 (clone: 581, BioLegend), APC-labeled anti-

CD184 (CXCR4, clone: 12G5, BD Bioscience, San Jose, California), APC-

labeled anti-CD133 (clone: AC133, Miltenyi), Alexa Fluor-700-labeled

anti-CD3+ (clone: UCHT1, BioLegend), APC/Cy7-labeled anti-CD14

(clone: HCD14, BioLegend), PE/Cy7-labeled anti-CD206 (MMR, clone:

15-2, BioLegend), PerCP/Cy5.5-labeled anti-CCR2 (CD192, clone:

K036C2, BioLegend), BV421-labeled anti-CD127 (clone: A019D5, Bio-

Legend), BV421-labeled anti-CD8 (clone: RPA-T8, BioLegend), FITC-

labeled anti-CD4 (clone: RPA-T4, BioLegend), PE-labeled anti-CD25

(Clone: M-A251, BioLegend), or proper isotype controls for each color at

4�C for 30 minutes. The cells were washed twice with FACS buffer then

analyzed using an FACS Aria III flow cytometer (BD Franklin Lakes, New

Jersey). The data were processed using FlowJo software (Tree Star,

Ashland, Oregon) and the scattergrams were gated using three different

cell sizes, with the smallest cells in gate A indicating the lymphocyte area,

themiddle cell size in gate B indicatingmonocytes, and the large cell size in

gate C (Supporting Information Figure S1). The absolute cell number was

calculated by multiplying the FACS % of each cell type with the total cell

number of 1 × 107 cells collected from PbMNCs (pre-QQ cells) and post-

QQ cells.

2.10 | Quantitative real time PCR

Pre- and post-QQc PbMNCs were lysed in RLT solution (Qiagen, Ger-

many) and total RNAwas prepared following the manufacturer's protocol.

Complimentary DNA (cDNA) was synthesized from the total RNA using

Superscript II (Invitrogen) and was used as a template for PCR. PCR was

carried out using cDNAmixedwith TaqMan fast universal PCRmastermix

and TaqMan probes on an ABI 7500 fast real-time PCR system. TaqMan

probes used were angiopoietin (Ang)-1 (Hs00181613_m1), Ang-2

(Hs00169867_m1), insulin-like growth factor (IGF)-1 (Hs01547656_m1),

leptin (Hs00174877_m1), vascular endothelial growth factor (VEGF)-A

(Hs99999070_m1), VEGF-B (Hs00173634_m1), hepatocyte growth

factor (HGF) (Hs00300159_m1), IL-8 (Hs00174103_m1), IL-10

(Hs00961622_m1), matrix metalloprotease (MMP)-2 (Hs01548727),

MMP-9 (Hs00234579_m1), IL1-β (Hs01555410_m1), TNF-α (Hs001

74128_m1), TGF-β (Hs0098133_m1), FGF-2 (Hs00266645_m1), and 18S-

rRNA (4308329) (all from Applied Biosystems). The data were analyzed

as delta (Δ) CT (target CT-18S-rRNA CT) and demonstrated as 2−ΔCT.

2.11 | Angiogenesis array

The levels of expressed angiogenesis-related proteins in the secretion

from MNC-QQ cells were studied. Supernatants from the MNC-QQ

culture were analyzed using a Luminex cytokine multiplex analysis kit

(R&D Systems, Catalog # LXSAMSM). Briefly, 7 days after MNC-QQ

culture, the MNC-QQ culture supernatant were collected and cen-

trifuged at 200g for 5 minutes. Afterward, all samples were filtered

through a Millex 0.22-μm membrane to remove debris and stored at

898 TANAKA ET AL.



−80�C until testing. The samples were removed for multiplex analysis

according to the manufacturer's recommendations. Using Stemline II

Hematopoietic Stem Cell (SL2) as a control in QQ media sup-

plemented with five cytokines (5G), multiplex analysis was performed

using a Luminex 100/200 instrument and the resulting data were

interpreted using proprietary data analysis software.

2.12 | Wound-healing model

To evaluate cell function in vivo, pre- and post-QQc MNCs from diabetic

donors were transplanted into a mouse wound-healing model. Following

the methods of previous studies,13 8-10-week-old male BALB/c nude

mice (CAnN.Cg-Foxn1nu/Crlj; Charles River Laboratories Japan, Inc,

Tokyo, Japan) and 50 mg/kg streptozotocin-induced diabetic mice (Sigma-

Aldrich, St. Louis, Missouri) were used. Mice were considered diabetic if

they maintained glucose levels above 300 mg/dL for at least 4 weeks

before wounding. The mice were anesthetized and depilated, then two

excisions were made on the dorsum bilateral skin using a biopsy punch

(6 mm, Kai Industries, Gife, Japan). The excisions were in full-thickness,

including the hypodermis and panniculus carnosus. The wound edges

were marked with India ink tattoos. Silicon stents with an 8-mm internal

diameter were sutured with 5-0 nylon around each wound to minimize

skin contracture and ensure healing by secondary intention. On the third

day post-operation, each wound was injected with either PBS as a control

or cells from one of the PbMNC (1 × 104 cells/wound) groups from the

patients: pre-QQc healthy control, pre-QQc DM, post-QQc healthy con-

trol, and post-QQc DM. The wounds in the mice were photographed and

digitally measured (BZ II Analyzer application software, BZ-H2A, Keyence).

The percent wound closure was measured photogrammetrically on days

0, 3, 7, 10, and 14, using the following formula:

1– wound areaonexaminationdayð Þ= wound area at day0ð Þ½ �×100ð Þ:

2.13 | Histology and immunofluorescence

Wounds were harvested from euthanized mice on days 7 and 14 with

a full-thickness excision that extended 3 mm radially past the original

wound edge and were demarcated with India ink. The harvested

wounded skin samples were dissected for paraffin or frozen section-

ing. Sections of 5 μm thickness were cut from the central region of

the wound. They were then deparaffinized and rehydrated before

staining with hematoxylin-eosin to measure epithelial and granulation

thicknesses using fluorescence microscopy (BZ-9000). Epithelial thick-

ness included the distance from the surface to the basic membrane of

the epithelium. Granulation thickness was measured by the distance

from the base of the epithelium to the surface of the panniculus car-

nosus layer.

For the detection of vascular regeneration, paraffin sections were

stained with rat anti-mouse CD31 antibody (clone: MEC13.3, BD) as

an endothelial marker and developed with 3,3-diaminobenzidine

(DAB, Vector Laboratories, Burlingame, California). The CD31+ ves-

sels per field were counted at 200× magnification.

Wound maturity was quantified using the van Gieson staining pro-

tocol. Paraffin sections were processed with staining solution as

described previously.22 Images were digitalized (BZ-9000) and analyzed

using Adobe Photoshop CS6 (Adobe Systems, San Jose, California).

To follow cell trafficking of the adoptively transferred MNC-QQ,

the frozen tissues were stained with mouse anti-human mitochondrial

antibody using a rabbit anti-mouse kit (Discovery MoMap kit,

760-137, Ventana Medical Systems, Oro Valley, Arizona) and CD31+

antibody (clone: MEC13.3, BD). Tissue sections were mounted using a

mounting medium containing DAPI. Slides were digitally captured,

and the double-positive vessels were counted at 40× and 20× magni-

fications using a confocal microscope (Olympus FV1000D IX81, SPD;

Olympus, Tokyo, Japan).

2.14 | Statistical analysis

A Wilcoxon signed-rank test (paired nonparametric test) was per-

formed to compare in vitro assay results between the pre- and post-

QQc groups. A Mann-Whitney test (non-paired nonparametric test)

was performed to compare in vivo results between healthy and DM

groups, as well as in vivo data comparisons for different donors. All

analyses were performed using GraphPad Prism 5. Statistical signifi-

cance was defined as P < .05. Data are presented as the mean ± SD.

3 | RESULTS

3.1 | Healthy and DM PbMNC numbers post-QQc

The numbers of fresh PbMNC were 85.1 ± 20.3 × 104 cells/mL in

healthy subjects (n = 13) and 89.2 ± 40.3 × 104 cells/mL in patients

with DM (n = 13), respectively. Following QQc, the number of

PbMNCs decreased to 17.1 ± 4.9 × 104 cells/mL (0.36 ± 0.13-fold) in

the healthy group and 14.6 ± 7.6 × 104 cells/mL (0.28 ± 0.83-fold) in

the DM group, respectively. There were no significant differences

in the numbers of PbMNCs between healthy and DM subjects before

or after QQc (Figure 1A).

3.2 | Significant difference in the vasculogenic
potential of PbMNCs post-QQ

Pre-QQc cells from healthy donors had a larger number of pEPC-

CFUs (4.51 ± 3.20 vs 2.49 ± 2.01; P < .05) and dEPC-CFUs

(1.83 ± 7.95 vs 0.75 ± 0.78; P < .01) compared to patients with

DM. Pre-QQc cells from healthy donors responded better to QQc in

terms of total colony number, with dEPC-CFUs showing a remarkable

increase (1.83 ± 7.95 vs 19.74 ± 7.99; P < .0001). Though the

increases in pEPC-CFUs and dEPC-CFUs were lower in the PbMNCs

of patients with DM compared to those in healthy subjects, the DM
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PbMNCs also showed an increase in total colony number after QQc

(3.24 ± 2.37 vs 17.62 ± 15.90; P < .0001). The total colony numbers

of the DM group (especially dEPC-CFU) post-QQc MNCs were higher

than those of healthy pre-QQc MNCs (Figure 1B).

EPC culture assay results showed that the number of early EPCs

was lower in patients with DM (27 ± 14 vs 41 ± 18 cells/HPF;

P < .05). Early EPCs increased significantly in both the healthy control

group (41 ± 18 vs 161 ± 31 cells/HPF; P < .01) and the DM group

after QQc (27 ± 13 vs 84 ± 42 cells/HPF; P < .001) (Figure 1C,D).

3.3 | Promotion of tube formation upon culture
with post-QQc PbMNCs

Pre-QQc PbMNCs of patients with DM showed reduced tube forma-

tion compared to HUVEC control without cells. Post-QQc PbMNCs

promoted tube formation in HUVECs cocultured for 4 hours. There

was no significant difference in cells between the healthy and diabetic

groups post-QQc PbMNCs (Figure 1E).

3.3.1 | QQ affects anti-inflammatory angiogenic
cell populations in healthy donors and patients
with DM

FACS scattergrams showed an increase in size of the side scatter area

and forward scatter area of PbMNCs after QQc culture. The size and

appearance of the scattergrams did not differ between healthy and

DM groups in either pre- or post-QQc conditions (Supporting Infor-

mation Figure S1). Post-QQc culture, DM-PbMNCs were highly angio-

genic and anti-inflammatory. A significant increase in the number of

vascular CD34+/CD133+ stem cells, CD206+ cells, angiogenic T cells,

and Tregs was observed. Concomitantly, a significant decrease in the

number of immune response-related cells (CCR2, CD56+, and CD19+)

was observed after QQc (Figure 2A-E) (Supporting Information Table 1).

3.3.2 | Significant increases in the expression of
genes related to angiogenesis, wound-healing, and
anti-inflammation after QQc

RNA-seq was performed to investigate genome-wide changes in the

expression of genes related to angiogenesis, wound-healing, and anti-

inflammation between pre- and post-QQ cells in patients with

DM. Their hierarchical clustering indicated a clear shift in the expres-

sion of genes associated with angiogenesis after QQc (Supporting

Information Figure S2). RT-PCR was carried out to confirm the mRNA

levels of angiogenesis-related genes (Supporting Information

Table S2). Prior to QQc, the expression of angiogenesis-related genes,

such as VEGF-A, VEGF-B, Ang-1, Ang-2, PGDF, and HGF (Figure 3A), as

well as wound-healing genes, such as FGF2 and IGF-1 (Figure 3B),

were lower in DM PbMNCs compared to those in healthy controls.

Following QQc, the gene expression levels of many pro-angiogenic

growth factors as well as cytokines and wound-healing genes in DM

PbMNCs were significantly increased. IL-10, IL-8, Ang-2, IGF-1, MMP2,

and Leptin were expressed only after QQc (Figure 3A-C). After QQc

treatment, in DM PbMNC cell supernatant, the levels of human angio-

genesis and macrophage-related factors angiogenin, HGF, IL-8, MMP2,

MMP 9, IL-6, MCP-1, and MDC increased (Figure 3D-F).

3.3.3 | Significant improvement in euglycemic and
diabetic wound-healing following MNC-QQc diabetic
cell therapy

The transfer of pre-QQc diabetic PbMNCs had no effect on the diabetic

wounds compared to PBS controls (50.41 ± 6.16% vs 43.35 ± 7.52%,

respectively) but had a significant effect on euglycemic wounds com-

pared to PBS controls (60.00 ± 5.66% vs 50.73 ± 5.05%, respectively;

P < .05) on day 14. Conversely, post-QQc diabetic PbMNCs elicited sig-

nificantly faster wound closure than pre-QQc healthy PbMNCs

(79.06 ± 116.5% vs 67.61 ± 5.35%, respectively; P < .001) and pre-QQ

diabetic PbMNCs without significant difference between post-QQc

healthy PbMNCs (79.06 ± 11.65% vs 80.99 ± 9.47%, respectively) in

euglycemic and diabetic wounds on day 14. However, significant differ-

ences in treated pre- and post-QQc healthy groups were observed

between euglycemic and diabetic wounds starting from day 7. Differ-

ences between treated pre- and post-QQc diabetic wounds was only

observed from day 10 onwards (Figure 4).

3.3.4 | Improvement in the quality of wound-
healing upon treatment with post-QQc PbMNCs

Pre-QQc diabetic PbMNC wounds had significantly lower granulation

thickness (68.83 ± 38.08 vs 127.9 ± 32.36 μm; P < .05) compared to

F IGURE 1 Flow cytometry analysis of peripheral blood mononuclear cell (PbMNC) and endothelial progenitor cell (EPC)
subpopulation numbers and tube formation promotion pre- and post-Quantity and Quality Control Culture System (QQc) treatment.

Cumulative quantitative graphs of, A, the number of peripheral PbMNCs, B, the number of pEPC and dEPC colonies, and, C, the number
of EPCs in healthy and diabetic cultures (n = 13). D, Representative images of early EPCs captured with a fluorescence microscope
(scale bar = 100 μm). E, Promotion of tubular formation by pre- and post-MNC-QQ compared to untreated HUVEC controls.
Representative images (scale bar = 100 μm) and cumulative quantitative graphs of a tube formation assay showing the number of
tubules formed in each group and DiI-acLDL incorporation into HUVEC-formed tubes in each group *P < .05, **P < .005, ***P < .0005.
dEPC, definitive EPC; DM, diabetic; MNC-QQc, mononuclear cell treated with quality-quantity culture; PBS, phosphate-buffered saline;
pEPC, primitive EPC
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healthy PbMNCs after 14 days in euglycemic and diabetic wounds

(Figure 5A). Post-QQc-treatment diabetic PbMNC wounds had signifi-

cantly increased granulation thickness compared to the pre-QQc DM

PbMNC group in euglycemic (203.8 ± 37.92 vs 68.83 ± 38.08; P < .01)

and diabetic wounds (229.8 ± 49.82 vs 37.50 ± 26.10; P < .05)

(Figure 5A, Supporting Information Figure S3). The proportion of mature

collagen deposition calculated by van Gieson staining revealed that the

wound-healing potency of diabetic PbMNCs was lower than that of

healthy PbMNCs prior to QQc treatment. However, their potency was

significantly enhanced after QQc. In fact, it exceeded the potency of

F IGURE 2 The effect ofQuantity andQuality Control Culture System (QQc) treatment on certain PbMNCpopulations in healthy volunteers and
patientswith diabetesmellitus (DM). Cumulative representative graphs of flow cytometry analysis of cell populations in healthy vsDMwhole cells presented
as, A, the absolute number of positivity of CD34+/CD133+ stem cell markers, B, the absolute number of positivity of CD206+, CD14+, andCCR2+
macrophagemarkers, C, the absolute number of positivity of CD206+/CD14+ andCCR2+/CD14+;D,E, angiogenic and T cell markers: CD3+, CD4+, and
CD8+; *P < .05, **P < .005, ***P < .0005. DM, diabetic;MNC-QQc,mononuclear cell treatedwith quality-quantity culture; PBS, phosphate-buffered saline
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healthy PbMNCs and was almost equal to the potency level of post-

QQc healthy PbMNCs (Figure 5B, Supporting Information Figure S4).

TGF-β and MMP-9 mRNA expression levels were significantly

upregulated in both euglycemic and diabetic wounds in post-QQ healthy

and diabetic PbMNCs compared to pre-QQc PbMNCs (Figure 5C).

3.3.5 | MNC-QQc cells increase M2 wound
macrophages

We previously reported that diabetic wounds are glucose-induced

inflammatory environments with a high polarization of M1 macro-

phages but low in M2 macrophages.23 Similarly, PBS-treated diabetic

wounds, at day 14, demonstrated high numbers of iNOS-positive M1

macrophages but low numbers of arginase-positive M2 macrophages

(699.8 ± 66.24 vs 0.11 ± 0.19; P < .01). This selective increase in M1

macrophages is possibly owing to the high inflammatory characteris-

tics of diabetic PbMNCs. Following QQc treatment, the number of

M1 macrophages significantly decreased whereas that of M2 macro-

phages significantly increased in both euglycemic and diabetic wounds

(Supporting Information Figure S5).

3.3.6 | MNC-QQc enhances the wound vascular
density by indirect angiogenesis and direct
vasculogenesis in the cell-transplanted wound

Wounds injected with pre-QQc diabetic PbMNCs demonstrated sig-

nificantly lower vascular density compared to pre-QQc healthy

PbMNCs in euglycemic (188.0 ± 44.0 vs 283.9 ± 44.97, respectively;

P < .05) and diabetic wounds (117.5 ± 32.71 vs 148.3 ± 39.77).

Although the function of healthy PbMNCs was more pronounced in

F IGURE 3 Levels of mRNA and proteins related to angiogenesis, wound-healing, and anti-inflammation after Quantity and Quality Control Culture
System (QQc) treatment. Levels of mRNA related to, A, angiogenesis, B, anti-inflammation, and C, wound-healing measured by quantitative PCR. Levels
of proteins related to, D, angiogenesis, E, macrophages, and F, wound-healing measured by cytokine multiplex analysis. *P < .05, **P < .005. DM,
diabetic; MNC-QQc, mononuclear cell treated with quality-quantity culture; Sl2 + 5G, Stemline II Hematopoietic Stem Cell +5 cytokines
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euglycemic wounds compared to diabetic wounds, post-QQc

PbMNCs of both diabetic and healthy groups showed significantly

higher in vivo angiogenic potential by the increase of vascular den-

sity in both wounds (Figure 6A).

The post-QQc diabetic PbMNC-transplanted wounds demon-

strated significantly higher KDR, VEGF, and PDGFβ gene expression on

day 7 compared to pre-QQc diabetic PbMNCs in euglycemic wounds.

Similarly, post-QQc cells showed a potency to promote angiogenesis

through pro-angiogenic growth factor stimulation in the diabetic

wounds (Figure 6B).

To assess the direct vasculogenesis of post-QQc cells, the number

of vessels with human mitochondria antigen (HMA)-positive cells co-

stained with CD31 was assessed. The numbers of HMA- and

CD31-positive cells were significantly lower in the wounds transplanted

with pre-QQc diabetic PbMNCs than in those transplanted with post-

QQc diabetic PbMNCs on day 14 in euglycemic (3.0 ± 1.26 vs
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F IGURE 4 Assessment of wound-healing time-points in mice following cell therapy with healthy and diabetic mononuclear cells treated with
Quantity and Quality Control Culture System (QQc). The percentage of wound closure was calculated on days 0, 3, 7, 10, and 14 for wounds
treated with Pre- and post-MNCs-QQ from healthy volunteers and diabetic patients in, A, euglycemic mice and, B, diabetic mice. *P < .05,
**P < .005. DM, diabetic; MNC-QQc, mononuclear cell treated with quality-quantity culture; PBS, phosphate-buffered saline

904 TANAKA ET AL.



F IGURE 5 Histological measurement of
wound-healing upon treatment with
mononuclear cells treated with Quantity and
Quality Control Culture System (QQc). Pre-
and post-MNCs-QQ were transplanted to a
mouse wound-healing model. A, HE
granulation thickness of excised wounded
skin from day 14 in euthanized mice
measured via fluorescence microscopy. B,

Wound maturity quantified by the van
Gieson staining protocol. C, qRT-PCR
analysis of TGF-β and MMP-9 gene
expression at day 7, presented as the ratio
of mRNA levels of the target gene in a non-
damaged skin sample vs the wounded
sample relative to the levels of 18 seconds
rRNA. *P < .05, **P < .005. DM, diabetic;
MNC-QQc, mononuclear cell treated with
quality-quantity culture; PBS, phosphate-
buffered saline
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13.3 ± 5.35, respectively; P < .01) and diabetic wounds (1.0 ± 0.89 vs

13.50 ± 5.95, respectively; P < .01). The post-QQ vasculogenic function

of the diabetic PbMNCs was higher than that of pre-QQc healthy

PbMNCs, and not significantly different from the post-QQc healthy

group, demonstrating that diabetic PbMNCs acquires high vasculogenic

function through QQc culture (Figure 6C-E).

4 | DISCUSSION

Emerging evidence suggests that EPC dysfunction in diabetes leads

to poor vasculogenesis and impaired wound regeneration.24-26 In

this study, we hypothesized that a serum-free QQc culture system

would restore the function of PbMNCs in diabetic patients. Suc-

cessful transplantation of PbMNC-QQc cells from diabetic patients

to mice and subsequent wound-healing in mice can be clinically

translated into cell therapy with the generated MNC-QQc cells that

demonstrate vasculogenic, anti-inflammatory, and wound-healing

potential in diabetic patients with ischemic disease and non-healing

wounds.

Our results show that PbMNC characteristics in diabetic

patients are shifted toward a pro-inflammatory state in diabetic

autologous cell therapy. T cell (CD3+CD4+, CD8+), Treg, and NK

cell markers were not significantly different between the two

F IGURE 6 The effect of treatment with MNC-QQc on wound vascular density by indirect angiogenesis and direct vasculogenesis in the cell-
transplanted wound. A, Vascular density assessed by CD31+ expression. B, Angiogenesis assessed by the expression of KDR, VEGF, and PDGFβ
genes at day 7 presented as the ratio of mRNA levels of the target gene in a non-damaged skin sample vs a wounded sample relative to the levels
of 18 seconds rRNA. Frozen tissues were stained with anti-human mitochondrial antibody and co-stained with anti-mouse CD31. C, Direct
vasculogenesis assessed by the number of vessels co-positive for HMA and CD31+. D,E, Representative results of confocal microscopy (scale
bar = 50 μm; inset 10 μm). *P < .05, **P < .005. DM, diabetic; MNC-QQc, mononuclear cell treated with quality-quantity culture; PBS, phosphate-
buffered saline

906 TANAKA ET AL.



groups, but angiogenic T cell markers were significantly lower,

while the B cell marker CD19+ was significantly higher in diabetic

patients. This indicates that the PbMNCs of diabetic patients are

highly inflammatory and antiangiogenic compared to healthy indi-

viduals. Post-QQ culture, CD34+/CD133+ cells, CD206+ cells,

angiogenic T cells, and Tregs significantly increased in diabetic

PbMNCs. On the other hand, CCR2+, CD56+, and CD19+ signifi-

cantly decreased after QQc. These results indicated that under

QQc conditions, PbMNCs selectively upregulate the stem cell pop-

ulation for EPCs as well as for anti-inflammatory pro-angiogenic

monocytes and T lymphocytes, but drastically eliminates the pro-

inflammatory and anti-regenerative cells.

We developed a serum-free QQc culture system using PbMNCs

that can significantly increase the number of total and differentiated

colony-forming EPCs conditioned for anti-inflammatory and regenera-

tive phenotypes.14 The efficacy of QQc observed in the PbMNCs of

diabetic patients was unprecedented. RNA-sequencing of DM QQ-

PbMNCs was performed to identify whether the gene expression

changes were similar to healthy QQ-PbMNCs prior to investigation

with DM QQ-PbMNCs. Our results confirmed that QQc drastically

changed the PbMNC phenotype to pro-angiogenic and anti-inflamma-

tory.14 This study is the first, to our knowledge, to show that the

ex vivo culture of PbMNCs from patients with diabetes develops pro-

angiogenic, anti-inflammatory, and regenerative functions.

We previously demonstrated that human diabetic CD34+ cells

could be expanded ex vivo to restore their impaired functions post-

QQc, as denoted by a markedly higher potential for wound angiogen-

esis and vasculogenesis compared to pre-QQc healthy or pre-QQ DM

CD34+ cells.13 However, CD34+ cells constitute only 0.01% of

peripheral MNCs and are very difficult to isolate. Therefore, for the

clinical application of CD34+ cell QQ therapy, the patient must

undergo apheresis for PbMNC isolation and magnetic bead-mediated

CD34+ cell isolation, which is physically strenuous. An ideal regenera-

tive therapy would be one where only a small amount of blood needs

to be drawn and the cells can be processed ex vivo to generate a pop-

ulation of regenerative cells. There were no significant differences

between QQc cells of healthy donors and diabetic patients, demon-

strating that the PbMNCs of diabetic patients possess similar poten-

tial to healthy MNC-QQc, but with comparatively higher angiogenic

properties. Furthermore, the expression levels of pro-angiogenic and

wound-healing genes in both healthy and diabetic PbMNCs were

upregulated by QQc. The products of these genes possibly act as pos-

itive regulators for accelerating vasculogenesis and tissue repair. The

total colony numbers of the post-QQc diabetic MNCs, especially

dEPC-CFUs, were higher than those of the pre-QQc healthy MNCs,

indicating that the vasculogenic potential of diabetic PbMNCs was

restored. These results support the idea that pretreating the PbMNCs

of diabetic patients prior to cell therapy may enhance the effect of

treatment.

M2 macrophages are important in normal and accelerated wound

healing.27 Diabetic wounds have a predominant population of pro-

inflammatory M1 macrophages, and M2 macrophage cell therapy is effec-

tive in wound healing.23,28,29 PbMNCs-QQ contain a high proportion of

M2 macrophages as CD206+ cells, which promote an anti-inflammatory

environment within the treated wound. Post-QQ PbMNCs have a higher

tendency to release wound-healing-related factors (MMP-2, MMP-9,

PDGF-β, and IL-6), angiogenesis-related factors (angiogenin, HGF, IL-8,

VEGF-B, and vWF), and macrophage-related factors (MCP-1, MDC, and

MSP), suggesting that the roles played by these factors in tissue angio-

genesis are the stimulation of wound macrophages for accelerated wound

healing and high granulation formation using QQc cells.

In diabetic patients, MNC-QQc cell therapy accelerated wound

closure, maturation, and vascularization in euglycemic and diabetic

wounds. QQc enhanced wound healing by upregulating MMP-9 and

TGF-β gene expression in the cell-transplanted wound. Post-cell ther-

apy tissue examination revealed that TGF-β and MMP-9 gene expres-

sion was significantly higher in both euglycemic and diabetic wounds,

suggesting that the wound healing was enhanced by MNCs-QQc. Fur-

thermore, human DM QQ-PbMNCs exhibited high potential for direct

vasculogenesis in vivo. Wounds transplanted with pre-QQc diabetic

cells showed only a few HMA and CD31+ double-stained vessels;

conversely, wounds transplanted with post-QQc diabetic PbMNCs

showed a significantly higher number of double-stained vessels,

suggesting the acquisition of high vasculogenic potential as a result of

QQc. Although wound closure was slightly delayed in diabetic

wounds, similar results were observed in all cell therapy groups of dia-

betic wounds, suggesting the efficacy of QQc cell therapy in a mild

diabetic environment. PbMNCs from diabetic foot patients with

peripheral arterial disease (PAD) without wounds and diabetic patients

with wounds were comparable in terms of cell number, fold-increase

after QQc, vasculogenic potential, cell proliferation, and the presence

of cell surface CD34 or CD206 (Supporting Information Figure S6).

This observation indicated the clinical utility of autologous PbMNCs

to treat diabetic patients with PAD and wounds.

MNC-QQ is the first vascular regenerative therapy with PbMNCs.

It is currently undergoing clinical trials (unpublished). The present

study presents the first pre-clinical trial using blood from diabetic

patients. The benefits of the therapy include the ease of blood collec-

tion by a simple venipuncture sampling procedure and the simplicity

of the isolation process. Limitations of the study, which should be

addressed in future work, include small sample sizes, the use of animal

models, which have limited clinical relevance to human disease set-

tings, and a limited generalizability of results owing to the narrow

patient selection criteria.

5 | CONCLUSION

This study demonstrates the therapeutic potential of a novel serum-

free QQc culture system using MNCs derived from patients with dia-

betes. Vasculogenic, anti-inflammatory, and wound-healing effects

were demonstrated in both in vitro and in vivo models. This system

addresses the insufficient efficiency and efficacy of the current naïve

MNC therapy for wound-healing in patients with diabetes. Through this

technique, we expect to establish a simple, safe, and effective

outpatient-based vascular and regenerative therapy for diabetic patients.
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