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Abstract 

Background  Critical limb ischemia (CLI) is a condition characterized by insufficient blood flow to the lower limbs, 
resulting in severe ischemia and potentially leading to amputation. This study aims to identify novel vasculogenic 
precursor cells (VPCs) in human bone marrow and evaluate their efficacy in combination with bone marrow-derived 
mesenchymal stem cells (BM-MSCs) for the treatment of CLI.

Methods  Ex vivo cultured VPCs and BM-MSCs from bone marrow were characterized and their effects on neovascu-
larization and long-term tissue regeneration were tested in a mouse CLI model.

Results  VPCs, expressing high levels of hepatocyte growth factor and c-MET, were identified from human bone mar-
row aspirates. These cells exhibited strong vasculogenic capacity in vitro but possessed a cellular phenotype distinct 
from those of previously reported endothelial precursor cells in circulation or cord blood. They also expressed most 
surface markers of BM-MSCs and demonstrated multipotent differentiation ability. Screening of 376 surface mark-
ers revealed that VPCs uniquely display CD141 (thrombomodulin). CD141+VPCs are present in BM aspirates as a rare 
population and can be expanded ex vivo with a population doubling time of approximately 20 h, generating an elab-
orate vascular network even under angiogenic factor-deficient conditions and recruiting BM-MSCs to the network 
as pericyte-like cells. Intramuscular transplantation of a combination of human CD141+VPCs and BM-MSCs at a ratio 
of 2:1 resulted in limb salvage, blood flow recovery, and regeneration of large vessels in the femoral artery-removed 
CLI model, with an efficacy superior to that of singular transplantation. Importantly, large arteries and arterioles in dual 
cell transplantation expressed human CD31 in the intima and human α-smooth muscle actin in media layer at 4 
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Background
Endothelial precursor cells (EPCs) were initially char-
acterized by Asahara et  al. [1]. EPCs isolated from the 
umbilical cord and peripheral blood (PB) mononuclear 
cells (MNCs) exhibit vasoreparative ability in  vitro and 
in vivo but have dissimilar cellular and molecular proper-
ties [2, 3]. Early EPCs, myeloid angiogenic cells (MACs), 
and circulating angiogenic cells (CACs) have myeloid 
and hematopoietic origins; they exhibit limited prolifera-
tive potential and cannot generate tube-like structures in 
vitro but can stimulate the formation of new blood ves-
sels by secreting angiogenic growth factors, chemokines, 
and cytokines rather than directly integrating into vascu-
lar networks [4]. Outgrowth endothelial cells (OECs) or 
endothelial colony forming cells (ECFCs), derived from 
adherent cells between 7 and 21  days, exhibit endothe-
lial-lineage commitment [4, 5] but are not originated 
from the bone marrow [6]. Protein C receptor (CD201, 
also known as EPCR)-expressing endothelial cells (ECs) 
and CD157 (BST-1)-expressing side population cells, 
which were recently identified as tissue-resident vascu-
lar endothelial stem cells (VESCs) in the development of 
mouse mammary fat pads [7] and in the intima of large 
vessels of the mouse liver and other tissues, are expected 
to be involved in homeostatic and regenerative events 
or pathological disease and cancer development [2, 8]. 
Accordingly, mouse VESCs in the vessel intima and 
OECs isolated from the blood, expressing most endothe-
lial surface markers, such as CD31, vascular endothelial 
(VE)-cadherin, and vascular endothelial growth factor 
receptor 2 (VEGFR2), may be classified as endothelial-
lineage-committed tissue stem cells or activated ECs. 
However, human VESCs are yet to be identified, and con-
sistent endothelial-lineage commitment efficacy of OECs 
is lacking. Moreover, the definitive phenotype of EPC-
like or vasculogenic cells derived from a variety of tissues 
remains elusive, which has led to a considerable debate 
regarding the selection of specific surface markers.

Peripheral artery disease (PAD) refers to atheroscle-
rosis affecting arteries of the lower extremities, which 
results in a sudden lack of blood flow and embolism 
commonly occurring in the femoral artery [9]. Clini-
cal interventions for limb ischemia focus primarily on 

transient reperfusion rather than neovascularization. 
Numerous clinical trials have explored therapeutic neo-
vascularization using granulocyte-colony stimulating 
factor or granulocyte–macrophage colony-stimulating 
factor-mobilized unselected MNCs [10], CD34-sorted 
bone marrow MNCs (BM-MNCs) [11], ex vivo cultured 
mesenchymal stem cells (MSCs) [12], and MSC-like 
cell. It is well established that adult stem cell therapies 
are generally safe and well tolerated, with minimal or 
transient side effects. However, due to variable out-
comes of individual clinical studies, the efficacy of stem 
cell therapy remains inconclusive. Notably, consistent 
efficacy and long-term reparative engagement of these 
therapeutic cells have yet to be validated [13–15].

No evidence is available for transdifferentiation of 
MNCs, CD34-sorted cells, and MSCs into vascular 
ECs or smooth muscle cells. However, multipotent vas-
culogenic pericytes [16], CD34+ progenitor cells [17], 
CD144+ ECs derived from induced pluripotent stem 
cells (iPSCs) [18], and vascular progenitor cells (VPCs) 
genetically induced using Etv2 and Fli1 genes [19] were 
found to be effective in vascular recovery, and their 
engraftment as human endothelial intima and smooth 
muscle layer or pericytes in the capillary and artery of 
critical limb ischemia model (CLI) strongly supports 
their bipotent differentiation capacity and reparative 
function.

Vascular growth and remodeling depend on the gen-
eration of new ECs from stem cells or on sprouting of 
activated ECs. Perivascular cells, such as pericytes and 
smooth muscle cells, are crucial for vessel integrity and 
function [20]. Therefore, in cell replacement therapy for 
neovascularization in  situ, a context-dependent acquisi-
tion of endothelial and smooth muscle cell phenotypes 
from multipotent progenitor cells or a combination 
of at least two different functional cells is definitively 
required rather than singular cell transplantation applied 
currently. Highly clonogenic cells of both cell fates for 
endothelial intima and smooth muscle cell media layer 
are required for therapeutic vascularization using ex vivo 
cultured cells. Currently, circulating ECFCs have limited 
cell expansion capacity for autologous cell therapy [21]. 
iPSC-derived EPCs or VPCs have safety concerns [22], 

and 12 weeks, likely indicating their lineage commitment to endothelial cells and vascular smooth muscle, respec-
tively, in vivo.

Conclusion  Dual-cell therapy using BM-derived CD141+ VPCs and BM-MSCs holds potential for further development 
in clinical trials to treat peripheral artery disease and diabetic ulcers.

Keywords  Endothelial precursor cell (EPC), Vascular precursor cell (VPC), Multipotent stem cell (MSC), CD141, 
Thrombomodulin, Hepatocyte growth factor (HGF), Hind limb ischemia, Vascularization, Peripheral artery disease 
(PAD)
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and ECFC-like cells from cord blood (CB) have immuno-
logical issues [23].

In this study, we attempted to identify highly clono-
genic and vasculogenic clones from human bone marrow 
aspirates (BMA) collected from individuals of different 
ages and sex, either in frozen stocks of MNCs from BMA 
or fresh BMA, primarily using adherent phenotype and 
specific culture media. These vasculogenic cells were 
compared using surface marker screening, secretome, 
Matrigel tube formation, and population doubling time 
(PDT) with those from peripheral or cord blood, as well 
as with those from bone marrow-derived mesenchy-
mal stem cell (BM-MSC) culture. These novel cells were 
multipotent, expressed CD141 (thrombomodulin) unlike 
BM-MSCs, yielded 2 × 1010 cells within 3  weeks from 
1 × 107 BM-MNCs with ~ 20  h PDT, and could recruit 
BM-MSCs to the vascular tube similar to pericytes, 
which was newly named as CD141+VPCs. A combina-
tion of CD141+VPCs and BM-MSCs was applied to the 
CLI model of nude mice, and limb salvage and cell fates 
in vivo were compared with those in singular transplan-
tation to assess their preclinical efficacy.

Methods
Cell culture
For primary culture of BM-VPCs and BM-MSCs, BM-
MNCs were purchased from STEMCELL Technologies 
(#70,001, Vancouver, Canada) and Lonza (#2M-125C, 
Basel, Switzerland). In addition, BM-MNCs were iso-
lated from fresh BM using density gradient separation. 
Fresh BM was obtained from donors (with approval from 
the Institutional Review Board; approval number: 2020-
09-036) or purchased from CGT Global (Folsom, CA). 
Details and demographics of donor information were 
listed (Additional file 1: Table S1). BM-MNCs were plated 
at a density of 3–15 × 106 cells/T-75 flask pre-coated with 
Humatein (Rokit healthcare, South Korea) and cultured 
with EGMPL media for BM-VPC culture or plated in a 
non-coated T-75 flask with StemMACS media for BM-
MSC culture, respectively (Additional file  1: Figure S1). 
EGMPL is an abbreviation for FBS-depleted EGM-2 
(Lonza) medium with 2% human platelet lysate (hPL, PL 
Bioscience) and 2  IU/ml heparin (JW Pharmaceutical, 
Gwacheon, South Korea). StemMACS is an abbrevia-
tion for StemMACS MSC expansion medium XF, human 
(Miltenyi Biotec, Bergisch Gladbach, Germany). The 
cells were incubated at 37  °C in a 5% CO2 atmosphere. 
The medium was changed once every 2–3 days. The first 
subculture was conducted 9–11 days after seeding when 
the colonies were almost confluent. After passage 1, the 
cells were sub-cultured at 70–90% confluency. In every 
subculture, cells were counted by Acridine Orange/Pro-
pidium Iodide staining using a LUNA FX7 automatic cell 

counter (Logos Biosystems, Anyang, South Korea). Cell 
yield and PDT were calculated based on cell counting.

Flow cytometry
Flow cytometry was performed to characterize the clus-
ter of differentiation (CD) markers of BM-VPCs, BM-
MSCs, CB-endothelial colony forming cells (ECFCs), 
PB-ECFCs, and human umbilical cord vein endothelial 
cells (HUVECs). Cells were incubated with Alexa Flour 
647-conjugated c-MET (R&D systems, Minneapolis, 
MN), Alexa Flour 488-conjugated  von Willebrand Fac-
tor (vWF, Abcam, Cambridge, MA), fluorescein-labeled 
UEA-1 (Ulex europaeus agglutinin-1, Vectorlabs, Burl-
ingame, CA), allophycocyanin (APC)-conjugated anti-
CD29, CD31, CD34, CD44, CD45, CD73, CD90, CD105, 
CD141, CD282, and CD309 antibody (Miltenyl Biotec, 
Bergisch Gladbach, Germany) or an isotype control 
conjugated to APC (Miltenyi Biotec), Alexa Fluor 647 
(R&D systems) and Alexa Fluor 488 (Abcam). The cells 
were analyzed using a NovoCyte 3000 flow cytometer 
(Agilent Technologies, Santa Clara, CA) and NovoEx-
press software. To analyze the induction of endothelial 
cell markers of BM-VPCs while undergoing the tube 
formation, PKH67 (Sigma-Aldrich) green-labeled BM-
VPCs, and unlabeled BM-MSCs or HUVECs were used 
to distinguish BM-VPCs from BM-MSCs or HUVECs. 
BM-VPCs were re-suspended with various assay media 
(MEM-α + 0.2%hPL with or without 500  pg/mL TNF-α 
and EGM-2). BM-VPCs and BM-MSCs were mixed at a 
ratio of 2:1 in MEM-α + 0.2%hPL medium with or with-
out 500  pg/mL tumor necrosis factor-α (TNF-α, R&D 
system). BM-VPCs and HUVECs were mixed at a ratio 
of 1:1 using MEM-α + 0.2%hPL and EGM-2 medium and 
seeded on Matrigel at a density of 1.5 × 104 cells/well for 
27  h to give sufficient time for protein expression. For 
flow cytometry, the tube on Matrigel was dissociated into 
single cell by the CTS™ TrypLE™ enzyme (Gibco). PKH-
green positive BM-VPCs and PKH-green negative BM-
MSCs or HUVECs were gated to analyze CD31, CD309, 
and CD144 expression of each cell. After gating, APC-
conjugated CD31, CD309, and CD144 were analyzed.

In vitro Matrigel tube formation assay
Growth factor-reduced Matrigel (Corning, NY, USA) was 
aliquoted at 10  µl per well in μ-slide (Ibidi, Grafelfing, 
Germany) and incubated at 37 °C for 30 min for gelation. 
Then, a mixture of BM-VPCs and BM-MSCs at different 
cell ratios, PB-ECFCs, CB-ECFCs, and HUVECs were 
resuspended either in MEM-α supplemented with 0.2% 
hPL or EGM-2 media and total cell numbers of 6 × 103 
at each cell combination were seeded on the Matrigel in 
each well. For the tube formation assay in an inflamma-
tory environment, 500  pg/ml TNF-α was added to the 
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MEM-α medium with 0.2% hPL. At 16–18 h of incuba-
tion, vessel structures were observed using phase con-
trast microscopy (Nikon, Olympus), and the total tube 
length, total master segment length, number of meshes, 
number of master segments, and number of isolated seg-
ments were determined using the angiogenesis analyzer 
in the Image J software (NIH, MD, USA).

Immunofluorescence staining
For immunofluorescence staining, BM-VPCs and BM-
MSCs were cultured on coverslips. The cells were fixed 
with 3.7% formaldehyde (Sigma-Aldrich MO) and 
permeabilized with 0.2% Triton X-100 buffer (Sigma-
Aldrich) for 10 min at room temperature (RT). For block-
ing, the cells were incubated with 20% normal goat serum 
for 1  h at RT  and then, treated with primary antibod-
ies overnight to detect CD141 (Abcam, ab109189; 1:100) 
and α-SMA (Abcam, ab5694; 1:100) at 4  °C, with Alexa 
Fluor 488- or 568-conjugated secondary antibodies (Inv-
itrogen, Waltham, Massachusetts; 1:1000) for 1 h at RT, 
and mounted with a mounting medium with DAPI (Vec-
tor Laboratories, Burlingame, CA) for nuclear staining. 
Cell images were obtained using a fluorescence micro-
scope (Leica, Wetzlar, Germany).

Animal experiments
Male BALB/c nu mice (five-week-old, 18–20 g) were used 
to avoid complication associated with hormonal cycles 
in females which may affect angiogenic event, purchased 
from DBL (Daejeon, South Korea), housed under a 12 h 
light/dark cycle in an SPF animal room, and allowed to 
acclimatize for 7  days before experiments. This study 
was approved by the Ethics Committee for Experimen-
tal Animals of Kyung Hee University Hospital (approval 
number: KHMC-IACUC 20-008). The work has been 
reported in line with the ARRIVE guidelines 2.0.

Induction of CLI in nude mice
Before surgery, the mice were anesthetized via an intra-
peritoneal injection of a combination of ketamine 
(75 mg/kg; Yuhan, Seoul, Korea) and rompun (1.2 mg/kg; 
Bayer Healthcare, Kyunggi-do, Korea). Following an inci-
sion from the ankle to below the abdomen, the common 
femoral artery and nerve were meticulously exposed and 
dissected from artery to nerve. The upper common fem-
oral artery was ligated using 6–0 silk (1st ligation). Addi-
tionally, two points along the superficial femoral artery, 
one distal and the other proximal, were ligated using 
6–0 silk sutures. Subsequently, a segment of the superfi-
cial femoral artery between the 2nd and 3rd ligated sites 
was excised (Additional file 1: Figure S2), and blood flow 
was assessed using a Laser Doppler blood flow imager 
(OMEGAZONE OZ-2, Tokyo, Japan). Mice with blood 

flow rates < 40% were selected for cell transplantation. For 
analysis, all mice were euthanized with CO2 (3 L/min), 
followed by bilateral thoracotomy.

Cell transplantation
Human BM-VPCs and BM-MSCs (1.2 × 105/50  µl 
per mouse) were prepared for transplantation at pas-
sage 3. BM-VPCs only (1.2 × 105/50  µl), BM-MSC 
only (1.2 × 105/50  µl) or a combination of BM-VPCs 
(8 × 104/25  µl) and BM-MSC (4 × 104/25  µl) was sus-
pended in saline. The cell suspension (50  µl) was then 
transferred to the insulin syringe (a 28G, 0.5  cc needle) 
and slowly injected to the CLI-induced muscle at five 
sites, with an injection depth of approximately 1.5  mm 
(10 µl/site). Two applications were made below the first 
ligation, carefully avoiding fat tissue, while three were 
administered between the second and third ligation, in 
the area where the artery was removed. The injections 
were administered along both sides of the femoral artery, 
2  mm away from the nerve and artery, with an interval 
of approximately 4–6 mm between injections (Additional 
file 1: Figure S2).

Evaluation of ischemic score
Ischemic necrosis at the injury site was assessed by 
monitoring physiological changes, including skin discol-
oration, swelling, and advancement of ischemic damage 
(Additional file  1: Figure S3). The severity of ischemic 
necrosis in the injured leg was graded on a scale of 7 
based on the extent of ischemia: Grade 0, limb salvage; 
Grade 1, swelling, discoloration, and nail necrosis; Grade 
2, toe with little necrosis; Grade 3, toe with severe necro-
sis (necrosis extending to the walking pad of the foot); 
Grade 4, foot necrosis; Grade 5, knee necrosis; and Grade 
6, limb loss. The ischemic necrosis grade was indepen-
dently assessed by three observers (blind test) on postop-
erative days 1, 2, 3, 7, 14, and 28.

Blood flow analysis
Mice were anesthetized to minimize pain-induced fluc-
tuations. After confirming regular heartbeats, blood flow 
in the ischemic leg of mice was measured using a laser 
Doppler blood flow imager (OMEGAZONE OZ-2), while 
the temperature was consistently maintained by keeping 
the mouse warm throughout the surgery. Blood flow in 
both legs was measured following the induction of hind 
limb ischemia (day 0), and subsequently on days 7, 14, 
and 28. Measurements of blood flow were taken over a 
period to counteract temperature-affected rapid changes 
in blood flow. Multiple blood flow images were acquired 
and analyzed. Blood flow was quantified using the LIA 
4.2 software, with blood flow values calculated as a ratio 
between the ischemic and non-ischemic legs.
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Immunohistochemistry staining
Hind limb muscles were harvested at 28 days post induc-
tion, fixed in 3.7% formaldehyde (Sigma-Aldrich), and 
processed using a TP1020 tissue processor (Leica Bio-
systems, Wetzlar, Germany). The areas where the femo-
ral artery was excised (between the 2nd and 3rd ligated 
sites) were analyzed. The samples were rehydrated with 
serially graded ethanol, boiled with 0.01  M sodium cit-
rate (Sigma-Aldrich) for antigen retrieval, treated with 
0.01% sodium borohydride (Sigma-Aldrich) to reduce 
background autofluorescence, and permeabilized using 
0.3% Triton X-100. The samples were blocked with 2% 
normal goat serum (Vector Laboratories, INC., New-
ark, CA), incubated overnight with primary antibod-
ies to detect CD31, α-SMA, and transgelin (TAGLN, 
Abcam, Cambridge, UK) at 4  °C, incubated with alka-
line phosphatase-conjugated secondary antibodies, fluo-
rescein (FITC)-labeled secondary antibodies (Vector 
Laboratories, INC.) or Cy3-conjugated secondary anti-
bodies (The Jackson Laboratory, Bar Harbor, Maine), 
and subsequently, incubated with Alexa-488 or Alexa 
594-conjugated WGA (Invitrogen, Waltham, Massachu-
setts; 1:200). Color development was performed using 
Vector® Blue Substrate Kit. Nuclei were counterstained 
using 4′,6-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich, 1:1000) or fast red (Vector Laboratories). Images 
were acquired using a Carl Zeiss confocal microscope 
(Oberkochen, Germany) and analyzed using the ZEN 
Microscopy software (Carl Zeiss).

Western blot analysis
Cell or tissue extracts were prepared using a lysis buffer 
(Cell Signaling Technology, Danvers, Massachusetts) 
containing 2  mM phenylmethylsulfonyl fluoride (PMSF, 
Sigma Aldrich). The insoluble fraction was discarded by 
centrifugation at 14,000 × g at 4  °C for 10  min. Protein 
concentrations were determined using the bicinchoninic 
acid reagent (Thermo Fisher Scientific). Protein lysates 
(10ug for cell lysate and 150ug for tissue homogenate) 
were separated using sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis and transferred onto a 
nitrocellulose membrane. Membranes were blocked 
with 5% skim milk in TBS-T for 1  h at RT. Thereafter, 

the membranes were incubated with primary antibod-
ies to detect CD31 (Abcam, ab134168; 1:1000), CD141 
(Abcam, ab109189; 1:1,000), α-SMA (Abcam, ab5694; 
1:400), c-MET (Cell Signaling Technology, 8198; 1:1000), 
Transgelin (Abcam, ab14106; 1:1000), GAPDH (Abcam, 
ab181602; 1:10,000), and α-tubulin (Sigma-Aldrich, 
T-5168; 1:4000) at 4  °C overnight, incubated with anti-
immunoglobulin G horseradish peroxidase-conjugated 
secondary antibody for 1  h at RT, and visualized using 
EZ-Western Lumi Pico (Dogen, Seoul, Korea).

Statistical analysis
Data are presented as mean ± standard deviation (SD) of 
values from three independent experiments. To confirm 
statistical significance, a one-way analysis or kruska-
wallis with Tukey’s multiple comparisons or Dunnett’s 
or Dunn’s test (post-hoc test) or t-test was performed. 
The statistical analyses applied in each experiment were 
described in the respective figure legends. Significance 
levels are indicated as follows: *p < 0.05, **p < 0.01, and 
***p < 0.001.

Results
Identification of highly clonogenic and vasculogenic 
precursor cells, distinct from peripheral blood or cord 
blood‑derived ECFCs, from human BMA
Candidate VPCs with high clonogenic capacity were 
identified in the Endothelial Growth Medium culture of 
MNCs from human BMA. These BM-derived VPCs (BM-
VPCs) generated a vascular network on Matrigel but did 
not express conventional surface markers of EPC-like or 
activated ECs, such as CD31 (PECAM-1), CD133 (prom-
inin-1), CD144 (VE-cadherin), and CD309 (KDR/Flk-1/
VEGFR2), reported in PB and CB (Additional file 1: Fig-
ure S4). These BM-VPCs were also distinct from MSC-
like cells in terms of vasculogenic capacity but could 
cooperate with each other for complex vascular network 
formation on Matrigel.

To develop BM-VPCs for use in autologous vascu-
lar cell therapy, they were further characterized and 
their expansion efficiency was optimized (Fig.  1A–C). 
BM-VPCs were best cultured in the fetal bovine serum 
(FBS)-depleted EGM2 supplemented with 2% hPL 

Fig. 1  Identification of VPCs, distinct from PB and CB-derived ECFCs, from BM. A Morphology of BM-VPCs, PB-ECFCs, CB-ECFCs in passages 0 and 3. 
Colonies were formed from mononuclear cells derived from the BM, PB, and CB. Scale bar = 500 μm. B, C Cell yield and PDT of CB-ECFCs, PB-ECFCs, 
and BM-VPCs (cell yield data of BM-VPCs presented as mean ± SD, n = 39). D Images showing the results of in vitro Matrigel tube formation 
assay for BM-VPCs, HUVECs, CB-ECFCs, and PB-ECFCs in the EGM-2 medium containing VEGF, EGF, FGF, IGF, and other growth factors, and in the 
MEMα + 0.2%hPL (lacking angiogenic growth factors). After overnight incubation, the morphology of tubes was observed using a phase contrast 
microscope. Scale bar = 500 μm. E UEA-1 binding ability of cells at passage 5 tested using flow cytometry. F Expression of markers of EPCs and MSCs 
in HUVECs, CB-ECFCs, PB-ECFCs, BM-VPCs, and BM-MSCs, analyzed using flow cytometry at passage 5

(See figure on next page.)
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Fig. 1  (See legend on previous page.)



Page 7 of 25Park et al. Stem Cell Research & Therapy          (2024) 15:388 	

(EGMPL)  (Additional file  1: Figure S4). In the culture 
of BM-MNCs from 32 donors, the initial spindle-
shaped colonies became apparent by day 4 and could 
be expanded over a three-week culture period, with 
a PDT of ~ 20  h (passage 3) (Fig.  1A). This cell expan-
sion capacity yielded ~ 20 billion cells, starting with 10 
million BM-MNCs (Fig.  1B, C, and Additional file  1: 
Table S1-3). The clonogenic capacity and cellular char-
acteristics of BM-VPCs were compared with those of 
PB-ECFCs and CB-ECFCs, derived from EGM-2 cul-
tures of PB and CB, respectively. These cells exhibited 
cobblestone morphology, similar to that of activated 
ECs, such as HUVECs, and formed initial colonies on 
days 7–10 (Fig. 1A). Because the PDT of these cells was 
much longer (by ~ 5.5- and 1.7-fold (passage 1–3 aver-
age), for PB-ECFCs and CB-ECFCs, respectively) than 
that of BM-VPCs, they cannot meet the cell expansion 
efficiency required for vascular therapeutics (Fig. 1B, C, 
Additional file 1: Table S2).

To determine vasculogenic capacity, we examined 
in  vitro vessel formation on Matrigel (Fig.  1D). PB-
ECFCs, CB-ECFCs, and HUVECs, used as a positive 
control for activated ECs, formed a good vascular net-
work in EGM-2 medium supplemented with a variety 
of angiogenic factors, such as basic-fibroblast growth 
factor  (FGF), vascular endothelial growth factor 
(VEGF), epidermal growth factor (EGF), and R3-insu-
lin-like growth factor (IGF). However, HUVECs failed 
to form a vascular network and PB-ECFCs and CB-
ECFCs generated rather disrupted vascular structures 
in the MEMα + 0.2%hPL medium deficient in angio-
genic factors, highlighting the essential requirement 
of angiogenic factors. However, BM-VPCs formed 
huge and thick meshes in the EGM-2 medium and sev-
eral small vascular meshes in the MEMα + 0.2%hPL 
medium (Fig.  1D, Additional file  1: Figure S5), which 

indicated its vasculogenic capacity even under angio-
genic factor-deficient condition.

Next, we examined the fluorescein-labeled UEA1-bind-
ing ability of the cells, a criterion for mature ECs, using 
flow cytometry. HUVECs, CB-ECFCs, and PB-ECFCs 
were shifted to UEA-1high whereas BM-VPCs were 
shifted to UEA-1low (Fig. 1E). CD45 and CD133 were not 
expressed in any of the tested cells. CD34, an hematopoi-
etic stem cell (HSC) lineage marker, was not expressed 
in BM-VPCs and BM-MSCs but partially expressed 
in HUVECs, CB-ECFCs, and PB-ECFCs. vWF, an EC 
marker, was expressed in all cells, including BM-MSCs. 
EC markers, such as CD31, CD309, and CD144, were 
not expressed in BM-VPCs and BM-MSCs but expressed 
in over > 90% of HUVECs, CB-ECFCs, and PB-ECFCs, 
strongly suggesting that PB-ECFCs and CB-ECFCs may 
be similar to activated ECs. The characteristic MSC 
markers, such as CD29, CD44, CD73, and CD105, were 
expressed in all cells but CD90 was expressed only in 
BM-VPCs and BM-MSCs (Fig.  1F). Overall, in terms of 
the expression of surface markers and cell morphology, 
BM-VPCs did not exhibit the cellular phenotype of ECs 
or ECFCs but were autonomously vasculogenic in vitro.

BM‑VPCs can recruit BM‑MSCs to form a stable vascular 
network even in the presence of TNF‑α
BM-VPCs exhibited a phenotype most similar to that of 
MSCs rather than ECs but retained a strong vasculogenic 
capacity even under angiogenic factor-deficient condi-
tions. Previously, BM-MSCs were reported to differenti-
ate into vascular smooth muscle cells [24] and pericytes 
in a reconstruction of blood–brain barrier on a chip [25]. 
We, therefore, compared the vasculogenic capacities 
of BM-VPCs, BM-MSCs, and their combination using 
the Matrigel tube formation assay in MEMα + 0.2%hPL 
wherein BM-VPCs and BM-MSCs were used at differ-
ent ratios (Fig. 2A). BM-VPCs-only (1:0) formed a good 

(See figure on next page.)
Fig. 2  Vasculogenic capacity of BM-VPCs and their cooperation with BM-MSCs and HUVECs in Matrigel tube formation. A Comparison 
of the in vitro tube-forming ability of various combinations of BM-VPCs and BM-MSCs. Scale bar = 500 μm. B Quantitative analysis of in vitro 
tube formation. Different parameters were measured using an angiogenesis analyzer in the Image J software. Values are mean ± SD (*p < 0.05, 
**p < 0.01, ***p < 0.001, compared with 1:0, one-way ANOVA test followed by Turkey’s multiple comparison test, n = 4). C Images showing the results 
of Matrigel tube formation assay conducted using PKH green-labeled BM-VPCs and PKH red-labeled BM-MSCs. Pericyte-like localization of BM-MSCs 
in tubular networks formed by BM-VPCs is indicated with yellow arrowheads. Junctional points of the network tightened by BM-MSCs are indicated 
with white dotted lines. White scale bar = 200 μm, Yellow scale bar = 100 μm. D Images showing the results of in vitro tube formation assay 
conducted under conditions mimicking an inflammatory environment by adding 500 pg/mL TNF-α in MEMα + 0.2%hPL. Scale bar = 500 μm. E 
Quantitative analysis of panel D. Different parameters were measured using an angiogenesis analyzer in the Image J software. Values are mean ± SD 
(*p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA test followed by Turkey’s multiple comparison test, n = 5). F Images showing the results 
of Matrigel tube formation assay conducted using PKH green-labeled HUVECs and PKH red-labeled BM-VPCs and BM-MSCs. HUVECs only group 
included 6,000 cells/well and combination groups included 3,000 (HUVECs) + 3,000 (BM-VPCs or BM-MSCs) cells /well (1:1). Scale bar = 500 μm. 
G Flow cytometry analysis of CD31 expression of PKH-green labeled BM-VPCs and unlabeled BM-MSCs before and after the tube formation 
in MEMα + 0.2%hPL with or without 500 pg/mL TNF-α supplementation for 27 h. H Flow cytometry analysis of CD31 expression of PKH-green 
labeled BM-VPCs after the hybrid tube formation with unlabeled HUVECs in MEMα + 0.2% hPL media or EGM-2 media for 27 h
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Fig. 2  (See legend on previous page.)
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vascular network, whereas BM-MSC-only (0:1) did not. 
However, a 2:1 combination of BM-VPCs and BM-MSCs 
recruited most BM-MSCs to the vascular network simi-
lar to vascular pericytes. In contrast, a 1:2 combination 
of BM-VPCs and BM-MSCs failed to form a vascular 
network, and a 1:1 combination partially disrupted the 
vascular network. Quantitatively, the number of isolated 

segments, an indicator of immature vessels, was lower in 
the combination of BM-VPCs and BM-MSCs (2:1) than 
in BM-VPCs-only (Fig. 2B), suggesting the possible role 
of BM-MSCs as vascular pericytes in endothelial tube 
maturation.

To visualize the interaction and localization of BM-MSCs 
in the vascular network of BM-VPCs, PKH green-labeled 

Fig. 2  continued



Page 10 of 25Park et al. Stem Cell Research & Therapy          (2024) 15:388 

BM-VPCs and PKH red-labeled BM-MSCs were seeded 
on Matrigel (Fig. 2C). BM-MSCs is mostly localized to the 
junction of meshes formed by BM-VPCs, possibly stabiliz-
ing the junctional complex, but some were located on the 
abluminal surface of the BM-VPCs-vascular tubes, similar 
to vascular pericytes. Accordingly, BM-MSCs are appar-
ently recruited to the network of BM-VPCs as vascular per-
icyte-like cells to tighten the vascular junction and stabilize 
the vascular tube by encircling the luminal side of the tube.

In the treatment of ischemic vascular diseases, most 
therapeutic cells may encounter inflammation at ischemic 
loci. To simulate the inflammatory environment, we sup-
plemented TNF-α in the Matrigel tube assay (Fig.  2D). 
BM-VPCs alone formed a disrupted vascular network but 
a 2:1 combination of BM-VPCs and BM-MSCs maintained 
stable vascular networks even under TNF-α-supplemented 
conditions. Tubular structure was quantified (Fig.  2E). 
Because cell numbers and proliferation may affect the 
vascular network formation, the effect of TNF-α on cell 
viability and proliferation was tested (Additional file 1: Fig-
ure S6). TNF-α increased the viability of BM-VPCs in a 
dose-dependent manner, suggesting that TNF-α-mediated 
cytotoxicity of BM-VPCs is not involved in the disruption 
of vascular network even though TNF-α decreased the 
viability of BM-MSCs at high concentrations. Thus, BM-
VPCs may survive well and retain their vasculogenic capac-
ity even under inflammatory conditions only if BM-MSCs 
are co-transplanted, suggesting BM-MSCs’ role on vascular 
stabilization like pericytes under inflammatory condition.

BM‑VPCs and HUVECs can cooperate to form a large 
vascular network
Upon transplantation, BM-VPCs may recruit endogenous 
ECs to cooperate in vascular repair or may be invited to 
arteriogenesis through bridging collaterals. To test this 
possibility, PKH green-labeled HUVECs were seeded at 
the lower cell density, which is insufficient for massive net-
work formation, along with PKH red-labeled BM-VPCs or 
BM-MSCs for Matrigel tube assay (Fig. 2F). When seeded 
together at a 1:1 ratio, BM-VPCs and HUVECs formed 
segments of large vessel-like structures composed of both 
cells, but HUVECs and BM-MSCs could not. BM-MSCs 
themselves did not retain their vasculogenic capacity. Thus, 
BM-VPCs may collaborate with endogenous ECs present 
in the injury area to regenerate new vessels.

BM‑VPC stimulates CD31 expression during tube 
formation when supplemented with TNF‑α and cocultured 
with BM‑MSC or HUVEC
In order to explore whether BM-VPCs can induce mature 
endothelial markers such as CD31, VEGFR2, and VE-
cadherin during tube formation under inflammatory 
microenvironment, CD31 expression of BM-VPCs and 

BM-MSCs was analyzed by flow cytometry before and 
after the tube formation in the presence of TNF-α. PKH-
green-labeled BM-VPCs in the tube was dissociated and 
separated by flow cytometry gating. The cell ratio of 2:1 
in a combination of BM-VPCs and BM-MSCs was fairly 
well maintained even after the tube formation for 27  h 
(Fig.  2G). Only BM-VPCs increased CD31 expressing 
cells from 13.68% before the tube formation to 34.07% 
after tube formation in MEM-α + 0.2%hPL media and fur-
thermore to 46.74% after tube formation in the presence 
of TNF-α, which was not accompanied in BM-MSCs. 
Also, the hybrid tubes with PKH-green labeled BM-VPCs 
and unlabeled-HUVECs at a ratio of 1:1 as shown in 
Fig. 2F were allowed to form in either MEM-α + 0.2%hPL 
(proangiogenic factor-deficient) or EGM-2 medium 
(proangiogenic factors sufficient) (Fig.  2H). CD31-
expressing cells in BM-VPCs was increased from 13.68 
to 57.74% in MEMa + 0.2%hPL media after the tube for-
mation and furthermore to 70.34% in EGM-2 media. 
However, induction of CD309(VEGFR2) and CD144(VE-
cadherin) was not accompanied under the same condi-
tion (Additional file 1: Figure S7). Even though the best 
condition for endothelial differentiation of BM-VPCs 
in  vitro was not identified, BM-VPC’s plasticity toward 
endothelial cells, which is distinct from that of BM-MSC, 
was noted in the presence of TNF-a, BM-MSC, and 
HUVEC.

BM‑VPCs highly express CD141, thrombomodulin, 
as a unique marker distinct from BM‑MSCs
To distinguish between BM-VPCs and BM-MSCs, we 
screened 376 surface markers (Additional file  1: Figure 
S8). The expression of seven markers, namely CD141, 
CD157, CD197, CD282, CLEC4D, ROR1, and TGF-
βRII, differed by more than 50% between the two cells 
(Fig.  3A). The expression of CD141 and CD282, which 
are expressed in ECs and are involved in vasculogenesis 
[26–28], was verified in passage 3 BM-VPCs and BM-
MSCs derived from to 15–20 donors using flow cytom-
etry (Fig.  3B). CD141 (thrombomodulin) was expressed 
in 73–98% of the BM-VPCs population but was barely 
expressed in BM-MSCs. CD282 was expressed in 2–100% 
of the BM-VPCs population, with large variations 
between donors, but was most not expressed in BM-
MSCs. Thus, CD141 may be the most suitable marker for 
distinguishing BM-VPCs from BM-MSCs.

CD141+BM‑VPCs preexist in the bone marrow and can 
preferentially be expanded under specific culture 
conditions
To check whether CD141-expressing BM-VPCs preex-
ist in the BM or are induced in specific ex vivo culture, 
CD141-positive cells were sorted from whole BM-MNCs 
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Fig. 3  CD141 is a critical marker that distinguishes BM-VPCs from BM-MSCs. A List of markers with an expression difference of > 50% 
between BM-VPCs and BM-MSCs screened among 376 surface markers. B Differential expression of CD141 and CD282 in 15–20 donors 
assessed using flow cytometry analysis (***p < 0.001, Student’s t-test, two-tailed). C–F BM-MNCs were sorted using magnetic bead-conjugated 
CD141 antibody. The selected MNCs were plated in EGMPL. C Colonies that appeared from CD141+ sorted BM-MNCs on days 5, 7, and 9. Scale 
bar = 500 μm. D Marker expression profile of ex vivo-cultured cells from CD141+ sorted colonies at passages 1 to 4 analyzed using flow cytometry. 
E, F CD141+ sorted BM-MNCs were cultured in EGMPL at passage 0; from passage 1 to 3  and then, the cells were divided and cultured in EGMPL 
or StemMACS. E Morphology of replated CD141+ sorted cells in EGMPL and StemMACS at passages 1 to 3, and their tube-forming ability 
in MEMα + 0.2%hPL at passage 2. Scale bar = 500 μm. F Marker expression profile of CD141+ sorted cells cultured in StemMACS
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using magnetic cell separation and cultured in the 
EGMPL medium. Colonies emerged from CD141-sorted 
cells and expanded with PDT similar to that of unsorted 
BM-MNC cultures, up to passage 4 (Fig. 3C, Additional 
file 1: Table S4). In addition, their surface marker expres-
sion pattern—positive for CD141, CD29, CD44, CD73, 
CD90, CD105, and c-MET, and negative for CD31, CD34, 
CD45, and CD309—was identical to that of unsorted 
BM-MNC culture in the EGMPL medium (Fig.  3D). 
Thus, CD141+BM-VPCs preexisted in the human BM 
and could be expanded under specific growth condi-
tions provided by EGMPL used in this study. Unsorted 
BM-MNCs cultured in StemMACS lacked vasculogenic 
capacity (Fig. 2A) and CD141 expression (Fig. 3B, Addi-
tional file  1: Figure S8, S9). Similarly, the CD141-sorted 
cells at P0 in the EGMPL could not maintain their CD141 
expression or vasculogenic capacity when the culture 
medium was switched to StemMACS from passage 1 
(Fig.  3E, F, Additional file  1: Figure S10). Maintenance 
of the phenotype and expansion of preexisting CD141-
expressing vasculogenic clones may require specific cul-
ture conditions, such as those provided by EGMPL.

CD141+BM‑VPCs possess multipotent differentiation 
capacity similarly to BM‑MSCs
Expression of CD141 and other markers in BM-VPCs 
and BM-MSCs was confirmed using western blot analy-
sis and immunofluorescence staining (Fig. 4A, B). CD141 
was expressed in BM-VPCs but not in BM-MSCs. Alpha-
smooth muscle actin (α-SMA), a marker for MSCs, 
pericytes, and myofibroblasts [29], was expressed in BM-
MSCs but mostly not in BM-VPCs. Transgelin (TAGLN), 
a marker for smooth muscle cells [30] was expressed in 
both the cell types even though its expression was lower 
in BM-VPCs.

According to the definition of MSCs proposed 
by International Society for Cell and Gene Therapy 
(ISCT), MSCs adhere to plastic surfaces, are CD105+, 

CD73+, CD90+, CD34−, CD45−, CD14−, CD11b−, 
CD79−, CD19−, and HLA-DR−, and exhibit multipotent 
differentiation potential for adipocytes, osteocytes, and 
chondrocytes [31]. Because BM-VPCs matched several 
MSC criteria (Fig. 1F, Additional file 1: Figure S8, S11), 
we explored their multipotent differentiation capacity 
(Fig.  4C). Similar to BM-MSCs, BM-VPCs differenti-
ated into adipocytes, osteocytes, and chondrocytes 
under appropriate conditions. Therefore, BM-VPCs are 
CD141-expressing immature cells that retain multi-
potency, but preferentially reveal their vasculogenic 
capacity.

HGF/c‑MET signaling may play a role as an autocrine 
vasculogenic factor, especially in BM‑VPCs
HGF is an angiogenic factor that stimulates EC motility 
and growth [32]. To investigate the potential involve-
ment of HGF and c-MET in the autocrine vasculogenic 
capacity of BM-VPCs (Fig. 1D), the expression levels of 
HGF and c-MET in BM-VPCs were assessed (Fig.  4D, 
E). The expression of c-MET was much higher in BM-
VPCs than in BM-MSC, and that of HGF in the cul-
ture supernatant was also higher in BM-VPCs, being 
30–45 ng/ml in all passages of BM-VPCs, but was neg-
ligible in BM-MSCs. Furthermore, to explore autocrine 
vasculogenic contribution of BM-VPCs-secreted HGF, 
HGF levels were examined in the BM-VPCs culture in 
angiogenic factor-deficient MEMα + 0.2%hPL medium 
(Fig. 4F). BM-VPCs secreted HGF at ~ 10 ng/ml, which 
was approximately nine-fold higher than that secreted 
by BM-MSCs. Pretreatment with PHA-665752, a 
c-MET inhibitor, reduced vascular network forma-
tion in BM-VPCs (Fig.  4G, H). Thus, BM-VPCs highly 
express HGF and c-MET compared to BM-MSCs, 
which may help their vasculogenic capacity using HGF 
as an autocrine factor. Collectively, through extensive 
phenotypic characterization, BM-VPCs were identified 
as CD141-positive vasculogenic multipotent stem cells.

Fig. 4  Multipotency of BM-VPCs and angiogenic marker expression. A Comparison of the expression of CD141, α-SMA, and TAGLN in BM-VPCs 
and BM-MSCs using western blot analysis. GAPDH was used as a loading control. B Immunofluorescence images showing expression of CD141 
and α-SMA in BM-VPCs and BM-MSCs. Green = CD141; Red = α-SMA; Blue = DAPI. Scale bar = 100 μm. C Images of Oil red O-, Alizarin red 
S-, and Alcian blue-stained differentiation-induced BM-VPCs and BM-MSCs. yellow scale bar = 50 μm, white scale bar = 200 μm, black scale 
bar = 300 μm. D Comparison of c-MET expression in BM-VPCs and BM-MSCs using western blot analysis. α-tubulin was used as a loading control. 
E HGF concentration at passages 1 to 3 in cell culture supernatants measured using ELISA (***p < 0.001, one way ANOVA test followed by Turkey’s 
multiple comparison test, n = 4). F HGF secretion by BM-VPCs and BM-MSCs under growth factor-defective culture condition (MEMα + 0.2%hPL), 
assessed using ELISA. Values are mean ± SD (***p < 0.001, Student’s t-test, two-tailed, n = 3). G Images showing in vitro Matrigel tube-forming 
ability of BM-VPCs with or without PHA-665752 200 nM, a c-MET inhibitor. Scale bar = 500 μm. H Quantitative analysis of in vitro tube formation. 
Different parameters were measured using an angiogenesis analyzer in the Image J software. Values are mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001, 
student’s t-test, n = 5). Full-length blots are presented in Figure S17

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Transplantation of a combination of CD141+ VPCs 
and BM‑MSCs is more effective than transplanting them 
individually
To evaluate the efficacy on vascular repair, a nonclinical 
hindlimb ischemia model was established in nude mice 
using different surgical techniques (Additional file  1: 
Figure S12). Severe hind limb ischemia, which substan-
tially reduced the blood flow up to 20% of that in the con-
tralateral normal side, was chosen to assess the extent of 
restoration achievable with cell therapy. The severity of 
limb damage was standardized by scoring gross views of 
the mouse limbs, feet, and toes and classified into seven 
stages—grade 0 for limb salvage and grade 6 for limb loss 
(Additional file 1: Figure S3).

The efficacy of transplantation of CD141+VPCs or BM-
MSCs and their combination was compared using the 
CLI model by intramuscularly injecting 1.2 × 105 cells/50 
μL of a 2:1 mixture of human BM-derived CD141+ VPCs 
and BM-MSCs at passage 3 or the same number of either 
cell type at five different sites along the artery-excised 
area (Fig.  5A, Additional file  1: Figure S2). As evident 
from gross views of the limb at 4  weeks, only the dual 
cell group could consistently rescue the limb or part of 
it, whereas the limb was lost within 7 days in the saline-
injected group (Fig. 5B–D). Furthermore, transplantation 
of either CD141+ VPCs or BM-MSCs could not salvage 
the limb, and toe or foot was lost. The effect of cell trans-
plantation was evident on day 1 and almost plateaued 
on day 7. A clear difference was noted between dual cell 
and singular transplantation as early as on day 2, which 
almost plateaued at day 3, resulting in limb salvage at day 
7, which was sustained for up to 4 weeks. In contrast, the 
BM-MSC-only group showed a higher ischemic score 
than the CD141+VPC-only group over 4 weeks (Fig. 5C). 
At 4  weeks, the dual cell and CD141+VPC-only groups 
rescued the limb in ~ 90% and ~ 20%, but BM-MSC-only 
group could not (Fig. 5D). On day 7, the blood flow in the 
ischemic limb in the dual cell group, measured using a 
laser Doppler blood flow imager, was recovered to ~ 80% 
of that in the contralateral normal side and continuously 
increased to 100% at 4  weeks (Fig.  5E, F). In addition, 
the group that received singular transplantation showed 

lower recovery compared to the group that received the 
dual cell transplantation. The CD141+VPCs-only group 
showed better recovery than the BM-MSCs-only group, 
for which recovery was not sustained at later stages. 
According to the ischemic score and blood flow recov-
ery, the combination of CD141+VPCs and BM-MSCs was 
the most effective, and the CD141+VPCs-only group was 
more effective than the BM-MSCs-only group.

The transplanted cells may be involved in vessel regen-
eration at the ischemic site for blood flow recovery and 
limb salvage. Cross sections of dual cell-transplanted 
ischemic limb were stained with human CD31-specific 
antibodies for ECs and human α-SMA-specific antibod-
ies for smooth muscle cells and pericytes (Fig.  5G–J, 
Additional file 1: Figure S13). Dual cell-transplanted mice 
exhibited large CD31+/ α-SMA+ vasculature. In contrast, 
CD141+VPCs-transplanted mice displayed only a few 
CD31+ but α-SMA− vessel, whereas BM-MSCs-trans-
planted mice showed a few α-SMA+ but CD31− vessels 
(Fig. 5I, J).

Dose response of dual cells on vascular repair
To determine the optimal cell number for vascular repair 
and blood flow recovery, we injected three different doses 
of 2:1 combination of CD141+ VPCs and BM-MSCs: low 
(1.2 × 104 cells/50 μL), mid (1.2 × 105 cells/50 μL), and 
high (1.2 × 106 cells/50 μL) to each mouse (Fig. 6). Based 
on the ischemic score and blood flow recovery over 
4 weeks, the mid dose was the most and the low dose was 
the least effective; the high dose was effective in limb sal-
vage but was apparently excessive (Fig. 6A–C).

In immunofluorescence staining, large vessels encircled 
by a thick TAGLN+ smooth muscle layer were frequently 
detected at the injury site in the mid- and high-dose 
injection groups (Fig. 6D–G). Thus, 1.2 × 105 cells/50 μL 
was considered to be the optimal dose for this CLI model.

Dual cell transplantation led to the formation of arteries 
and arteriole‑like vessels at the injury site on day 7, which 
increased in diameter at 4 and 12 weeks
Based on the ischemic necrosis score (Additional 
file  1: Figure S3), the therapeutic effect of dual cell 

(See figure on next page.)
Fig. 5  Limb salvage in hind limb ischemia requires a combination of CD141+ VPCs and BM-MSCs. A To compare the efficacy of dual stem cell 
therapy with singular cell type therapy, CD141+VPCs, BM-MSCs and their combination were administered in a CLI model. B Changes in the limb 
over a 4-week period. Dotted circle: CLI-induced site. C Ischemic necrosis grade over the 4-week period; 2-Way ANOVA test with Tukey 
multiple comparisons. D Distribution of grades for ischemic necrosis across all groups at 4 weeks post-surgery. E Images of laser Doppler 
measurements over 4 weeks was acquired and F blood flow was relatively quantified; 2-Way ANOVA test with Tukey multiple comparisons G, H 
Immunofluorescence images for human CD31 G and human a-SMA expression H at 4 weeks I, J Qualification of human CD31 (I) and human a-SMA 
(J); Kruskal–Wallis test with Tukey multiple comparisons. N = 8/group. Scale bar = 100 μm. p values < 0.05 were considered statistically significant. 
***p < 0.001 dual cells vs. saline; ++p < 0.01, +++p < 0.001, dual cells vs. CD141+VPC; #p < 0.05, ##p < 0.01, ###p < 0.001 dual cells vs. BM-MSCs; 
$p < 0.05, $$p < 0.01, $$$p < 0.001 saline vs. CD141 + VPCs; &&p < 0.01, CD141 + VPCs vs. BM-MSCs
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Fig. 5  (See legend on previous page.)
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transplantation became obvious on day 3, and blood flow 
recovery was apparent on day 7 (Figs.  5F, 6C), indicat-
ing rapid manifestation of beneficial effects. The effect of 
dual cell transplantation on vascular repair was explored 
in the early phase (Fig. 7A–G). The difference in ischemic 
scores between the dual cell and saline groups was evi-
dent on day 2, and limb necrosis was evident on day 3 
in the saline group (Fig. 7A). In the dual cell transplan-
tation group, blood flow recovery was obvious on day 3, 
reaching approximately 80% on day 7; however, blood 
flow insufficiency was obvious on day 3 in the saline 
group (Fig. 7B). Macroscopic examination of the injured 
limb on day 7 revealed restoration of a large vessel (white 
arrowhead) within the muscle, where the superficial fem-
oral artery was removed (white dotted line), in the dual 
cell group. In contrast, in the saline group, the muscle 
displayed severe inflammation (black star) and did not 
show neovascularization (Fig. 7C).

Arteries and arterioles, characterized by their large 
size and sufficient coverage of the vascular smooth mus-
cle cell (VSMC) media layer, were detected at the injury 
site by immunofluorescence staining of TAGLN, a rep-
resentative VSMC marker, and Alexa 488-labeled wheat 
germ agglutinin (WGA) for muscle and vessels (Fig. 7D, 
E). The dual cell group showed numerous TAGLN+ ves-
sels on day 3, which became larger on day 7, whereas the 
saline group displayed fewer and smaller TAGLN+ ves-
sels. Quantitative analysis of vessel density and diameter 
further confirmed that dual cell transplantation increased 
the vessel density and the number of vessels with diam-
eters larger than 20 μm was approximately 2.7-fold more 
than in the saline group on day 7 (Fig.  7F, G). In mice, 
vessel with diameters > 20 μm are classified as arterioles 
[33].

At 4  weeks, a new large vessel restored at the injury 
site, where numerous arteries and arterioles bifurcated 
from the main artery, was clearly observed in the dual 
cell group (Fig.  7H). Severe inflammation and fibrosis 
were evident in the remaining tissues in the saline group. 
After tissue clearing, the 3-D architecture of CD31+ ves-
sels was observed using whole-mount analysis (Fig. 7I, J). 
Normal limb showed a large CD31+ femoral artery with 
mean diameter of 321.7 ± 21.9 μm. In the dual cell group, 

abundant CD31+ vessels were detected, corresponding to 
approximately 90% of the vessel density in normal limb 
and mean diameter of 88.1 ± 5.5  μm in the large vessel. 
However, in the saline-treated group, thin CD31+ ves-
sels were scarcely detected, and CD31+ vessel density was 
approximately 20% of that in the normal limb.

The characteristics of the restored vessels at 4  weeks 
were analyzed using immunofluorescence staining with 
TAGLN and WGA, followed by quantitative analysis of 
vessel density and size (Fig.  7K–N). The dual cell group 
displayed numerous vessels with a larger diameter and 
a thicker TAGLN+ VSMC media layer than the saline 
group. Quantification of TAGLN+ vasculature showed 
that the dual cell group exhibited a varied range of ves-
sel diameters, including 28% of TANGL+ vessels with 
a diameter > 20  μm (Fig.  7N; < 20  μm: 72%; 20–50  μm: 
25%; > 50 μm: 3%; average: 17.71 μm) but the saline group 
showed small vessels with a diameter mostly < 20 μm.

In addition, immunofluorescence staining at 12 weeks 
revealed numerous large-diameter vessels uniformly 
covered by the TAGLN+ thick VSMC media layer in the 
dual cell group (Fig.  7O). The vessel density in the dual 
cell group was more than that in the saline group and the 
mean diameter was ~ 37 μm, which was larger than that 
at 4  weeks. Vessels with diameter > 50  μm were ~ 13%, 
most clearly detected in the dual cell group (Fig. 7P–R). 
The effects of the dual cell transplantation on blood flow 
recovery and limb salvage were maintained for up to 
24 weeks (Additional file 1: Figure S14).

Dual cells were engrafted in the restored large vessel 
as human CD31+ intima and human α‑SMA+ VSMC layer 
at 4 and 12 weeks
The fate of transplanted human CD141+VPCs and 
BM-MSCs in restored vessels was confirmed using 
immunofluorescence staining with human CD31 
and human α-SMA-specific antibodies and WGA 
staining for vascular and muscle histology (Fig.  8A). 
CD141+VPCs were anticipated to function as the ves-
sel endothelium and BM-MSCs to cover vessels as 
the vascular smooth muscle of arteries or arterioles. 
The human CD31+ inner lining and human α-SMA+ 
media layer of vessels, both of which are stained with 

Fig. 6  Optimization of dose for dual cell transplantation in CLI model. Dual cells were transplanted into CLI mice model at three different doses 
(High: 1.2 × 106; Mid: 1.2 × 105; Low: 1.2 × 104). A Assessment of ischemic necrosis grade over 4 weeks; 2-Way ANOVA test with Tukey multiple 
comparisons. B Distribution of grades for ischemic necrosis across all groups at 4 weeks post-surgery. C Images of laser Doppler measurements 
over 4 weeks together with relative quantification data; 2-Way ANOVA test with Tukey multiple comparisons. D Immunofluorescence images 
for human/mouse CD31 expression. WGA was used to label the muscle structure. E Immunofluorescence images for TAGLN. DAPI was used 
for counterstaining and WGA was used to label the muscle structure. F, G The quantification of human/mouse CD31 and TAGLN vessel number 
(Kruskal–Wallis test with Dunn’s multiple comparisons). N = 8/group. Scale bar: 100 μm. ##p < 0.01, ###p < 0.001 High dose vs. Saline; + p < 0.05, High 
dose vs. Low dose; *p < 0.05, ***p < 0.001 Mid dose vs. Saline; $p < 0.05, $$p < 0.01, $$$p < 0.001 Mid dose vs. Low dose

(See figure on next page.)
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WGA, were detected in the muscle at the injury site 
in the dual cell group at 4  weeks (Fig.  8A). Double 
immunofluorescence staining with human/mouse 
reactive α-SMA and human-specific CD31 antibodies 
showed a human CD31+ inner lining of the large ves-
sel, tightly encircled by a thick α-SMA-covered smooth 
muscle layer (Fig. 8B). Among the vessels at the injury 
site, the endothelial lining engrafted by transplanted 
human cells was distinguished from that of mouse ves-
sels using double immunofluorescence staining with 
human CD31 and human/mouse-reactive CD31 anti-
bodies (Fig. 8C). The human cell-engrafted vasculature 
was identified by human CD31+ and human/mouse 
CD31+ vessels (white arrowheads), which were mostly 
larger than human CD31− and human/mouse CD31+ 
vessels, presumably mouse vessels (yellow arrow-
heads). Human CD31+ vessels were frequently detected 
among large-diameter vessels, possibly contributed by 
human CD141+VPCs in the transplanted dual cells. 
At 12  weeks, human α-SMA+ large vessel, which was 
also stained with TAGLN+ media layer, was detected 
in serially sectioned muscle samples (white asterisk), 
indicating the long-term vascular integration of trans-
planted human cells, possibly BM-MSCs (Fig.  8D). 
Notably, human α-SMA+/TAGLN+ vessels appeared 
larger in diameter than human α-SMA−/TAGLN+ ves-
sels in the next section, presumably mouse vessel (yel-
low arrows). Immunofluorescence staining of serially 
sectioned samples with human α-SMA and human/
mouse calponin antibodies along with WGA showed 
that human cell-engrafted large vessel was positive 
for human α-SMA and calponin staining at 12  weeks 
(Additional file  1: Figure S15). Collectively, trans-
planted human CD141+VPCs and BM-MSCs func-
tioned as reparative cells in the restored vessels at the 
injury site up to 12  weeks after transplantation, and 
were probably fated to human CD31-expressing ECs 
and human α-SMA-expressing smooth muscle cells, 
respectively.

Transplanted human dual cells were detected 
only in injected muscle even at 16 weeks 
post transplantation
To further analyze the distribution of the transplanted 
dual cells, CD141+ VPCs and BM-MSCs were labeled 
with DiR before transplantation, and the fluorescence 
intensity was monitored until 16 weeks using an in vivo 
imaging system (Fig.  8E, F). Fluorescence intensity 
decayed exponentially up to 16  weeks (D112) but was 
detectable at the injection site at 16 weeks. In the organ 
biopsy at 16 weeks, DiR fluorescence was detected only 
in the injected muscle and not in other organs (Fig. 8G). 
In addition, DiR fluorescence was observed in vessel-like 
structures in the muscle (Fig. 8H). Furthermore, human 
CD31+ and α-SMA+ staining was visible in the inner lin-
ing of the vessel and media layer of the WGA​+ vessels, 
respectively, which may indicate vascular integration 
of transplanted cells during vascular remodeling under 
homeostatic turnover (Fig. 8I). In addition, human CD31 
was detected by immunohistochemical staining (Fig. 8J). 
Again, by western blot analysis, human CD31 protein 
(82 kD) was clearly detected in the injected muscles of 
the CLI mouse at 2 weeks post-transplantation and also 
in the normal mouse at 16  weeks post-transplantation, 
supporting the in  vivo endothelial differentiation of 
dual cells, possibly CD141+VPCs (Fig. 8K). The RT-PCR 
analysis of human ALU DNA (FAM) over 26 weeks also 
revealed the presence of human cells in the injected calf 
muscle (Additional file 1: Table S5, 6).

Discussion
In this study, a novel, multipotent VPCs with neovas-
cularization capacity was identified in human BMA. 
These VPCs were distinct from previously reported 
EPCs by the lack of several endothelial surface mark-
ers, such as VE-cadherin, CD31, VEGFR2, and CD34, 
and their high in  vitro cell expansion capacity. Through 
surface marker screening, these VPCs were found to 
express CD141, thrombomodulin, and several other sur-
face markers that were distinguishable from BM-MSCs 

(See figure on next page.)
Fig. 7  Dual cells induced the formation of arteriole-like vasculature at injury site within 7 days of transplantation. A Scoring of ischemic necrosis. 
**p < 0.01 and ***p < 0.001 vs. saline-treated group (Student’s t-test, two-tailed). B Quantification of blood restoration. ***p < 0.001 vs. saline-treated 
group (Student’s t-test, two-tailed). C Injury site at day 7 (White dotted line: excised femoral artery; white arrowhead: new vessels; yellow arrowhead: 
femoral nerve; black star: purulent; 1–3: ligated site). D, E Immunofluorescence images for human/mouse TAGLN; DAPI was used for counterstaining 
and WGA was used to label muscle structure. Scale bar = 100 μm. F, G Quantification of TAGLN+ vasculature. H Comparison of the vasculature 
in the ischemic zone at 4 weeks post-dual cell transplantation (white arrowhead: new vessels; yellow dotted lines: excision of the femoral artery; 
yellow arrowhead: femoral neuron). I, J Whole-mount images of CD31+ vessels at injury site and their quantitative analysis. Scale bar = 200 μm. K–N 
Immunofluorescence images for human/mouse TAGLN+ vessels and their density and diameter at 4 weeks post-transplantation. Scale bar = 100 μm. 
O–R Immunofluorescence images for human/mouse TAGLN+ vessels and their density and diameter at 12 weeks post-transplantation. Scale 
bar = 100 μm. N = 8/group. p < 0.05 indicates statistical significance. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. saline-treated group (Student’s t-test, 
two-tailed). WGA: Wheat germ agglutinin
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in the BMA. Moreover, CD141-sorted cells from whole 
MNCs of BMA generated VPC colonies, with the same 
cellular phenotype as that of the CD141-unsorted cul-
ture. Importantly, VPCs recruited non-vasculogenic 
BM-MSCs to the branching points and segments of 
the vascular network like   tightly encircling pericytes 
in a 2:1 combination of VPCs and BM-MCs. Addition-
ally, the VPCs generated a combined vascular network 
with HUVECs in  vitro, supporting angiocrine effect of 
VPC-secreted HGF. In an efficacy test using a severe 
CLI model in nude mice, dual cell transplantation at the 
optimal dose preserved the limb, restored a large artery 
at the excised injury site, and normalized blood flow 
within 4 weeks. This approach was superior to the singu-
lar transplantation of VPCs or BM-MSC. Furthermore, 
human CD31-expressing endothelial intima and human 
α-SMA-expressing VSMC media layers were frequently 
detected in the restored large arteries in the dual cell 
transplantation group up to 12  weeks. In contrast, only 
human CD31-expressing intima in the VPCs and only 
human α-SMA-expressing VSMC media layer in the BM-
MSC transplantation groups were scarcely detected, sug-
gesting that CD141 + VPCs may give rise to ECs, while 
BM-MSCs may differentiate into vascular smooth mus-
cle cells in vivo. The novel CD141+VPCs in combination 
with BM-MSCs can be further developed as a vascular 
replacement therapy to treat PAD or other ischemic vas-
cular diseases.

CD141+VPCs identified in this study were a highly clo-
nogenic and multipotential subset of BM-MNCs, resid-
ing in the BM as a rare population that were specifically 
expanded under the hPL-supplemented endothelial 
selective culture medium, with mean PDT of ~ 20 h up to 
passage 3, yielding ~ 2 × 1010 VPCs within 3 weeks start-
ing with 1 × 107 BM-MNCs corresponding to 0.2–10 ml 
BMA depending on the donor (Additional file 1: Table S2, 
3). This cell expansion capacity enables the development 

of autologous vasculogenic cell therapies. Optimal cell 
dose for the best efficacy in CLI model was 1.2 × 105 cells 
in a 2:1 combination of VPCs and BM-MSCs, which can 
be extrapolated to 3 × 107 cells/60  kg human equivalent 
dose based on body surface area (human equivalent dose; 
HED) [34] or a maximum of 3 × 108 cells/60  kg based 
on previous clinical trials of MSCs derived from a vari-
ety of sources [35], which can be fully covered by the cell 
expansion capacity of VPCs from human BMA. Moreo-
ver, no tumors were formed for 26 weeks, even when 83 
times more cells than the optimal effective dose were 
administered (Additional file  1: Table  S7). However, the 
effective nontoxic dose and optimal cell delivery should 
be further investigated in clinical studies. This study pro-
vides a stepping stone for clinical trials on severe PAD, 
especially in Rutherford class 4–5, which may ultimately 
lead to amputation of the lower extremities if not treated 
effectively [36]. In particular, the better efficacy of dual 
cell transplantation provides a rationale for combinato-
rial cell therapy for a variety of tissue repair.

CD141, a thrombomodulin, is primarily localized in 
vascular ECs and many other cells, such as monocytes, 
dendritic cells, and limbal stem cells [37], and is expected 
to integrate a variety of biological processes, such as 
anticoagulation, inflammation, innate immunity, tissue 
regeneration, and angiogenesis to protect the host from 
injury and promote healing [26]. Previous report strongly 
supports the role of CD141 in the podosome assembly of 
tip cells during sprouting angiogenesis [27]. Based on this 
study, CD141 in BM-VPCs seems to be important for the 
expression of its vasculogenic phenotype, which can be 
affected by several factors during culture [38]. CD141 is a 
unique marker for distinguishing vasculogenic BM-VPCs 
from non-vasculogenic BM-MSCs, even though both cell 
types share many cellular characteristics. CD141+VPCs at 
P0 rapidly lost their CD141 expression and vasculogenic 
capacity by switching VPCs-selective culture conditions 

Fig. 8  Dual cells enhance vascularization by integrating into host vasculature. A Immunofluorescence images for human CD31 and human 
α-SMA showing the presence of transplanted cells. Scale bar = 100 μm. B Immunofluorescence images for human CD31 and human/mouse 
α-SMA showing human antigen-positive vessels with smooth muscle cells. Blue box: enlarged images. Scale bar = 100 μm. C Immunofluorescence 
images for human CD31 and human/mouse CD31 distinguishing human cell-integrated vessel from the host vessel (white arrowhead: human 
CD31+ vessel; yellow arrowhead: host vessel) Scale bar = 100 μm. D Serially sectioned samples stained for human α-SMA and human/mouse 
TAGLN to identify vessels incorporating human cells. White asterisk: vessels double-positive for human α-SMA and human/mouse TAGLN, yellow 
arrows: vessels negative for human α-SMA and positive for human/mouse TAGLN. WGA was used to label muscle structure. Scale bar = 100 μm. 
E, F Distribution of DiR-labeled transplanted dual cells assessed using in vivo imaging under non-injured condition, with fluorescence intensity 
quantified up to 112 days post-transplantation. G Comparisons of the intensity among different organs. H DiR+ human cells at the muscle site. 
Scale bar = 100 μm. I Immunofluorescence images for human α-SMA and human CD31 showing transplanted human cells. Scale bar = 100 μm. 
J Immunohistochemical images for human CD31in muscle sections of mouse subjected to dual cell transplantation. K Western blot analysis 
of human CD31 in the muscle of dual cell transplantation. At 2 weeks post-transplantation in CLI mice and at 16 weeks post-transplantation 
in normal mice, muscle tissue was lysed to extract total protein, which was then analyzed for human CD31 expression by western blotting. 
Human aortic endothelial cells (HAEC) were used as a positive control of human CD31 protein and muscle tissue from saline injected mice 
or the contralateral site of CLI mice were used as negative control of human CD31. Full-length blots are presented in S17. N = 8/group

(See figure on next page.)
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to BM-MSCs-selective culture medium (Fig.  3), which 
did not support the VPCs colonies from the same MNCs 
derived from BMA. However, a more definitive role 
for CD141 in the vasculogenic capacity of VPCs or the 
non-vasculogenic capacity of BM-MSCs needs to be 
explored by its overexpression or functional downregu-
lation. Moreover, whether any specific factors included 
in the VPCs-selective culture medium, namely EGMPL, 
are more important for maintaining or regulating CD141 
expression in VPCs needs to be explored. Nevertheless, 
the unique expression of CD141 in VPCs culture pro-
vides a marker to distinguish VPCs from BM-MSCs for 
quality control and assurance.

CD141+ VPCs identified in human BMA were char-
acteristically more similar to VPCs found during devel-
opment [39] or induced from iPSCs [16], including 
iPSC-induced CD34 + progenitor cells [17], and VPCs 
genetically induced using Etv2 and Fli1 [19], than to 
tissue-resident VESCs expressing endothelial lineage 
markers such as VE-cadherin and CD31 [40]. These 
iPSC-induced VPCs or VPC-like cells could adopt both 
cell phenotypes under specific culture conditions: high 
VEGF for the endothelial phenotype and high PDGF-BB 
for the pericyte and VSMC phenotypes [16]. Accordingly, 
these VPCs may retain their bipotent differentiation 
capacity. In contrast, our CD141+VPCs did not express 
most surface markers of definitive ECs, also revealed 
multipotent differentiation capacity similar to that of 
BM-MSCs, and lost their CD141 expression and vascu-
logenic phenotype in a context-dependent manner. Thus, 
CD141+ VPCs may be a rare subpopulation of BM-MSCs 
or similar precursor cells stored in the BM.

Although human CD31 protein (82 kDa) was detected 
in the dual cell-injected muscle of both CLI model and 
normal mice via Western blot analysis (Fig.  8K), and 
human CD31 expression was observed in the intima of 
the restored vessel through immunofluorescence stain-
ing (Figs.  7, 8), this does not definitively prove that the 
CD31-expressing cells originated from CD141+ VPCs in 
dual cell transplantation, rather than from BM-MSCs. In 
hybrid tube formation assays with HUVECs under proan-
giogenic conditions, or with BM-MSCs supplemented 
with TNF-α, CD141+ VPCs enhanced CD31 expression 
during tube formation when co-cultured with BM-MSCs, 
TNF-α, and endothelial cells. This reflects the conditions 
that dual cell populations may encounter at the trans-
plantation site. In contrast, BM-MSCs alone could not 
stimulate CD31 expression in the same environment. 
Moreover, in the muscle following the singular trans-
plantation of BM-MSCs, only human α-SMA expres-
sion was detected, while no human CD31 expression was 
observed. Accordingly, it can be reasonably speculated 
that CD141+ VPCs may differentiate into endothelial 

cells in an in  vivo injured and inflamed environment 
when administered together with BM-MSCs, possibly 
aided by nearby endogenous endothelial cells. This dif-
ferentiation could facilitate their involvement in arterio-
genesis and angiogenesis, supported by the co-injected 
BM-MSCs. However, definitive evidence for the lineage 
differentiation of VPCs into endothelial cells and BM-
MSCs into smooth muscle cells requires further investi-
gation through individual cell tracing studies in vivo.

In dual cell transplantation, VPCs and BM-MSCs may 
cooperate to confer better survival and tissue engraft-
ment in an inflammatory injury environment (Fig.  5); 
much less efficacy and lower engraftment was observed 
in VPCs or BM-MSCs transplantation than in a combi-
nation of both at the same cell number. Moreover, the 
human CD31+ endothelial intima and human α-SMA+ 
smooth muscle media layer of the large vessel was fre-
quently found for longer time in dual cell therapy. Our 
in vitro data that the vascular network of dual cells was 
well-sustained under TNF-α-supplemented environment 
unlike its partial disruption in VPCs-only transplantation 
supports this hypothesis. Importantly, various paracrine 
factors secreted by VPCs and BM-MSCs may also coop-
erate with each other for their survival and stimulation.

Functional blocking of HGF can inhibit VPC-stimu-
lated sprouting of HUVECs in an indirect co-culture of 
VPCs and HUVEC spheroids [41]. We found secretion 
of HGF by VPCs (Fig. 4E). BM-MSC-secreted VEGF and 
several angiogenesis-related cytokines were also meas-
ured (Additional file  1: Figure S16). These molecules 
may cooperatively exert an angiogenic role in injured 
tissue in a paracrine manner. Anti-inflammatory effect 
of BM-MSCs is well recognized [42], which definitively 
confers an advantage for the survival of dual cells under 
the inflammatory environment. Collectively, VPCs and 
BM-MSCs share several paracrine factors and cellular 
contacts that regulate the inflammatory environment and 
stimulate vasculogenesis.

Our study has selected CLI model using young, 
healthy nude mice to evaluate the long-term efficacy of 
human cells without the influence of immunosuppres-
sants, which could potentially affect stem cell activ-
ity and tissue repair. However, this model is limited in 
its ability to reflect the diverse pathological conditions 
associated with PAD. Especially, anti-angiogenic eleva-
tion such as thrombospondin-1 (TSP-1), which is known 
to be more important in the disease progression of PAD 
patients than proangiogenic change [43, 44], could not 
be considered in this study. TSP-1 binds surface CD47 
of EPC and inhibits its angiogenesis through eNOS and 
VEGFR2 pathway[45]. CD141+ VPCs express CD47 
(99.97%) but exhibit minimal expression of eNOS and 
VEGFR2 (Fig. 1F, Additional file: Figure S4E, Figure S7), 



Page 23 of 25Park et al. Stem Cell Research & Therapy          (2024) 15:388 	

distinguishing them from endothelial cells and endothe-
lial progenitor cells (EPCs). This suggests that they may 
engage in an alternative TSP-1/CD47 pathway, potentially 
impacting their vasculogenic capacity, such as through 
the inhibition of FGF-2 [46]. Those possible implications 
of anti-angiogenic regulation in PAD patients should be 
considered in the future clinical study.

Arteriogenesis, characterized by the growth or bridg-
ing of existing collateral arterioles, can replace occluded 
vessels that are unable to provide adequate perfusion 
to a tissue and can compensate for the loss of function 
in occluded arteries [47]. The severe CLI model used in 
this study requires immediate restoration of functional 
arteries for limb salvage, which may be solely depend-
ent on the arteriogenesis of preexisting collaterals and/
or vasculogenesis in  situ through the concerted action 
of transplanted dual cells via their direct vascular incor-
poration and indirect paracrine effect. In this study, the 
extent to which these two events contributed to the effi-
cacy could not be resolved. However, the direct involve-
ment of dual cell transplantation in artery restoration is 
obvious because human CD31+ endothelial inner lining 
and human α-SMA+ media layer were readily found in 
the large arteries up to 12 weeks, but small vessels mostly 
representing capillaries and arterioles were all of murine 
origin. This suggests that transplanted human cells may 
be preferentially engaged in the regeneration of arter-
ies and arterioles, which may be further remodeled into 
larger vessels rather than capillaries. Notably, our quan-
titative analysis of immunofluorescence in numerous 
sections showed a gradual increase in the vessel diam-
eter over time after dual cell transplantation, support-
ing continuous remodeling of the initially regenerated 
artery or arterioles to larger ones. The large artery with 
a diameter > 50 μm was frequently detected at 12 weeks 
of dual cell transplantation but only small vessels < 15 μm 
in diameter were detected in remaining tissues in the 
saline group, strongly suggesting that small vessels can 
be generated from endogenous capacity but is clearly 
insufficient and limited for limb salvage. This necessi-
tates the therapeutic adoption of ex  vivo cultured dual 
cells for immediate arterial restoration in patients with 
severe CLI. Considering that mouse arteries are much 
smaller than human arteries [33], the large vessel seen 
macroscopically at day 7 of dual cell transplantation may 
be restored concomitantly by bridging existing collater-
als and active participation of transplanted dual cells. The 
angiogenic paracrine effect of VPCs and BM-MSCs on 
endogenous arteriogenesis was also considered.

Most tissues comprise multiple cell types that cooper-
ate and regulate each other for unique tissue functions 
by sharing paracrine factors, ECMs, and direct cell–cell 
communication through adhesion. Thus, combination 

cell therapy comprising multiple functional cells may 
be essential for tissue repair. However, most cell thera-
pies have been attempted using singular cell type, whose 
engraftment and efficacy have been much lower than 
expected and have not been consistently validated. In 
particular, blood vessels are composed of different cell 
layers with unique functions. Capillaries in a variety of 
tissues are composed of inner lining ECs and outer encir-
cling pericytes in different cell ratios. Arterioles and 
arteries are also composed of inner lining ECs and thick 
VSMC media layer depending on the vessel diameter. 
Transplantation of VPCs and BM-MSCs into a superficial 
femoral artery-excised CLI model showed restoration 
of arteries or arterioles, blood flow recovery, and limb 
salvage, unless limb loss occurred. In addition, dual cell 
therapy was more effective than singular transplantation 
at the same cell dose, strongly supporting the idea that 
the two cell types work synergistically in vascular repair. 
Their fate confirmation also supports the adoption of two 
cell fates by the transplanted cells, in which VPCs may 
adopt the human endothelial phenotype, and BM-MSCs 
may become either human pericytes or smooth muscle 
cells under in vivo environment of CLI. However, another 
possibility of conversion of VPCs to human α-SMA-
expressing VSMCs or conversion of BM-MSCs to human 
CD31-expressing ECs exists but could not be proven in 
this study. Nevertheless, the cell fate in singular trans-
plantation supports the human endothelial fate of VPCs 
and the human VSMC fate of BM-MSCs.

Conclusions
Collectively, this is the first evidence showing the res-
toration of the large artery and limb salvage with 
CD141+VPC and BM-MSC dual cell therapy in a 2:1 ratio 
as a reparative cell therapy in a severe CLI model, which 
is expected to be used clinically for severe PAD and other 
ischemic vascular diseases.
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