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The quality and quantity media-cultured mononuclear cell

transplantation is safe and effective in ischemic hindlimb mouse

model
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ABSTRACT
Objective: This study was conducted to investigate in vitro proangiogenic and anti-inflammatory phenotypes and
functions and the in vivo efficacy and safety of quality and quantity (QQ) media-cultured mononuclear cells (MNCs)
compared with standard cultured MNCs from the peripheral blood of patients with chronic limb-threatening ischemia
(CLTI) with atherosclerotic risk factors.

Methods: Peripheral blood MNCs (PBMNCs) from patients with CLTI were cultured in QQ culture media or standard
culture media. Phenotypic analysis of progenitor cells (CD34þCD133þ), M2 macrophages (CD206þ), and inactivated T
regulatory cells (CD4þCD25þCD127þ), colony-forming assay, and tube formation assay of QQ media-cultured MNCs
(QQMNCs) and PBMNCs, were conducted. Intramuscular transplantation of QQMNCs or PBMNCs was performed in the
ischemic hindlimbmodel. The clinical appearance of ischemic limbs was observed, and blood flow in ischemic limbs was
measured using a laser Doppler perfusion imager. Outcomes were compared between the QQMNC and PBMNC groups.

Results: Twenty patients with CLTI were included. The mean percentages of CD34þ cells, CD133þ cells, CD34þCD133þ

progenitor cells, CD206þ cells, colony-forming cells, and tube formation were significantly higher in the QQMNCs. The
mean percentage of CD4þCD25þCD127þ cells was significantly lower in QQMNC. The colony-forming unit count and Dil-
acetylated low-density lipoprotein uptake were significantly greater in QQMNCs. The clinical appearance of post-
QQMNC-injected limbs was less severe than the appearance of post-PBMNC-injected limbs. Limb perfusion was signif-
icantly better in the QQMNCs.

Conclusions: Proangiogenic and anti-inflammatory phenotypes of MNCs cultured in QQ culture media were repro-
ducible. Intramuscular QQMNC transplantation was safe and resulted in better reperfusion of ischemic hindlimbs
compared with PBMNCs. (JVSeVascular Science 2023;4:100129.)

Clinical Relevance: Intramuscular transplantation of quality and quantity media-cultured mononuclear cells from
chronic limb-threatening ischemia patient is safe and effective in the ischemic hindlimb mouse model. The Quality and
Quantity media-cultured mononuclear cells might become a novel therapeutic approach in no-option chronic limb-
threatening ischemia patients.

Keywords: Efficacy; Safety; Quality and quantity media-cultured mononuclear cell transplantation; Ischemic hindlimb
mouse model
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Chronic limb-threatening ischemia (CLTI) is the most
severe form of peripheral arterial disease,1 and CLTI is a
significant predictor of limb morbidity and mortality.
Rest pain and ischemic tissue loss are common presen-
tations of CLTI.2 Revascularization, via either open surgery
or endovascular technique, is the current treatment of
choice for CLTI; however, #15% to 20% of CLTI revascular-
izations fail.3 The term "no option critical limb ischemia”
(NOCLI) was coined to characterize this problem. NOCLI
also includes conditions that make reperfusion impos-
sible. The causes of NOCLI can be physiological and/or
anatomical.4 Therapeutic angiogenesis is an alternative
treatment for patients with NOCLI. Cell-based therapy
to enhance angiogenesis with bone marrow mononu-
clear cells (BMMNCs) or peripheral blood MNCs
(PBMNCs) was reported to be safe and effective5,6; how-
ever, a meta-analysis did not show a significant clinical
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ARTICLE HIGHLIGHTS
d Type of Research: In vitro and ischemic mouse
model study

d Key Findings: Quality and quantity (QQ) culture me-
dia aided proangiogenic, anti-inflammatory, and
angiogenesis in vitro. In 40 ischemic limb mouse
models, intramuscular transplantation of QQ
media-cultured mononuclear cells (MNCs) led to
better limb reperfusion than transplantation of
MNCs cultured in standard culture media.

d Take Home Message: Intramuscular transplantation
of QQ media-cultured MNCs is safe and effective in
an ischemic hindlimb mouse model.
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benefit of BMMNC or PBMNC transplantation in patients
with CLTI.7,8 The poor outcomes observed in BMMNC and
PBMNC transplantation trials may be due to an insuffi-
cient number and/or impaired function of BMMNCs or
PBMNCs in patients with CLTI.5,9-13 The proportion of
endothelial progenitor cells (EPCs) is <0.1% in BMMNCs
and <0.01% in PBMNCs.5,9,14 In addition, the EPC expan-
sion process requires time and effort.5,9,14-16 patients with
CLTI also have impaired function of progenitor cells.10,17

Diabetes mellitus, which is a well-known risk factor for
atherosclerosis, creates an inflammatory tissue environ-
ment and impedes vascular regeneration.9,17-19 A novel
alternative method is, therefore, needed to increase the
number and function of progenitor cells and/or MNCs
harvested from patients with CLTI. The culture of
PBMNCs in quality and quantity (QQ) culture media
was reported in 2014 by Masuda et al.17 In their study,
MNCs from healthy volunteers that were cultured in
QQ media (QQMNCs) demonstrated enhanced angio-
genesis and anti-inflammatory function, not only
in vitro, but also in an ischemic hindlimb animal
model.17,18 This finding suggests QQMNCs as a potential
option for treating patients with CLTI. Chruewkamlow
et al20 studied QQMNCs that were developed from
PBMNCs harvested from patients with CLTI in vitro. Their
results showed that QQ culture media could increase the
amount and enhance the angiogenic phenotype of
MNCs from patients with CLTI.
The aim of the present study was to investigate the

safety and efficacy of QQMNC transplantation in an
ischemic hindlimbmousemodel to determine its poten-
tial benefit for treating patients with CLTI.

METHODS
This pilot cross-sectional experimental study prospec-

tively enrolled patients from the CLTI Clinic of the Divi-
sion of Vascular Surgery, Department of Surgery,
Faculty of Medicine Siriraj Hospital, Mahidol University,
Bangkok, Thailand, from September 2019 to May 2022.
Patients diagnosed with CLTI with an atherosclerotic eti-
ology who underwent failed revascularization and/or
were considered NOCLI owing to anatomical and/or
physiological problems were eligible for inclusion. The
diagnostic criteria used were based on the published
guidelines for the management of CLTI.1 Patients were
diagnosed as CLTI if they presented with ischemic rest
pain and/or tissue loss, and they satisfied the correspond-
ing objective hemodynamic criteria. Patients having one
or more of the following were excluded: nonatheroscler-
otic cause of CLTI, such as thromboangiitis obliterans or
vasculitis, and concomitant wound infection and/or clin-
ical sepsis. The Ethical Review Committee of the Siriraj
Institutional Review Board approved the study protocol
(COA no. Si 365/2019), and all enrolled human subjects
provided written informed consent to participate in this
study. Animal studies were performed after receiving
approval of the Siriraj Laboratory Animal Research and
Care Center in Faculty of Medicine Siriraj Hospital, Mahi-
dol University, Bangkok, Thailand (approval No. SI-ACUP
005/2562).

PBMNC preparation. Fifteen milliliters of peripheral
blood from venipuncture of a forearm superficial vein
was collected from study patients with CLTI into a spec-
imen collection tube containing heparin. Density
gradient centrifugation of collected PBMNCs was per-
formed using Lymphocyte Separation Solution (Sigma-
Aldrich Corporation, St. Louis, MO). Isolated PBMNCs
were cultured in either QQ culture media or standard
culture media at a concentration of 2 � 106 cells/2 mL
in a six-well Primaria dish (BD Biosciences, San Jose,
CA) for 7 days.17,21

QQ culture media. QQ culture media is composed of
Stem Line II Solution (#S0192; Sigma-Aldrich) and the
addition of the following five recombinant human pro-
teins: 100 ng/mL of stem cell factor (cat. no. #300-07;
PeproTech, Rocky Hill, NJ), 20 ng/mL of thrombopoietin
(#300-18; PeproTech), 100 ng/mL of Flt-3 ligand (#300-19;
PeproTech), 50 ng/mL of vascular endothelial growth
factor (#100-20; PeproTech), and 20 ng/mL of IL-6 (#200-
06; PeproTech).17

Standard culture media. The standard culture media
was composed of 10% fetal bovine serum (FBS) (Gibco;
Thermo Fisher Scientific, Waltham, MA) and Roswell
Park Memorial Institute-1640 Medium (Gibco; Thermo
Fisher Scientific).17,21

Phenotypic analysis of progenitor cells, T regulatory
cells, and M2 macrophages. The cultured cells were har-
vested after 7 days. The harvested cells were washed two
times with 2% FBS and 0.02% sodium azide phosphate-
buffered saline (NaN3 PBS) and then suspended in
2 mmol/L of ethylenediaminetetra-acetic acid/0.2%
bovine serum albumin/PBS buffer. After supplementa-
tion with 10 mL of FcR blocking reagent (Miltenyi Biotec,
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Bergisch Gladbach, Germany), the suspended cells were
incubated at 4�C for 30 minutes. Staining of incubated
cells was then performed using a combination of
monoclonal antibodies (mAbs) that are markers of pro-
genitor cells (CD34þCD133þ), M2 macrophages (CD206þ),
and inactivated regulatory T cells (CD4þCD25þCD127þ).
Two separate panels were used for phenotypic analysis

in this study. The first panel was used to analyze progen-
itor cells and M2 macrophages. The mAbs used in this
panel were CD34-FITC (#343504; BioLegend, San Diego,
CA), CD11c-PE (#371504; BioLegend), CD133-APC
(#372806; BioLegend), CD3-PE-Cy7 (300,420; BioLegend),
CD206-APC-Cy7 (#321119; BioLegend), and CD11b-PerCP
Cy5.5 (#101228; BioLegend). The cells were incubated
with 5 mL of each mAb at 4�C for 30 minutes and then
washed 2 times with 2% FBS and 0.02% NaN3 PBS. The
incubated cells were then fixed in PBS with 1% parafor-
maldehyde (Sigma-Aldrich). Flow cytometry was per-
formed using a BD LSR Fortessa Flow Cytometer (BD
Biosciences).17,22

The second panel was used to analyze inactivated reg-
ulatory T (CD4þCD25þCD127þ) cells. The mAbs used were
CD25-PE (#302606; BioLegend), CD127-APC (#351316; Bio-
Legend), CD3-Pe- Cy7 (#300420; BioLegend), and
CD4-APC-Cy7 (#300518; BioLegend).17,22 The cells were
incubated with 5 mL of each mAb at 4�C for 30 minutes
and then washed two times with 2% FBS and 0.02%
NaN3 PBS. All experiments were performed a minimum
of three times, and the mean values were recorded.
The proportions of CD34þCD133þ cells, CD206þ cells,
and CD4þCD25þCD127þ cells in PBMNCs and QQMNCs
were compared.

EPC colony formation assay. Harvested MNCs at
1 � 105 cells/mL were resuspended with 200 mL of 30%
FBS/PBS. The following recombinant human cytokines
were then added: human stem cell factor (#300-07;
PeproTech) at 66.7 ng/mL; human vascular endothelial
growth factor (#100-20; PeproTech) at 33.3 ng/mL; hu-
man IL-3 (#200-03; PeproTech) at 13.3 ng/mL; human
insulin-like growth factor 1 (#100-11; PeproTech) at
33.3 ng/mL; human fibroblast growth factor basic (#100-
18B; PeproTech) at 33.3 ng/mL; and human epidermal
growth factor (#100- 15; PeproTech) at 33.3 ng/mL. The
cells were resuspended with complete MethoCult media
(#04236; STEMCELL Technologies, Inc., Vancouver, British
Columbia, Canada) at a final volume of 2 mL. The cells
were then cultured at 37�C for 14 days.17

Phase-contrast light microscopy (Eclipse TE300; Nikon
Instruments, Tokyo, Japan) was used to assess EPC
colony-forming cells (EPC). A colony was defined as the
presence of $50 cells.23 All experiments were performed
at least three times, and the mean values were recorded.
The numbers of colonies of PBMNCs and QQMNCs were
compared.
Tube formation assay. Labeling of MNCs was per-
formed using 20 mg/mL of acetylated low-density lipo-
protein and 1,10-dioctadecyl-3,3,30,30-tetramethyl-
indocarbocyanine perchlorate (Dil-Ac-LDL) (Biomedical
Technologies, Inc., Stoughton, MA) at 4 � 104 cells/500 mL
in a 37�C carbon dioxide (CO2) incubator for 30 minutes.
The labeled MNCs were then centrifuged at 400�g for
10 minutes, washed with 2% FBS/PBS, and then sus-
pended in 2% FBS/PBS at 1 � 103 cells/50 mL. Coculture of
labeled MNCs and human umbilical vein endothelial
cells (HUVECs) was performed at an MNC to HUVEC ratio
of 1 � 103 to 1.5 � 104 cells in a total volume of 100 mL. The
cell mixture was incubated in a water bath at 37�C. One
hundred microliters of the incubated cells was then
transferred into a precoated Matrigel (Corning, Inc.,
Corning, NY) (thin coat method) 50 mL/well in a 96-well
plate and incubated in a CO2 incubator at 37�C for
10 hours.
A Nikon Ti-S Intensilight Ri1 NIS-D inverted fluorescence

microscope (Nikon Instruments) was used to assess tube
formation. All experiments were performed at least three
times, and the mean values were recorded. The fluores-
cence intensity of labeled PBMNCs in HUVECs from
PBMNCs and QQMNCs was compared.17

In vivo study. Animal care and the laboratory where an-
imal experiments were conducted in this study are both
regulated by the Siriraj Laboratory Animal Research and
Care Center. All animal procedures were performed un-
der anesthesia. A postprocedural analgesic ketoprofen
dose of 3 mg/kg was given to all study mice. After
completion of the experiment, animals were humanely
killed in a CO2 chamber under anesthesia. In this study,
blood from each human patient with CLTI was divided
in half so that 50% could be cultured in QQ culture me-
dia, and the other 50% could be cultured in standard
culture media. Cultured MNCs from the two different
types of media were then transplanted into different
mice. Because there were 20 patients, we used 40
mice for the in vivo study (Fig 1).

Animal model preparation. To prevent an immune
rejection after human MNC injection, BALB/c nu/nu
nude mice (aged 8-10 weeks; bodyweight, 19-22 g) were
used in this study. Study mice were obtained from the
Mahidol University National Laboratory Animal Center,
which is located in Thailand’s Nakhon Pathom Province.
The left hindlimb was designated to be the ischemic
limb in each model. Ischemic model preparation was
performed under anesthesia. A cocktail of 100 mg/kg of
ketamine and 10 mg/kg of xylazine was given via intra-
peritoneal route.24 After the study mouse was fully
anesthetized, hair at the surgical area was removed and
skin was prepared to create a sterile field. With the
mouse positioned in the dorsal decubitus position with
the hip externally rotated, baseline perfusion was



Fig 1. The diagram describes how mononuclear cells (MNCs) from each patients with chronic limb-threatening
ischemia (CLTI) were transplanted into ischemic model. This study included 20 patients with CLTI. Quality and
quantity media-cultured MNCs (QQMNCs) and peripheral blood MNCs (PBMNCs) from each patient with CLTI
were transplanted separately into two different mice. QQMNCs and PBMNCs from 8 patients were transplanted
into 16 mice with high arterial ligation. QQMNCs and PBMNCs from 12 patients were transplanted into 24 mice
with low arterial ligation.
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measured using a laser Doppler perfusion imager (Moor
Instruments, Axminster, UK) before surgical arterial liga-
tion. The delicate process of preparing the hindlimb
ischemia model was then performed using a 10�
magnification microscope. A transverse incision at the
left groin was made using surgical scissors. Subcutane-
ous fat and potential progenitor cells around the surgical
area were removed using a cotton swab. The femoral
artery and its deep branch were identified. There were
two types of ischemic models in this study (Fig 2, A). The
first was a high arterial ligation model. In this model, we
ligated the femoral artery proximal to the origin of the
deep femoral artery.25 The second model was a low
arterial ligation model with ligation being performed
distal to the origin of the deep femoral artery.26-28 After
the target ligation site was identified, blunt-end curved
forceps were used to separate the artery from adjacent
veins and nerves. Ligation of the intended arterial site
was performed using 6-0 polypropylene sutures at the
proximal and distal end, and then the artery was divided
with surgical scissors. Bleeding was checked for and
stopped. The skin was sutured with 6-0 silk. Perfusion
measurement using the laser Doppler perfusion imager
was obtained after arterial ligation while the mouse was



Fig 2. The high and low ligation sites used to induce hindlimb ischemia in mouse model, and the mononuclear
cell (MNC) injection sites in this study. (A) High ligation models were created via femoral artery ligation proximal
to the origin of the deep femoral artery (labeled as high ligation). Low ligation models were created via femoral
artery ligation distal to the origin of the deep femoral artery (labeled as low ligation). (B) Diagram showing the
sites of MNC injection at the lateral and medial aspects of the left hindlimb. MNCs were injected intramuscularly
at the medial and lateral aspects of the quadriceps muscle (m) and the biceps muscle.
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still anesthetized. Mice with hindlimb ischemia were
observed for limb gangrene and potential complications
for 14 days after MNC transplantation.

Injection of MNCs. After 1 day of arterial ligation, mice
with a viable limb were selected for study of the safety
and efficacy of MNC injection. Before transplantation,
the PBMNCs and QQMNCs underwent a triple wash pro-
cedure with sterile PBS. Subsequently, the supernatant
was removed, and the PBMNCs and QQMNCs were
resuspended in sterile PBS to achieve a concentration
of 12,500 cells/50 mL for each injection site. We also per-
formed an evaluation of endotoxin levels in the cultured
supernatants using a Kinetic Turbidimetric Limulus
Amebocyte Lysate Assay-USP-NF2022. All cultured cells
underwent testing to detect mycoplasma and viral
contamination by reverse tancriptase polymerase chain
reaction.
The MNC injection procedure was also performed un-

der anesthesia. Intramuscular injection with cultured
MNCs, either cells cultured in QQ culture media
(QQMNCs) or cells cultured in standard culture media
(PBMNCs) was performed. QQMNCs and PBMNCs from
each patient with CLTI were transplanted separately
into two different mice. QQMNCs and PBMNCs from 8
patients were transplanted into 16 mice with high arterial
ligation. QQMNCs and PBMNCs from 12 patients were
transplanted into 24 mice with low arterial ligation
(Fig 1). MNCs were injected at four sites around the thigh
of the ischemic limb, including two sites at the medial
and lateral aspects of the quadriceps muscles and two
sites at the medial and lateral aspects of the bicep’s
muscles (Fig 2, B). The injected mice were observed seri-
ally for complications for 14 days.

Assessment of limb perfusion. A laser Doppler perfu-
sion imager was used to serially evaluate blood flow in
ischemic limb model mice. The area of interest was
below the knee to the toes of the mouse model. As pre-
viously mentioned, perfusion measurement was per-
formed just before and just after arterial ligation. An
additional perfusion measurement was then performed
at day 14 after the transplantation of MNCs, and blood
flow was compared between QQMNC and PBMNC
groups.

Sample size calculation and statistical analysis. To
prove the safety of both types of MNCs, we assumed a
survival rate of animal models after MNCs transplanta-
tion of 95%. Using a 5% alpha error and a 10% allowable
error from previous study, the calculated minimum sam-
ple size of animal models was 19 mice per group.29,30 The
decision was made to increase the sample size to 20
animal models per group. Because we studied 2 types of
MNCs, the total number of animal models in this study
was 40 mice. Using laser Doppler perfusion imaging to
compare the efficacy outcomes between QQMNC and
PBMNC injections in both high and low arterial ligation
models, a 5% alpha error, and a 10% allowable error, our
sample size calculation revealed a minimum of 6 mice
per group in our animal models for a minimum total of
24 study mice to demonstrate the efficacy of MNC in-
jection in both high and low arterial ligation models.
However, to assess both safety and efficacy outcomes,
our study enrolled a total of 40 mice.



Table I. Baseline demographic and clinical characteristics
of patients with chronic limb-threatening ischemia (CLTI)
(n ¼ 20)

Characteristics Value

Age, years 65.9 6 8.56

Male gender 17 (85)

Ankle pressure, mm Hg 122.5 6 96.0

Ankle-brachial index 0.8 6 0.58

Toe pressure, mm Hg 20.4 6 19.8

Clinical presentation

Rest pain 2 (10)

Gangrene 12 (60)

Nonhealing ulcer 6 (30)

Diabetes mellitus 12 (60)

Chronic kidney disease 6 (30)

Hypertension 17 (85)

Dyslipidemia 16 (80)

Current smoker status 11 (55)

Values are mean 6 standard deviation or number (%).
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All statistical analyses were performed using SPSS Sta-
tistics version 18 (SPSS, Inc., Chicago, IL) and Prism 6 soft-
ware (GraphPad Software, Inc., San Diego, CA).
Categorical variables are given as number and percent-
age. Continuous variables are reported as mean plus/
minus standard deviation or median (minimum and
maximum) depending on the distribution of the contin-
uous data. Categorical data were analyzed using the c2

test or Fisher’s exact test depending on the size of the
sample. Continuous data were compared using the Stu-
dent t test and Mann-Whitney U test for normally and
non-normally distributed continuous data, respectively.
Univariate logistic regression was performed to identify
significant clinical risk factors associated with the
abnormal clinical appearance of the ischemic model af-
ter MNC transplantation. Factors with a P value of <.10
from that analysis were included in the subsequent
multivariate logistic regression analysis to identify inde-
pendent predictors of an abnormal clinical appearance
after MNC transplantation. The results of those two ana-
lyses are shown as odds ratio (OR) and adjusted OR
(aOR) and their corresponding 95% confidence intervals
(95% CIs), respectively. All P values were two tailed, and
values of <.05 were considered to reflect statistical
significance.

RESULTS
Baseline patient with CLTI characteristics. This study

included 20 patients with CLTI with a mean age of
65.9 6 8.56 years; 17 patients (85%) were male. Diabetes
mellitus, hypertension, current smoker status, and
chronic kidney disease was found in 12 (60%), 17 (85%),
11 (55%), and 6 (30%) patients, respectively. The mean
toe pressure was 20.4 6 19.8 mm Hg. The clinical presen-
tation of rest pain, gangrene, and nonhealing ulcer was
found in 2 (10%), 12 (60%), and 6 (30%) patients, respec-
tively. The baseline demographic and clinical characteris-
tics of the 20 enrolled patients with CLTI are summarized
in Table I.

Phenotypic analysis of progenitor cells, T regulatory
cells, and M2 macrophages. The outcomes of in vitro
studies compared between the QQMNC and PBMNC
groups are shown in Table II. The mean percentage of
CD34þ cells was significantly greater in QQMNCs than in
PBMNCs (14.58 6 4.6% vs 7.2 6 4.47%, respectively; P <

.001). The mean percentage of CD133þ cells was signifi-
cantly greater in QQMNCs than in PBMNCs (12.39 6

5.83% vs 4.45 6 2.78%, respectively; P < .001). The mean
percentage of CD34þCD133þ cells was significantly
greater in QQMNCs than in PBMNCs (4.72 6 2.62% vs
2.08 6 1.93%, respectively; P < .001). The mean percent-
age of CD206þ cells was significantly greater in QQMNCs
than in PBMNCs (11.79 6 4.98% vs 4.55 6 2.33%,
respectively; P < .001). The mean percentage of
CD4þCD25þCD127þ cells was significantly greater in
PBMNCs than in QQMNCs (4.56 6 1.97% vs 13.61 6 6.85%,
respectively; P < .001).

EPC-CFA, tube formation assay, and culture cell
endotoxin and contamination. The mean colony-
forming unit count was significantly greater in
QQMNCs than in PBMNCs (7.3 6 4.6 vs 1.6 6 0.8, respec-
tively; P < .001). The mean reference intensity units of Dil-
Ac-LDL uptake in coculture was significantly greater in
QQMNCs than in PBMNCs (1.47 6 0.98 vs 0.58 6 0.43,
respectively; P < .001). Selected in vitro angiogenic phe-
notypes, anti-inflammatory phenotypes, and the func-
tion of PBMNCs and QQMNCs are shown in Fig.3.
The results for all cultured cells indicated endotoxin

levels of <0.100 EU/mL and the absence of mycoplasma
and viral contamination.

Clinical outcomes and assessment of limb perfusion of
in vivo study. No complications (other than cyanosis or
gangrene) or mortality were observed during the 14-day
observation period after MNC transplantation in any
study mouse. In vivo clinical outcomes and limb perfu-
sion of ischemic hindlimb mouse model compared be-
tween the QQMNC and PBMNC groups are summarized
in Table III. Of the 20 hindlimbs injected with QQMNCs,
16 (80%) appeared normal at 14 days after MNC injection.
The other four hindlimbs (20%) in the QQMNC group
appeared cyanotic. None of the hindlimbs in this group
developed limb gangrene.
Of the 20 hindlimbs injected with PBMNCs, 10 limbs

(50%) appeared normal, 6 (30%) limbs were cyanotic,
and 4 (20%) limbs developed gangrene. The difference
in clinical appearance (ie, normal appearance vs
abnormal appearance, including cyanosis and gangrene)



Table II. Outcomes of in vitro study compared between the quality and quantity media-cultured mononuclear cell
(QQMNC) and peripheral blood mononuclear cell (PBMNC) groups (n ¼ 20)

Evaluated parameters QQMNC group PBMNC group P value

CD34þ cells 14.58 6 4.6% 7.2 6 4.47% <.001

CD133þ cells 12.39 6 5.83% 4.45 6 2.78% <.001

CD34þCD133þ cells 4.72 6 2.62% 2.08 6 1.93% <.001

CD206þ cells 11.79 6 4.98% 4.55 6 2.33% <.001

CD4þCD25þCD127þ cells 4.56 6 1.97% 13.61 6 6.85% <.001

CFU count (2 � 105 cells/dish) 7.3 6 4.6 1.6 6 0.8 <.001

Dil-Ac-LDL uptake (RIU) 1.47 6 0.98 0.58 6 0.43 <.001

CD, Cluster of differentiation; CFU, colony-forming unit; CLTI, chronic limb-threatening ischemia; Dil-Ac-LDL, Dil-acetylated low-density lipoprotein;
RIU, reference intensity unit.
Data presented as mean 6 standard deviation.
Boldface entries indicate statistical significance.

Fig 3. Dot density frequency plot of selected in vitro phenotypes and functions of peripheral blood mononuclear
cells (PBMNCs) and quality and quantity media-cultured MNC (QQMNCs). (AeC) Results of flow cytometry ana-
lyses of PBMNCs and QQMNCs. (A) Analysis of hematopoietic stem cells (CD34þCD133þ). The percentage of
CD34þCD133þ cells was significantly higher in QQMNCs than in PBMNCs. (B) Analysis of inactive T regulatory cells
(CD4þCD25þCD127þ) after CD3þ cells and CD4þ cells were gated. The percentage of inactivated regulatory T cells
(CD4þCD25þCD127þ) was significantly higher in PBMNCs than in QQMNCs. (C) Analysis of M2 macrophages
(CD206þ) after CD3 cells were gated. The percentage of CD206þ cells was significantly higher in QQMNCs than in
PBMNCs. (D) Analysis of Dil-acetylated low-density lipoprotein (Dil-Ac-LDL) uptake of tube formation assay results
compared between MNCs cultured in standard media and MNCs cultured in QQ media. Dil-Ac-LDL uptake was
significantly higher in QQMNCs than in PBMNCs. ***P < .001. CD, cluster of differentiation.
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was not statistically significantly different between
groups (P ¼ .096). Limb perfusion as measured by laser
Doppler perfusion imager at baseline (before MNC injec-
tion) was not significantly different between the two
transplantation groups (P ¼ .301). Limb perfusion
measured on day 14 after MNC injection was significantly
higher in mice injected with QQMNCs than in mice
injected with PBMNCs (P ¼ .020).

High arterial ligation model. In vivo clinical outcomes
and limb perfusion of high arterial ligation ischemic hin-
dlimb mouse models compared between the QQMNC



Table III. In vivo clinical outcomes and limb perfusion of ischemic hindlimb mouse model compared between the quality
and quantity media-cultured mononuclear cell (QQMNC) and peripheral blood mononuclear cell (PBMNC) groups

Evaluated parameters PBMNC group QQMNC group P value

Overall (n ¼ 40) (n ¼ 20) (n ¼ 20)

Limb appearance .096

Normal appearing limb 10 (50) 16 (80)

Limb cyanosis 6 (30) 4 (20)

Limb gangrene 4 (20) 0 (0)

Complication 0 (0) 0 (0)

Laser Doppler perfusion imaging (aPU)

After ligation 334.8 6 126.0 283.0 6 119.0 .301

14-days post-MNC transplantation 434.3 6 230.7 641.9 6 232.2 .020

High arterial ligation model (n ¼ 16) (n ¼ 8) (n ¼ 8)

Limb appearance .041

Normal appearing limb 1 (12.5) 6 (75.0)

Limb cyanosis 4 (50.0) 2 (25.0)

Limb gangrene 3 (37.5) 0 (0.0)

Laser Doppler perfusion imaging (aPU)

After ligation 213.4 6 132.4 168.1 6 103.4 .574

14-days post-MNC transplantation 258.3 6 154.5 468.9 6 225.3 .038

Low arterial ligation model (n ¼ 24) (n ¼ 12) (n ¼ 12)

Limb appearance .96

Normal appearing limb 9 (75.0) 10 (83.3)

Limb cyanosis 2 (16.7) 2 (16.7)

Limb gangrene 1 (8.3) 0 (0.0)

Laser Doppler perfusion imaging (aPU)

After ligation 386.2 6 90.5 343.8 6 88.6 .291

14-days post-MNC transplantation 501.2 6 219.7 702.0 6 242.4 .114

aPU, Arbitrary perfusion unit; MNC, mononuclear cell.
Values are number (%) or mean 6 standard deviation.
Boldface entries indicate statistical significance.
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and PBMNC groups are summarized in Table III. The
number of abnormal limbs among the hindlimbs injec-
ted with PBMNCs and the hindlimbs injected with
QQMNCs was seven (87.5%) and two (25%) limbs,
respectively (P ¼ .041). Limb perfusion measured at base-
line (before MNC injection) was not significantly different
between groups (P ¼ .574). However, limb perfusion
measured at day 14 after MNC injection was significantly
higher in limbs injected with QQMNCs (P ¼ .038).

Low arterial ligation model. In vivo clinical outcomes
and limb perfusion in the low arterial ligation ischemic
hindlimbmousemodel compared between the QQMNC
and PBMNC groups are given in Table III. Nine limbs
(75%) in the PBMNC group and 10 limbs (83.3%) in the
QQMNC group appeared normal at 14 days after MNC
transplantation. There was no significant difference in
limb perfusion between groups after ligation (P ¼ .291) or
at day 14 after MNC transplantation (P ¼ .114) in the low
arterial ligation model.
Examples of the clinical appearance of mice hin-
dlimbs transplanted with MNCs from the same patient
with CLTI are shown in Fig 4. At 14 days after transplan-
tation, the clinical appearance of limbs transplanted
with QQMNCs was better than the clinical appearance
of the limbs transplanted with PBMNCs. This trend
could be observed in both the low and high arterial liga-
tion models.
The results of blood flow perfusion measurement

before and after MNC transplantation are shown in
Fig 5. After ligation, blood flow decreased from baseline
(before ligation). However, there was no significant differ-
ence in measured flow between groups after ligation in
either the low or high ligation model. At 14 days after
MNC transplantation, perfusion in hindlimbs trans-
planted with QQMNCs was higher than perfusion in hin-
dlimbs transplanted with PBMNCs; however, that
difference between groups was only statistically signifi-
cant in the high arterial ligation model (P ¼ .038).



Fig 4. Clinical appearance of mouse left hindlimbs at
14 days after mononuclear cell (MNC) injection. (A, B) Low
arterial ligation ischemic model transplanted with MNCs
frommouse number 14. (A) The limb appeared cyanotic at
14 days after peripheral blood MNC (PBMNC) injection. (B)
The limb appeared normal at 14 days after quality and
quantity media-cultured MNC (QQMNC) injection. (C, D)
High arterial ligation ischemic model transplanted with
MNCs from mouse number 7. (C) The limb appeared
cyanotic at 14 days after PBMNC injection. (D) The limb
appeared normal at 14 days after QQMNC injection. (E, F)
High arterial ligation ischemic model transplanted with
MNCs from mouse number 4. Toe gangrene was observed
at 14 days after PBMNC injection. (F) The limb appeared
normal at 14 days after QQMNC injection.
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Univariate and multivariate analysis of factors associ-
ated with abnormal clinical limb appearance. The re-
sults of univariate analysis to identify factors
significantly associated with abnormal clinical limb
appearance at 14 days after MNC injection are summa-
rized in Table IV. The results of multivariate analysis to
identify factors independently associated with abnormal
clinical limb appearance at 14 days after MNC injection
are shown in Table V. High ligation model (OR, 4.878;
95% CI, 1.211-19.608; P ¼ .041) and QQMNC injection (OR,
0.250; 95% CI, 0.061-1.017; P ¼ .096) were the only two
factors with a P value or <.10 on univariate analysis, so
they were both included in the multivariate analysis.
Both of those factors survived multivariate analysis, as
follows: high arterial ligation was found to be indepen-
dently associated with higher odds of abnormal clinical
appearance at day 14 after MNC transplantation (aOR,
6.21; 95% CI, 1.304-29.412; P ¼ .022), and QQMNC injection
was found to be independently associated with lower
odds of abnormal clinical appearance at 14 days after
MNC injection (aOR, 0.192; 95% CI, 0.039-0.937; P ¼ .041).
In addition, paired analysis per patient showed that the
outcomes of QQMNCs were better than the outcomes of
PBMNCs in every patient.

DISCUSSION
Therapeutic angiogenesis was reported to be an alter-

native treatment for patients with CLTI, especially in pa-
tients with NOCLI1; however, a meta-analysis study of
intramuscular BMMNC or PBMNC injection did not
show a clear clinical benefit of these treatments in pa-
tients with CLTI.7,8 The aforementioned finding may be
due to the fact that patients with CLTI normally have
multiple comorbidities, including problems associating
with aging, diabetes mellitus, hypertension, dyslipidemia,
and/or chronic kidney disease, which individually and
collectively impair the number and function of
MNCs.5,9,14,16 In this study, we investigated the efficacy
and safety of intramuscular transplantation of QQMNCs,
which is a novel cell-based therapy for angiogenesis, in
an ischemic hindlimb mouse model to evaluate the
therapeutic potential of QQMNCs in patients with
CLTI.17 The results of this study demonstrated that
QQMNC transplantation improves limb clinical out-
comes and enhances tissue perfusion in the ischemic
hindlimb of mice when compared with the outcomes
of PBMNC transplantation. No complication other than
the anticipated potential adverse outcomes (ie, cyanosis
or gangrene) was found and there was no mortality dur-
ing the 14-day observation period in either group. There
was also no evidence of any abnormal tissue growth in
either group. These findings suggest QQMNC injection
to be safe for therapeutic angiogenesis in patients with
CLTI; however, a clinical trial is needed to evaluate the
benefit of autologous QQMNC transplantation in pa-
tients with CLTI.
All of the patients included in this study had CLTI, and

90% of them presented with ischemic gangrene or non-
healing ulcer, which are the most severe manifestations
of CLTI.1 Multiple factors could have influenced the disap-
pointing clinical outcomes of the prior generation of
therapeutic neovascularization in patients with CLTI,
including BMMNC and PBMNC injection.7,8 In contrast,
there is some compelling evidence that supports the



Fig 5. Results of blood flow perfusion measurement. (AeH) Examples of laser Doppler perfusion images of
ischemic mouse hindlimb models. (AeD) Two low ligation models transplanted with mononuclear cell (MNCs)
from a patient with chronic limb-threatening ischemia (CLTI). (A and B) Perfusion images of a peripheral blood
MNC (PBMNC)-transplanted model after ligation and at 14-days post-MNC transplantation. (C, D) Perfusion im-
ages of a quality and quantity media-cultured MCS (QQMNC)-transplanted model after ligation and at 14-days
after MNC transplantation. (EeH) Two high ligation models transplanted with MNCs from a different patient
with CLTI. (E, F) Perfusion images of a PBMNC-transplanted model after ligation and at 14 days after MNC
transplantation. (G, H) Perfusion images of a QQMNC-transplanted model after ligation and at 14 days after MNC
transplantation. (I, J) Flow difference in the low (I) and high (J) ligation models compared between the PBMNC
and QQMNC groups at baseline (before ligation), after ligation, and at 14 days after MNC transplantation (which
was 15 days after ligation). Each line graph represents a mean 6 standard error. After ligation, flow perfusion
decreased in all models. However, flow perfusion was not significantly different between the PBMNC and QQMNC
groups in both the low and high ligation models after ligation. At 14 days after MNC transplantation, flow
perfusion in both the high and low ligation models transplanted with QQMNCs was higher than in the PBMNC
transplantation models, but a significant difference between groups was only observed in the high ligation model
at 14 days after MNC transplantation (***P < .05). PBMNC represents the model transplanted with PBMNCs, and
QQMNC represents the model transplanted with QQMNCs. aPU, arbitrary perfusion unit.
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benefit of QQMNC injection compared with PBMNC in-
jection. First, the QQMNCs in our study contained a
higher number of proangiogenic progenitor cells
(CD34þCD133þ) compared with the number found in
PBMNCs. This factor could have influenced better out-
comes in the ischemic hindlimb mouse model trans-
planted with QQMNCs in the present study. Second, we
found that QQ culture media not only promotes MNC
expansion and EPC differentiation, but also enhances
anti-inflammatory cell phenotypes.17 QQMNCs had a
higher number of anti-inflammatory M2 macrophages
(CD206þ) and a lower number of inactivated regulatory
T cells (CD4þCD25þCD127þ cells).20 A previous study re-
ported that a higher percentage of inactivated regulatory
T cells may suggest or indicate a more pronounced
proinflammatory state.20 Consequently, the lower per-
centage of inactivated T cells in QQMNCs may suggest
a lower inflammatory profile compared with PBMNCs.
Common comorbidities of patients with CLTI, including
aging and diabetes, cause proinflammatory status,11,12,31

and increased inflammation can decrease the regenera-
tive capability of the vascular system.17,19,31 Interestingly,
in vivo studies that harvested MNCs from diabetes pa-
tients and then transplanted the QQMNCs into



Table IV. Univariate analysis to identify factors significantly associated with abnormal clinical limb appearance at 14 days
after mononuclear cell (MNC) injection (n ¼ 40)

Factors

Limb appearance

P valueAbnormal limb (n ¼ 14) Normal limb (n ¼ 26)

Age, years 66.8 6 10.6 65.3 6 7.7 .326

Current smoker status 8 (57.1) 14 (53.8) 1

Male gender 12 (85.7) 22 (84.6) 1

Hypertension 13 (92.9) 21 (80.8) .399

Diabetes mellitus 10 (71.4) 14 (53.8) .329

Dyslipidemia 13 (92.9) 19 (73.1) .222

Chronic kidney disease 4 (28.6) 8 (30.8) .127

High ligation model 9 (64.3) 7 (26.9) .041

QQMNC injection 4 (28.6) 16 (61.5) .096

PBMNC injection 10 (71.4) 10 (38.5)

PBMNC, Peripheral blood mononuclear cell; QQMNC, quality and quantity media-cultured mononuclear cell.
Values are number (%) or mean 6 standard deviation.
Boldface entries indicate statistical significance.
Factors with a P-value<.10 were included in subsequent multivariate analysis.

Table V. Multivariate analysis to identify factors independently associated abnormal clinical limb appearance at 14 days
after mononuclear cell (MNC) injection

Factors Crude OR (95% CI) P value aOR (95% CI) P value

High ligation model 4.878 (1.211-19.608) .041 6.21 (1.304-29.412) .022

QQMNC injection 0.250 (0.061-1.017) .096 0.192 (0.039-0.937) .041

aOR, Adjusted odds ratio; CI, confidence interval; OR, odds ratio; QQMNC, quality and quantity media-cultured mononuclear cell.
Boldface entries indicate statistical significance.
Factors with a P value of <.10 from univariate analysis were included in this multivariate analysis.
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diabetes-induced mice resulted in better outcomes
compared with non-QQMNC transplantation.17,32 There-
fore, the increased number of progenitor cells and anti-
inflammatory phenotype of QQMNCs may have influ-
enced the favorable outcomes of the in vivo experiments
in our study.
The two different levels of artery ligation (high ligation

and low ligation) designed into this study were aimed
to compare with different levels of severity of ischemia
found in real-world clinical practice. The high arterial
ligation model was designed to represent a higher level
of arterial occlusion disease.25-27 Importantly, our multi-
variate analysis identified the high ligation model as an
independent risk factor for increased risk of limb
cyanosis and/or gangrene in our animal model. The out-
comes in our study, including the rate of normal limb
appearance and limb perfusion measured by laser
Doppler perfusion imager, were better in the QQMNC
group than in the PBMNC group. A similar result was
found in the study by Masuda et al17 showed significantly
lower rates of autoamputation and higher blood flow
measured by laser Doppler perfusion imager in the
QQMNC transplanted group compared with the PMNMC
transplanted group. Tanaka et al32 reported enhanced
efficacy of QQMNCs vs non-QQ in the treatment of
diabetic wounds. Moreover, the magnitude of outcome
improvement was more pronounced in the high ligation
model in our study. This finding may suggest the
enhanced therapeutic benefit of QQMNCs compared
with PBMNCs, even in more severe disease.
We found transplantation of QQMNCs from patients

with CLTI to be safe in animal model. There were no an-
imal deaths in our study during the 14-day observation
period. The potential early adverse effects of therapeutic
angiogenesis, infection, and hemorrhage also did not
occur. Other in vivo studies also demonstrated the safety
of QQMNC transplantation. Masuda et al17 studied
QQMNCs from healthy volunteers transplanted into
ischemic hindlimb animal model. No adverse event or
animal death during the observation period was re-
ported in their study.17 The aforementioned study by
Tanaka et al32 evaluated the effect of QQMNCs from dia-
betic patients in a wound healing model of diabetes-
induced mice and they also reported no animal death
or adverse event after QQMNC transplantation.

Limitations. This study has some mentionable limita-
tions. First, we used mice aged 8 to 10 weeks, which
may not reflect the pathophysiology of a normally older
patient with CLTI; however, mice of this age were
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previously reported to be appropriate for the study of
neovascularization.25,28 Both high and low ligation
models were used in several studies of limb ischemia.25-27

However, other comorbidities, such as diabetes, were not
accounted for in our model. The use of an atherosclerotic
and/or diabetic mouse model should be further evalu-
ated.33 Second, our study compared safety and efficacy
between two different types of MNCs (QQMNCs vs
PBMNCs). There was no ischemic model without MNCs
transplantation as a negative control group because the
evidence suggests that results of PBMNCs transplantation
were comparable with culture media injection in
ischemic limbmodel.17 Third, a histologic analysis was not
performed in our study, so we could not determine what
components of neovascularization (ie, angiogenesis
and/or arteriogenesis), or what proportions of those
components were responsible for causing a higher rate of
perfusion in the QQMNC group. However, the study by
Masuda et al17 showed improved angiogenesis and arte-
riogenesis in QQMNC transplanted models. Their group
also reported anti-inflammatory and antifibrotic effects of
QQMNCs. They also reported the transplanted cell
biodistribution, which revealed that transplanted
QQMNCs exhibited a higher degree of differentiation into
endothelial cells compared with PBMNCs, which
contributed to the formation of vascular structures.17 This
topic should be investigated further in different ischemic
models to improve our understanding of therapeutic
neovascularization and inflammation in ischemic limb.
Fourth, the 14-day observation period in this study might
be too short to demonstrate tumor formation and
growth.34 Other studies using QQMNCs did not report any
teratogenic adverse events during a 14-day period of
observation.17,18 There is currently no standard tumorige-
nicity test for QQMNCs35; however, clinicians and re-
searchers should remain vigilant in their observation for
abnormal tissue growth. Furthermore, we did not
compare PBMNCs at the time of isolation with PBMNCs
after one week of culture. This should be further studied
to investigate any additional proangiogenic, proarterio-
genic, and anti-inflammatory properties of PBMNCs.
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