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TRANSLATIONAL SCIENCES

A Combination of Distinct Vascular Stem/
Progenitor Cells for Neovascularization and 
Ischemic Rescue
Liming Zhao,* Andrew S. Lee,* Koki Sasagawa,* Jan Sokol , Yuting Wang, Ryan C. Ransom, Xin Zhao, Chao Ma,  
Holly M. Steininger, Lauren S. Koepke, Mimi R. Borrelli , Rachel E. Brewer, Lorene L.Y. Lee, Xianxi Huang ,  
Thomas H. Ambrosi , Rahul Sinha , Malachia Y. Hoover, Jun Seita , Irving L. Weissman, Joseph C. Wu , Derrick C. Wan, 
Jun Xiao, Michael T. Longaker, Patricia K. Nguyen , Charles K.F. Chan  

BACKGROUND: Peripheral vascular disease remains a leading cause of vascular morbidity and mortality worldwide despite 
advances in medical and surgical therapy. Besides traditional approaches, which can only restore blood flow to native arteries, 
an alternative approach is to enhance the growth of new vessels, thereby facilitating the physiological response to ischemia.

METHODS: The ActinCreER/R26VT2/GK3 Rainbow reporter mouse was used for unbiased in vivo survey of injury-responsive vasculogenic 
clonal formation. Prospective isolation and transplantation were used to determine vessel-forming capacity of different populations. 
Single-cell RNA-sequencing was used to characterize distinct vessel-forming populations and their interactions.

RESULTS: Two populations of distinct vascular stem/progenitor cells (VSPCs) were identified from adipose-derived 
mesenchymal stromal cells: VSPC1 is CD45-Ter119-Tie2+PDGFRa-CD31+CD105highSca1low, which gives rise to stunted 
vessels (incomplete tubular structures) in a transplant setting, and VSPC2 which is CD45-Ter119-Tie2+PDGFRa+CD31-
CD105lowSca1high and forms stunted vessels and fat. Interestingly, cotransplantation of VSPC1 and VSPC2 is required to form 
functional vessels that improve perfusion in the mouse hindlimb ischemia model. Similarly, VSPC1 and VSPC2 populations 
isolated from human adipose tissue could rescue the ischemic condition in mice.

CONCLUSIONS: These findings suggest that autologous cotransplantation of synergistic VSPCs from nonessential adipose 
tissue can promote neovascularization and represents a promising treatment for ischemic disease.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: adipose tissue ◼ angiogenesis ◼ hindlimb ischemia ◼ mesenchymal stem cells ◼ neovascularization  
◼ peripheral vascular disease ◼ stem cells

Ischemic vascular disease remains a leading cause 
of vascular morbidity and mortality worldwide despite 
advances in medical and surgical therapy.1,2 Despite 

significant advances in medical and surgical treatments, 
traditional approaches, such as thrombectomy, angio-
plasty, and stenting, can only restore blood flow through 

native arteries, thus, limiting their utility in patients with 
advanced and diffuse disease. Therapeutic neovascular-
ization, using biological agents to grow new vessels, is a 
promising alternative to current strategies.

See accompanying editorial on page 1278
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It is well known that the body has developed mecha-
nisms to alleviate ischemia caused by atherosclerosis. The 
growth of blood vessels in adult organisms can occur via 
the development of collateral arteries (eg, arteriogenesis) 
or the sprouting of capillaries (eg, angiogenesis). While 
the former describes the remodeling of existing arterio-
arteriolar connections, the latter is stimulated by acute3 or 
chronic hypoxia.4 The degree of arteriogenesis and angio-
genesis, however, is inadequate to meet the demands of 
ischemic organs. The reasons behind this remain unclear. 
Perhaps some patients lack the necessary growth factors 
or progenitor cells to stimulate these repair systems. The 
administration of exogenous angiogenic factors, including 
VEGF (vascular endothelial growth factor),5 FGF (fibro-
blast growth factor),6 and recombinant proteins,7 however, 
have been met with mixed results. Similarly, clinical trials 
evaluating the efficacy of various adult stem cell popu-
lations,8,9 including bone marrow stem cells, circulating 
endothelial progenitor cells and adipose-derived stem 
cells, have shown only modest therapeutic benefits, which 
have been largely attributed to the paracrine effects of 
transplanted cells rather than reconstitution of functional 
vasculature by donor cell populations.10

Mesenchymal stromal cells (MSCs) have been viewed 
as a potential source for vessel progenitors.11–13 Stromal 
progenitor cells are inherent to almost every organ of the 
human body that contains connective tissue.11 The term 
mesenchymal stem cell or mesenchymal stromal cell has 
traditionally been applied to encompass many of these 
progenitor cell classes, including stromal cells derived from 
bone marrow, adipose tissue, and other organs.14 Contrary 
to early reports, however, based on recent studies, MSCs 
are not a single multipotent population of cells that give 
rise to osteoid, adipose, endothelial,15,16 and myogenic 

progeny,14 but are composed of distinct lineage-commit-
ted cell subsets, namely specific stromal cell populations 
that are capable of giving rise to distinct cell fates.15,16

Several markers have been identified to define ves-
sel-forming endothelial stem/progenitor cells, mostly 
by co-staining of the endothelial marker CD31 with 
fluorescence-labeled donor cells.17,18 Although it remains 
challenging to identify novel progenitor cells capable of 
forming functional vessels that carry blood,19–21 detec-
tion of clonal progenitor populations has been achieved 
through lineage tracing studies of individual cells using 
“Rainbow” mice,22–24 which harbor a multicolor Cre-
dependent reporter construct. To provide an unbiased in 
vivo survey of clonal vasculogenic activity by all potential 
cell types, the rainbow mice were crossed with mice car-
rying a ubiquitous promotor rather than specific lineage-
restricted promoters.25 Using this transgenic reporter 
system, we identified novel mesenchymal stromal cell 
subpopulations capable of forming vessels de novo.

In this study, we corroborated the presence of vessel-
forming MSC populations in mice15,16 using multicolor 
lineage tracing methods, identified a specific vessel-
forming MSC population and a multipotent MSC pop-
ulation that gives rise to both fat and vessels using a 
unique transplantation assay, and evaluated the function 
of transplanted cells in vivo. Furthermore, we identified 
corresponding populations from human donor adipose 
tissue and demonstrated the ability to guide these cell 
populations to reconstitute functional vessels in vivo.

MATERIALS AND METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Rainbow Reporter Mice
We utilized the “Rainbow” transgenic reporter mouse to evalu-
ate clonal expansion in vessels and to determine the existence 
of injury-responsive cell populations. The ActinCreER-R26VT2/GK3  
(“Rainbow”) transgenic reporter mouse was generated by 
crossing the ActinCreER transgenic mouse with the R26VT2/GK3 
transgenic mouse, to enable Cre-dependent cell labeling with 

Highlights

• Two distinct vascular stem/progenitor cells (VSPCs) 
were identified from both mouse and human adi-
pose-derived mesenchymal stromal cells.

• VSPC1 (CD45-Tie2+PDGFRa-CD31+CD105hiScalo) 
gives rise to stunted vessels.

• VSPC2 (CD45-Tie2+PDGFRa+CD31-CD105loScahi) 
forms both vessels and fat.

• Cotransplantation of VSPC1 and VSPC2 is required 
to form functional vessels and rescue ischemic 
damages in vivo.

Nonstandard Abbreviations and Acronyms

CFP cyan fluorescent protein
FACS fluorescence-activated cell sorting
FGF fibroblast growth factor
GFP green fluorescent protein
GFR growth factor reduced
HemSC hemangioma stem cell
MSC mesenchymal stromal cell
OFP orange fluorescent protein
PBS phosphate-buffered saline
RFP red fluorescent protein
SMA alpha smooth muscle actin
UMAP  uniform manifold approximation and 

projection
VEGF vascular endothelial growth factor
VSPC vascular stem/progenitor cell
VWF von Willebrand factor
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a 4-color reporter construct at the ROSA locus.22,26 Tamoxifen 
delivery activates Cre recombinase that induces random and 
specific recombination, causing Cre-positive cells to express 1 of 
10 possible color combinations of 4 fluorescent proteins at the 
ROSA locus: MSCs; CFP (cyan fluorescent protein); RFP (red 
fluorescent protein), or OFP (orange fluorescent protein). Actin 
is ubiquitously expressed, thus, tamoxifen induction of ActinCreER/
R26VT2/GK3 allows for an unbiased in vivo survey of clonal vas-
culogenic activity by all potential cell types rather than specific 
lineage-restricted promoters. In our experiment, 8-week-old rain-
bow reporter mice (ActinCreER+/−-R26VT2/GK3+/+) were induced with 
tamoxifen in corn oil by gavage at the dosage of 200mg/kg per 
day for 1 week. Then the hindlimb ischemia surgery and sham 
surgery were performed. Two weeks after surgery, the vascu-
lature structures around the ligation site were imaged and col-
lected for histological assessment. The probability for any given 
adjacent cells to share the same color is 1 in 10. Further, we esti-
mate that the probability of obtaining clones of 3 or more cells by 
chance is lower than or equal to (1/10)ˆ2=1/100. We therefore 
chose 3 or more cells per clone for quantification because of 
the low likelihood of picking multiple cells of the same clone by 
chance. Clonal analysis was performed with Imaris software as 
previously described.27 Briefly, spot-to-spot adjacency, distance 
tool was used to determine and spots rendering statistics tool 
was used to quantify clones as per the manufacturer’s protocol.

Isolation and Transplantation of Mouse Adipose 
and Vessel-Forming Progenitors
Adult mouse adipose tissue (derived from inguinal fat pads) and 
lung tissue were isolated from 8- to 12-week-old male donor 
mice (strains are indicated in figure legends), finely minced with 
a razor blade, and digested in collagenase digest buffer (2.2 
mg/mL Collagenase II [Sigma] supplemented with 100 U/mL 
DNase [Worthington] in M199 Media [Sigma]) at 37 °C for 30 
minutes under constant agitation. All dissociated cells were fil-
tered through 70-micron nylon mesh, pelleted at 400 g at 4 °C 
for 5 minutes, resuspended in fluorescence-activated cell sort-
ing (FACS) buffer (2% FBS in phosphate-buffered saline [PBS]), 
blocked with rat IgG, and stained with fluorochrome-conjugated 
antibodies against mouse CD45, Ter119, Tie2, Sca1, CD105, 
PDGFRα, and CD31. The stained cells were then sorted on the 
BD Aria II Flow Cytometer. Compensation, fluorescence minus 
one controls, and unstained cells were utilized to adjust the gat-
ing appropriately. Two hundred thousand sorted vessel-forming 
progenitors were pelleted by centrifugation, resuspended in 2 
μL of Matrigel, and injected underneath the inguinal fat pads of 
8- to 12-week-old immunodeficient Rag2/gamma(c) knockout 
male mice to investigate the angiogenesis potential in vivo. In 
ischemic rescue studies, 500 000 sorted vessel-forming pro-
genitors were resuspended in 2 μL of growth factor reduced 
(GFR) Matrigel and injected around ligated femoral artery of 8 
to 12 weeks old immunodeficient Rag2/gamma(c) knockout 
male mice. Only male mice were used in our study to avoid the 
effect of estrogen variation on angiogenesis.28–30

Single-Cell RNA-Sequencing by 10X Genomics 
and Data Processing
Single cells were isolated by their specific markers via FACS. 
Single cell libraries were prepared following the user guide for 

Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 (Dual 
Index) from 10X Genomics (10x Genomics Inc San Francisco, 
CA). The prepared libraries were sequenced by HiSeq 4000 
platform with 150 bp paired end reads. Sequencing data were 
then uploaded to Gene Expression Omnibus.

Single-cell sequencing data were then processed and ana-
lyzed with “Seurat” R package (V3.1.4).31 For sequencing data 
quality control, all samples were filtered to remove low-quality 
cells with very few genes (minimum of 300 genes) and weakly 
expressed genes (<5 cells). Samples were further filtered using 
a maximum RNA count of 15 000 and a maximum mitochon-
drial proportion of 22% for mouse vessel-forming progenitor 
cells. The mitochondrial cutoff was determined by the extreme 
outlier value (upper quartile+3×IQR) of mitochondrial transcrip-
tome proportions for each group’s entire cell population. The 
minimum gene count helped remove low-quality or empty drop-
lets, while the maximum RNA count excluded potential mul-
tiplets. Last, the mitochondrial transcriptome cutoff removed 
dying cells with weaker biological signals. After these quality 
checks, all samples were combined without applying any batch 
correction, as they were processed and sequenced in the same 
batch and with the same condition. Standard log normalization 
and scaling of read counts were applied. Principal component 
analysis (PCA) was applied to the entire cell population for both 
samples, selecting the 30 most variable components. Cells 
were then embedded into a K-nearest neighbor graph using 
the “FindNeighbors” function that works on the euclidean dis-
tance in PCA space. Subsequently, vessel-forming progenitor 
cells were partitioned into clusters using the Leiden algorithm. 
Last, uniform manifold approximation and projection was used 
to visualize the cells in 2 dimensions.

To determine all possible ligand-receptor interactions 
between our target populations, we utilized the “CellChat” R 
package that draws on a manually curated database of literature-
supported ligand-receptor interactions called “CellChatDB.”32 
To run this analysis, significantly over-expressed ligands and 
receptors in each of our target populations were first estimated. 
Next, each ligand-receptor interaction was assigned with a 
probability based on gene expression levels and prior known 
knowledge of signaling ligands, their receptors and cofactors. 
Autocrine interactions were also considered.

Isolation and Transplantation of Human Vessel-
Forming Progenitors From Adipose Tissue
Human adipose lipoaspirates were obtained after informed 
consent from female patients (26–54 years old). Fresh 
lipoaspirates were separated from blood, and lipoaspiration 
fluid were passed through a 100 μm nylon mesh. Solid mat-
ter was then resuspended in collagenase digest buffer (2.2 
mg/mL Collagenase II [Sigma] supplemented with 100 U/
mL DNase [Worthington] in M199 Media [Sigma]), shaken in 
CERTOMAT BS-1 Incubation-Shaking Cabinet at 37 °C for 30 
minutes, sedimented on Histopaque-1119 Density gradient to 
remove blood and dead cells, washed, and pelleted at 400×g at 
4 °C. Cells were then plated on Lonza Endothelial Growth Media 
and transduced with CMV-GFP expressing lentivirus. Twenty-
four hours after transduction, cells were lifted with collagenase, 
resuspended in staining media (2% FBS in PBS), blocked with 
rat IgG, and stained with fluorochrome-conjugated antibodies 
against human CD45, Tie2, PDGFRα, and CD31 for FACS on 
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the BD Aria II Flow Cytometer. As with mouse samples, the gat-
ing was adjusted based on compensation, fluorescence minus 
one controls and, unstained cells. In ischemic rescue studies, 
500 000 sorted VSPC1+VSPC2 vessel-forming progenitors 
were injected around ligated femoral artery of 8- to 12-week-
old immunodeficient Rag2/gamma(c) knockout male mice.

Histological Analysis of Blood Vessel Perfusion 
With Lectin
Recipient 8- to 12-week-old immunodeficient Rag2/gamma(c) 
knockout male mice were briefly anesthetized with Isoflurane 
and then injected intravenously with 100 μL of DyLight 
649-labeled Tomato Lectin (Vector Labs). Ten minutes after 
injection, mice were fully anesthetized with tribromoethanol 
(125–250 mg/kg body weight). Mice were then sacrificed 
and perfused with 10 mM EDTA in PBS to remove peripheral 
blood by accessing the left ventricle through an incision in the 
thoracic cavity. Incisions were also made to access engrafted 
areas that were then imaged with a Leica DMI6000B inverted 
microscope system. Engrafted areas were then fully excised, 
fixed in 4% paraformaldehyde at 4 °C overnight, and whole-
mounts were prepared for confocal imaging using the Zeiss 
LSM-TPMT 800.

Lentivirus Production and Transduction of 
Human Adipose Cells
HEK 293T cells (System Biosciences, Mountain View, CA) 
were plated at 50% confluency on 10 cm dishes and trans-
fected with 12 μg of a construct expressing Actin-GFP, 8 
μg of packaging Ppax2, and 4 μg of VSVG plasmids using 
Lipofectamine 2000 (Invitrogen) as per the manufacturer’s 
instructions. Supernatant was collected 24 and 48 hours after 
transfection, filtered through a 0.45-μm pore-size cellulose 
acetate filter (Millipore, Billerica, MA), and mixed with PEG-it 
Virus Concentration Solution (System Biosciences) overnight 
at 4 °C. Viruses were precipitated at 1500×g at 4 °C the next 
day and resuspended in PBS. Digested human lipoaspirate 
cells were infected with virus overnight for 24 hours prior to 
sorting for VSPC1 and VSPC2 markers and xeno-transplanta-
tion into 8- to 12-week-old immunodeficient Rag2/gamma(c) 
knockout male mice.

Immunofluorescence Microscopy
Immunofluorescence on specimens was performed using an 
M.O.M. immunodetection kit from Vector Laboratories accord-
ing to manufacturer’s instructions. Briefly, specimens were 
fixed in 2% PFA at 4 °C overnight, treated with a blocking 
reagent, and then probed with Alexa-dye conjugated antibod-
ies at 4 °C overnight. Isotype control antibodies were used for 
negative controls. Specimens were next washed with PBS, and 
then coverslips were then applied. Slides were imaged with a 
Zeiss LSM710 or LSM980 confocal microscope.

Gene Expression
Microarray analyses were performed on highly purified, 
double-sorted mouse populations of (VSPC1, CD45− Tie2+ 
CD105high PDGFRα− CD31+) and P2 (VSPC2, CD45− Tie2+ 
CD105lo PDGFRα+ CD31−). Each population was sorted 

in 3 independent sorts using cells isolated from 8-week-
old mice. RNA was isolated with RNeasy Micro Kit (Qiagen, 
Germantown, MD) as per manufacturer’s instructions. RNA was 
twice amplified with a RiboAmp RNA amplification kit (Arcturus 
Engineering, Mountain View, CA). Amplified cDNA was strepta-
vidin-labeled, fragmented, and hybridized to Affymetrix 430-2.0 
arrays as recommended by the manufacturer (Affymetrix, Santa 
Clara). Arrays were scanned with a Gene Chip Scanner 3000 
(Affymetrix) running GCOS 1.1.1. software. Raw microarray data 
were submitted to Gene Expression Commons (https://gexc.
riken.jp),33 where data normalization was computed against the 
Common Reference, which is a large collection (n=11 939) of 
publicly available microarray data from the National Center for 
Biotechnology Information Gene Expression Omnibus (NCBI 
GEO). Meta-analysis of the Common Reference also provided 
the dynamic range of each probe set on the array, and, in situa-
tions where there are multiple probe sets for the same gene, the 
probe set with the widest dynamic range was used for analysis. 
The Affymetrix Mouse Genome 430 2.0 Array included 45 101 
probe sets, of which 17 872 annotated genes were measurable. 
Heat maps representing fold change of gene expression were 
generated in Gene Expression Commons.

Hindlimb Ischemia Model
Hindlimb ischemia was performed in 8- to 12-week-old immu-
nodeficient Rag2/gamma(c) knockout male mice, as previously 
described.34 Mice were anesthetized with 1.5% isoflurane, and the 
right hindlimb was opened to expose the femoral artery for liga-
tion, after which, a total number of 500 000 VSPC1, VSPC2, or 
VSPC1+VSPC2 cells (1:1 ratio) suspended in 2 μL GFR Matrigel 
were delivered around ligated femoral artery for studies to restore 
blood flow following injury. Control animals received 2 μL GFR 
Matrigel containing GFR Matrigel alone as indicated in figure leg-
ends. The skin was closed using 6-0 silk sutures. Revascularization 
was monitored by laser Doppler perfusion imaging.

Measurement of Blood Flow by Laser Doppler 
Imaging
Following ligation of the right femoral artery, laser Doppler per-
fusion imaging was used to assess revascularization. Animals 
were anesthetized using 1.5% isoflurane in oxygen, and 
hindlimb vascularization was monitored by laser Doppler per-
fusion imaging using a PeriScan PIM3 laser Doppler system 
(Perimed AB, Sweden) as previously described.34 Temperature 
was maintained at constant levels by keeping animals on heat-
ing pads set to 37 °C during measurement. Nonligated contra-
lateral hindlimbs served as controls. Perfusion was calculated 
as the ratio of the flow in the ischemic to control limbs.

Animal Care
ActinCreER/R26VT2/GK3 mice, C57BL/6J strain mice, immu-
nodeficient Rag2/gamma(c) knockout mice, Actin-GFP and 
Actin-RFP reporter mice were derived and maintained in our 
laboratory. All animals were housed in Stanford University 
Laboratory Animal Facility following Stanford Animal Care and 
Use Committee and National Institutes of Health guidelines. 
Food (2018 Teklad Global 18% Protein Rodent Diet from 
Inotiv) and water were provided to all animals free of access by 
Stanford Veterinary Service Center.

https://gexc.riken.jp@line 2@
https://gexc.riken.jp@line 2@
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Study Approval
Human adipose lipoaspirates were obtained according to the 
Stanford Administrative Panel on Human Subjects Research 
and Institutional Review Board (IRB)-approved protocols with 
informed consent. All animal experiments in this study were 
approved by the Stanford Administrative Panel on Laboratory 
Animal Care.

Statistical Analysis
All statistical analyses were performed with GraphPad Prism 
9. Data were tested for normality by the Shapiro-Wilk test and 
equal variance by the F test. For data that passed normality and 
equal variance tests, statistical differences were determined 
using the 1-way ANOVA (Figure 3L and 3M) or repeated mea-
sures ANOVA (Figures 3I and 5E) followed by the Dunnett’s 
post-hoc test, with α set to 0.05 for significance. The Poisson 
regression model was used to compare count data after the 
overdispersion test (Figure 1C, 1E, 1F). The Mann-Whitney test 
was used for data that failed either normality or equal variance 
test (Figure S5B). Unless specified, data are expressed as 
average±SEM. Sample sizes were indicated in figure legends.

Data Availability
Single-cell RNA-sequencing data have been deposited in 
GEO under accession code GSE181177. Microarray data 
is accessible with https://gexc.riken.jp/models/2548. 
Datasets Generated: Vessel-Forming Mesenchymal Stromal 
Cell Populations: Koki Sasagawa, Liming Zhao, Charles K.F. 
Chan, 2021, https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE181177, NCBI Gene Expression Omnibus, 
GSE181177; Vessel-Forming Mesenchymal Stromal Cell 
Populations model: Charles K.F. Chan, Liming Zhao, Andrew S. 
Lee, 2021, https://gexc.riken.jp/models/2548, gexc.riken.jp/
models/2548.

RESULTS
Identification of Distinct Ischemic-Responsive 
Vessel-Forming Populations
It is known that tissue ischemia could stimulate a vas-
culogenic response including the formation of corollary 
vessels. We reasoned that these new vessels might be 
derived from either a local source or recruited from a 
distant source of vessel stem progenitor cells. To better 
understand the vasculogenic activity as a regenerative 
response, we induced ischemic injury in the “Rainbow” 
reporter mouse as previously described,22,26 to evaluate 
clonal expansion in vessels and determine whether injury-
responsive populations exist. The “Rainbow” reporter 
mouse was generated by crossing ActinCreER transgenic 
mouse with R26VT2/GK3 transgenic mouse, to enable Cre-
dependent unbiased labeling with a four-color reporter 
construct at the ROSA locus (Figure 1A). Tamoxifen 
delivery activates Cre recombinase that induces ran-
dom and specific recombination, causing Cre-positive 
cells to express 1 of 10 possible color combinations of 

4 fluorescent proteins at the ROSA locus: GFP (green 
fluorescent protein); CFP (cyan fluorescent protein); 
RFP (red fluorescent protein), or OFP. Actin is ubiqui-
tously expressed, thus, tamoxifen induction of ActinCreER/
R26VT2/GK3 following ischemic injury allows for an unbi-
ased in vivo survey of clonal vasculogenic activity by all 
potential cell types rather than specific lineage-restricted 
promoters, such as VE-CadherinER or Nestin-CreER.

We observed that femoral artery ligation stimulated 
the formation of patent collateral blood vessels within 
2 weeks of ligation, indicated by the increased number 
of vessel branches from femoral artery (Figure 1B and 
1C). The formation of these vessels also involved the 
clonal expansion of vessel-forming cells as detected by 
tracing of Rainbow-labeled tissue with confocal micros-
copy (Figure 1D). We then quantified the frequency of 
contiguous clonally labeled cells in vessels with compa-
rable diameters from both sham and ischemic Rainbow 
tissues. We determined that whilst there was no signifi-
cant difference in the number of clones (Figure 1E), the 
number of cells per clone was significantly greater in the 
ischemic compared with non-ischemic tissue (Figure 1F). 
These findings are consistent with previous observa-
tions,35,36 suggesting that endogenous vessel-forming 
progenitor populations are responsive to ischemic injury 
and could contribute to neovascularization. However, 
severe ischemia, resulting from acute arterial occlusion 
could outstrip the capacity of local vessel-forming pro-
genitors to regenerate vessels, as the frequency of the 
endogenous vasculogenic population may not be suffi-
cient to adequately respond to acute ischemic damage. 
This prompted us to identify the specific vessel-forming 
progenitor cells for their prospective isolation and to 
determine if there may be additional sources of these 
vessel-forming progenitors that could be rapidly isolated 
for transplantation to rescue ischemia in tissues.

To identify a transcriptomic signature associated with 
ischemia, we checked publicly available single-cell RNA 
sequencing datasets with similar experimental parameters 
to our ischemia model. Although this data is not publicly 
available in the hindlimb ischemia model, it was available 
for ischemic hearts days 3 and 7 post-sham or myocardial 
infarction surgeries.37 Given the data compares cell popula-
tions in tissue that emerge before and after ischemic tissue 
injury, analyzing these single-cell transcriptomic datasets 
provide important clues for identifying injury-responsive 
vascular progenitors. To enrich for cells relevant to isch-
emic injury and repair, we excluded cells of the atria, annu-
lus fibrosus, and atrioventricular valves. Forty-two distinct 
clusters were identified and showed dynamic change after 
ischemic injury. Based on their cell surface markers, these 
clusters can be grouped into 3 major populations repre-
sented by Pecam1+ (encoding CD31), Pdgfra+ (encod-
ing PDGFRa), and Ptprc+ (encoding CD45) populations 
(Figure S1A through S1D). To test the functionality of 
these populations, we isolated these populations (CD31+, 

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.317943
https://gexc.riken.jp/models/2548
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181177@line 2@
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181177@line 2@
https://gexc.riken.jp/models/2548
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.317943
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PDGFRa+ or CD45+) separately with FACS from adi-
pose tissue of Actin-GFP mice, which express GFP in 
every cell of the body, then transplanted into the inguinal 

fat pads of immunodeficient Rag2/gamma(c) knockout 
mice (Figure 1G). Two weeks after transplantation, GFP-
positive grafts were dissected and imaged to determine 

Figure 1. Clonal analysis of ischemia-responsive progenitor activity in vivo.
A, Schematic diagram of the Actin-Cre rainbow reporter system utilized for clonal analysis. Diagram was created with Biorender. B, Bright field 
images of non-ischemic (sham surgery) and ischemic (femoral artery ligation) hindlimbs 2 weeks post-surgery. The yellow arrow indicates the 
ligation site. Scale bars=2 mm. C, The number of vessel branches from the femoral artery was visually quantified under bright field microscopy 
(n=5). D, Confocal whole-mount micrographs of non-ischemic (sham surgery) and ischemic (femoral artery ligation) vessels of induced rainbow 
mice 2 weeks post-ligation. The white dash lines circled clones. Scale bars=100 µm. E, A bar graph comparing the number of clones in non-
ischemic (sham surgery, n=5) and ischemic (femoral artery ligation, n=5) hindlimb vessels. F, A bar graph comparing the number of cells per 
clone in non-ischemic (sham surgery, n=20 clones) and ischemic (femoral artery ligation, n=20 clones) hindlimb vessels. G, Schematic diagram 
of cell transplantation. Cells were isolated from GFP donor mice adipose tissue by fluorescence-activated cell sorting (FACS) and transplanted 
into the inguinal fat pad of immunodeficient Rag2/gamma(c) knockout mice. Diagram was created with www.Biorender.com. H, Differentiation 
potential of different cell populations after transplantation into inguinal fat pads of immunodeficient Rag2/gamma(c) knockout mice. Scale 
bars=100 µm.



TR
AN

SL
AT

IO
NA

L S
CI

EN
CE

S 
- V

B
Zhao et al Vascular Stem/Progenitor Cell

1268  July 2023 Arterioscler Thromb Vasc Biol. 2023;43:1262–1277. DOI: 10.1161/ATVBAHA.122.317943

the differentiation capacities, but none of them could give 
rise to vessels (Figure 1I). Donor cells derived GFP signals 
have been confirmed by immunostaining (Figure S2).

We have previously observed that dissociated mouse 
MSCs could be subfractionated based on differential 
expression of Tie2, CD51, and CD45 into functionally 
distinct subsets.14 While CD45 donor cells primarily gave 
rise to blood lineages, and CD51-positive cells pro-
duced bone, transplanted Tie2 positive cells generated 
adipocytes and vessels.14 Analysis of the differentially 
expressed genes of 42 distinct clusters also revealed 
that Tek (the gene encoding Tie2) could be used as a 
marker to further distinguish these populations (Figure 
S1E). We then transplanted and tested Tie2+ and Tie2− 
subpopulations of CD31+, PDGFRa+ or CD45+ popula-
tions. We found that transplantation of PDGFRa+Tie2+ 
population gave rise to stunted vessels and adipocytes, 
whereas transplantation of the CD31+Tie2+ population 
gave rise to only stunted vessels (Figure 2A).

Comparison of MSCs Tie2+ Subpopulations
Numerous studies, including several clinical trials in 
patients, have suggested that pools of MSCs residing 
within bone marrow and adipose tissue could be harvested 
and transplanted for efficacious rescue of acute ischemic 
damage caused by cardiac arrest or stroke.38–40 While 
there are some claims of remarkable improvement after 
MSC transplantation, the evidence base is weak and a 
mechanistic basis for ischemic rescue in these instances 
remains unclear. Some studies attribute the improvement 
to contribution of new vessel formation by transplanted 
MSCs, while others suggest that paracrine signaling by 
transplanted MSCs was the major factor.10 In addition, 
there are also reports that MSC populations are highly het-
erogeneous and may be interspersed with non-MSC popu-
lations,15,16 suggesting that some MSC populations may be 
more suitable for rescue of ischemic damage than others.

To uncover the precise roles that transplanted MSCs 
perform in an ischemic environment, we endeavored to 
prospectively isolate MSC populations from adipose tis-
sue that exhibit vessel-forming activity. We then tested 
CD31+ Tie2+ and PDGFRa+Tie2+ populations with 
a panel of MSC markers including CD45, CD105, and 
Sca1 to determine if these proteins are differentially 
expressed amongst Tie2(+) vessel-forming MSCs. We 
found that differential expression of these markers 
subfractionated Tie2(+) populations into 2 main popu-
lations that appeared to be 2 distinct populations of 
vessel-forming MSCs: CD45-Ter119-Tie2+PDGFRα-
CD31+CD105highSca1low (referred to as “P1”) and 
CD45-Ter119-Tie2+PDGFRα+CD31-CD105lowSca1high 
(referred to as “P2”; Figure 2B; Figure S3). P1 trans-
planted into the inguinal fat pads in Matrigel formed 
stunted vessels while P2 formed both vessels and adi-
pose tissue (Figure 2C and 2D). These results indicate 

that formation of de novo vessels could be a mechanism 
through by which transplanted MSCs ameliorate isch-
emic damage.

Given that P2 vasculogenic MSCs generated adi-
pocytes in addition to vessels in vivo, we investigated 
whether this adipogenic potential was unique to P2 
MSCs from adipose tissues. We isolated P2 MSCs from 
Actin-GFP donor mice lungs, a relatively fat-absent tis-
sue, to confirm whether adipocytes evident in grafted 
sites were independent of the tissue source of donor P2 
cells and were not the result of contaminating adipose 
tissue. Indeed, P2 MSCs from the pulmonary tissue also 
gave rise to fat and vessel structures in a manner identi-
cal to adipose-derived MSCs, when transplanted into the 
inguinal fat pads of recipient animals. Adipocytes derived 
from lung P2 populations have been confirmed by adipo-
cyte marker Perilipin 1 (Figure 2E). Taken together, these 
results suggest that P2 MSCs are multipotent and able 
to differentiate into fat and vessels, while P1 is restricted 
to vessel formation.

P1 and P2 Populations Are Vascular Stem/
Progenitor Cells
To assess the proliferative and self-renewal capabilities 
of our isolated P1 and P2 populations, we performed 
colony-forming assays. Populations isolated by FACS 
from a noninduced rainbow mouse were transplanted 
into the inguinal fat pads of separate immunodefi-
cient Rag2/gamma(c) knockout mice or performed in 
vitro culture to assess clonal potential (Figure S4A). 
Recipient mice were then pulsed with Tamoxifen. The 
P1 population, as previously seen, generated vessel-
like structures, which appear to be produced by a sin-
gle blue clone. The P2 population produced adipocyte 
structures that appeared to be derived from several 
clones of differing colors (Figure S4B). After 1 week of 
in vitro clone formation, P1 and P2 cells were analyzed 
by FACS to assess their self-renewal capabilities. 80% 
daughter cells of P1 (Tie2+PDGFRα-CD31+) showed 
Tie2+PDGFRα- phenotype and 47.4% of those cells 
were CD31+ (Figure S4C). Daughter cells (59.3%) of 
P2 (Tie2+PDGFRα+CD31−) showed Tie2+PDGFRα+ 
phenotype, and 99.8% of those cells were CD31− (Fig-
ure S4D). These data indicate that P1 and P2 popula-
tions are vessel-forming vascular stem/progenitor cells 
(VSPCs) progenitors. Henceforth, we will also refer to 
P1 and P2 as VSPC1 and VSPC2, respectively.

Cotransplantation of VSPC1 (P1) and VSPC2 
(P2) Leads to the Development of Functional 
Vessels
Of the tested donor tissues, adipose tissue is the most easily 
accessible, abundant, and clinically suitable for autologous 
cell-based therapy for ischemia. Given this translational 

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.317943
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.317943@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.317943@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.317943
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.317943
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.317943
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.317943
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.317943@line 2@
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component, our subsequent experiments focused on 
understanding and optimizing the vessel-forming capacity 
of VSPC1 and VSPC2 in adipose-derived MSCs. To better 
understand the relationship between VSPC1 and VSPC2, 
we isolated both populations from the adipose tissue of 
Actin-GFP donor mice and cotransplanted them into the 
inguinal fat pads of immunodeficient Rag2/gamma(c) 
knockout mice. Surprisingly, the explanted grafts derived 
from VSPC1 and VSPC2 cotransplantation primarily con-
tained vessel structures with minimal presence of adipose 
cells, and numerous GFP-labeled donor cells derived 
vessels were overlapped with blood flow (Figure 3A). 
Retro-orbital perfusion of animals with DyLight 649-lec-
tin dye, which adheres specifically to endothelial linings of 

recipient mice, showed binding within donor-derived GFP 
vessels, demonstrating that donor cell-derived vessels 
were connected to host vasculature (Figure 3B). Those 
vessels were also stained positive for endothelial mark-
ers including CD31 and VWF (Von Willebrand factor; Fig-
ure 3C and 3D).

To determine whether the functional vessels observed 
following cotransplantation of the subfractionated stro-
mal cells arose from both VSPC1 or VSPC2 donor 
populations, we isolated each population individually 
from Actin-RFP and Actin-GFP reporter mice. Single 
population of Actin-RFP VSPC1 cells formed stunted 
vessels, whereas VSPC2 cells derived from Actin-GFP 
reporter mice formed both stunted vessels and fat when 

Figure 2. Cell surface markers that define vessel-forming progenitor populations.
A, Differentiation potential of different cell populations after transplantation into inguinal fat pads of immunodeficient Rag2/gamma(c) knockout 
mice. Scale bars=100 µm. B, Prospective isolation of vessel-forming progenitors by fluorescence-activated cell sorting, P1 (CD45−, Ter119−, 
Tie2+, CD31+, PDGFRα−, CD105high, Sca-1low) and P2 (CD45−, Ter119-, Tie2+, CD31−, PDGFRα+, CD105low, Sca-1high). C, Two weeks 
post-transplantation of P1 or P2 from adipose tissue into inguinal fat pads of immunodeficient Rag2/gamma(c) knockout mice. Scale bars=100 
µm. D, A bar graph comparing P1 and P2 differentiation potential after transplantation. E, Two weeks post-transplantation of P2 from pulmonary 
tissue into inguinal fat pads of immunodeficient Rag2/gamma(c) knockout mice. Arrows indicate positive co-staining of Perilipin1 and GFP 
(green fluorescent protein). Scale bars=100 µm.
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transplanted within the inguinal fat pads, confirming our 
previous observations. In contrast, cotransplantation 
of RFP VSPC1 cells with GFP VSPC2 cells into the 
inguinal fat pads of immunodeficient Rag2/gamma(c) 
knockout mice gave rise to functional vessels derived 
from both the RFP and GFP cells, as well as minimal 
fat (Figure 3E and 3F). These findings suggest that the 
combination of VSPC1 and VSPC2 MSCs has a supe-
rior effect in generating vessels while simultaneously 
suppressing the inclination toward adipocyte differen-
tiation by VSPC2.

VSPC1 (P1) and VSPC2 (P2) Cotransplantation 
Successfully Rescues Vascularization After 
Femoral Artery Ligation
We next aimed to determine whether a combination of 
VSPC1 and VSPC2 adipose-derived MSCs could restore 
functional deficits in a mouse model of hind limb isch-
emia. VSPC1 and VSPC2 were injected as individual 
cells, or as cotransplants, and compared with injection of 
carrier only GFR Matrigel. Blood flow was monitored fol-
lowing ligation of the femoral artery using laser Doppler 
imaging (Figure 3G). Mice injected with GFR Matrigel 
had low levels of revascularization presumably due to the 
modest endogenous response to ischemic injury. In sharp 
contrast, injection of combined VSPC1 and VSPC2 pro-
genitor cells significantly improved limb perfusion at 7 
days post-transplantation, and this effect was enhanced 
at 14 and 28 days post-transplantation. There was also 
a significantly increased blood perfusion in VSPC1 and 
VSPC2 cotransplanted mice compared with mice trans-
planted with either VSPC1 or VSPC2 alone. The supe-
rior blood perfusion of cotransplantation lasted 28 days 
post-transplantation and demonstrated longevity of de 
novo structures formed (Figure 3H and 3I). Functional 
recovery observed by Doppler imaging suggests that 
recovery post grafts is mediated by the de novo forma-
tion of functional GFP vessels, which anastomosed with 
host vasculature and revascularized the site of injury 
(Figure 3J through 3M). Taken together, these findings 
indicate that cotransplantation of VSPC1 and VSPC2 
cells leads to optimized neovascularization.

Regulatory Crosstalk Between VSPC1 
(P1) and VSPC2 (P2) in the Promotion of 
Neovascularization
To further characterize VSPC1 and VSPC2 progenitor 
populations and determine a signaling basis for how 
interactions between them may guide the formation of 
vessels, we performed single-cell sequencing on VSPC1 
and VSPC2 populations derived from mouse adipose 
and lung tissue using 10x Genomics Chromium platform 
(Figure 4A and 4B). VSPC1 and VSPC2 populations from 

adipose and lung tissues clustered separately based on 
their own cell types and tissue sources, indicating relative 
homogeneity of these populations (Figure 4A). Differen-
tially expressed gene analysis confirmed the presence of 
a combination of cell surface markers that were used to 
isolate VSPC1 and VSPC2 populations (Figure 4B).

To investigate VSPC1 and VSPC2 population inter-
action networks, we performed CellChat analysis based 
on receptor-ligand interactions between the VSPC1 and 
VSPC2 cell populations with single-cell RNA-expression 
data. CellChat interaction network analysis revealed com-
plex signaling regulation of VSPC1 to VSPC2 popula-
tions, including PDGF, CXCL12, COL4, and other signals 
(Figure 4C and 4D). Our previous microarray analysis 
of VSPC1 and VSPC2 populations from adipose, lung, 
and bone marrow also highlighted that PDGFβ ligand 
is only expressed in the VSPC1 population but not the 
VSPC2 population. In contrast, the receptor for PDGFβ, 
PDGFRα is only expressed in the VSPC2 but not the 
VSPC1 population (Figure 4E). These data suggest that 
PDGF signals may act as unidirectional stromal cues 
from the VSPC1 sub-fraction to guide VSPC2 progeni-
tor cells to form vessels. This concurs with other studies 
which have demonstrated a critical role for PDGF in the 
regulation of vessel development.41 In addition, previous 
studies have identified adipose-derived progenitor cells 
expressing PDGFRβ in the stromal vascular fraction of 
adipose tissue.42

To further explore the role of PDGF signaling in vessel 
formation within VSPC1 and VSPC2 cell populations, we 
cotransplanted VSPC1 and VSPC2 cells isolated from 
Actin-GFP reporter mice in Matrigel with or without a 
saturating dose of a PDGFR antagonist (a neutralizing 
antibody against PDGFRα). The presence of a PDGFR 
antagonist led to complete ablation of functional vessel 
formation. Retained GFP cells were instead character-
ized by a nondescript appearance and were negative for 
markers of endothelial (CD31), smooth muscle (alpha 
SMA [smooth muscle actin]), or pericyte origin (neural 
glial antigen 2; Figure 4F and 4G). To test if PDGF sig-
nal is specifically regulating VSPC2 cells, we also trans-
planted VSPC1 cells with or without PDGFR antagonist, 
the results showed that the inhibition of PDGF signal 
does not affect the function of VSPC1 cells (Figure S5A 
and S5B). Taken together, these findings confirm that 
PDGF is a key mediator of vessel formation due to its 
effects on VSPC1 and VSPC2 populations.

Human Lipoaspirate Contains Functional, 
Analogous VSPC1 (P1) and VSPC2 (P2) 
Populations
The successful in vivo generation of ischemia-rescuing 
vessels from cotransplantation of mouse VSPC1 and 
VSPC2 prompted us to determine whether analogous 

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.317943@line 2@
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Figure 3. Cotransplantation of VSPC1 (P1) and VSPC2 (P2) populations leads to the development of functional vessels and 
rescue of ischemic injury.
A, Cotransplantation of 200 000 Actin-GFP (green fluorescent protein) mice derived VSPC1 and VSPC2 cell populations (1:1 ratio) in vivo 
(n=5). Scale bars=100 µm. B, Perfusion of recipient animals with DyLight 649-lectin to label vessels connected to vasculature system (n=5). 
Scale bars=100 µm. C, Immunofluorescence staining of CD31. From left to right, GFP signal from transplanted cells, (Continued ) 
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cell types also exist in human stromal tissues. We ana-
lyzed published single-cell sequencing datasets of human 
adipose stromal vascular fraction and identified transcrip-
tionally similar cell subsets that correspondingly express 
similar cell surface markers as mouse VSPC1 and VSPC2 
including Tie2, PDGFRα, and CD3143 (Figure 5A and 5B). 
We then assessed the stromal fraction of human abdomi-
nal lipoaspirate, which corresponds to the inguinal fat pads 
isolated from mice, the original tissue of origin of VSPC1 
and VSPC2 cells. FACS analysis of human lipoaspirate 
contained both VSPC1 CD45-Tie2+PDGFRα-CD31+ 
and VSPC2 CD45-Tie2+PDGFRα+CD31− populations 
(Figure 5C). To determine whether these populations were 
capable of giving rise to vessels in vivo and ameliorating 
ischemic injury, we delivered the VSPC1 and VSPC2 
populations separately or in combination into a xenotrans-
plant model of hind limb ischemia using immunodeficient 
Rag2/gamma(c) knockout mice. Laser Doppler revealed 
significantly enhanced revascularization in animals receiv-
ing the combination of human VSPC1 and VSPC2 cells 
compared with controls that received carrier only (GFR 
Matrigel) or carrier plus VSPC1 or VSPC2 cells alone 
(Figure 5D and 5E). Before delivery, transplanted VSPC1 
and VSPC2 cells were transduced with a GFP reporter 
lentivirus followed by co-staining of explanted grafts for 
human CD31, which revealed that donor human cells 
formed endothelial cells within the transplants (Figure 5F). 
These data indicate that human VSPC1 and VSPC2 are 
functionally homologous to mouse VSPC1 and VSPC2 in 
their ability to form vessels in an ischemic setting.

DISCUSSION
To date, efforts to regrow vessels in tissues damaged by 
inadequate blood supply have been met with limited suc-
cess. Identifying a source of vessel-forming progenitor 
cells would also provide a novel strategy to rescue isch-
emic tissues in patients with atherosclerosis or avascular 
necrosis. MSCs provide a reliable and practical source 
of progenitor cells.44 However, MSCs have been used in 

many clinical trials but have achieved mixed efficacy likely 
due to the heterogeneity of transplanted cells.45 Contro-
versy remains over whether these cells exert a paracrine 
effect on host tissue or are capable of forming vessels 
in vivo. In this study, we demonstrated that endogenous 
MSCs could form vessels in response to ischemia using 
a multicolor lineage tracing reporter system. We identi-
fied 2 distinct MSC subpopulations expressing Tie2 with 
vasculogenic potential VSPC1 and VSPC2 and followed 
their fates longitudinally using a unique transplantation 
assay that distinguished donor from recipient tissues. 
Cotransplantation of these subpopulations formed func-
tional vessels and effectively revascularized ischemic 
tissue in a murine model of hind limb ischemia. We iden-
tified PDGF as critical signal involved in cell-to-cell sig-
naling during vasculogenesis. In addition, we identified 
the functionally homologous MSC derived VSPC1 and 
VSPC2 subpopulations in humans, which can serve as 
a promising therapy for patients with cardiovascular and 
ischemic disease (Figure 5G).

Although MSCs have been touted for their multi-
potent potential, evidence for trans-differentiation into 
endothelial cell lineages in vivo is conflicting. Using 
genetic fate map techniques, Ubil et al46 first reported 
that cardiac fibroblasts adopt an endothelial cell pheno-
type after acute ischemic injury via activation of the p53 
pathway, which translated into improved cardiac func-
tion in a murine model of cardiac injury. The formation 
of functional vessels was not reported. In direct contrast 
to these findings, He et al47 used genetic lineage trac-
ing with pulse-chase labeling to show that pre-existing 
endothelial cells rather than fibroblasts form new vessels 
in a murine model of myocardial infarction. This finding 
challenged the premise that MSC-endothelial transition 
(MEndoT) contributes to vasculogenesis in vivo. Several 
immature MSCs, however, have more recently been iden-
tified to differentiate into vascular lineages and contrib-
ute to neovascularization, including hemangioma stem 
cells (HemSCs)48–50 and very small embryonic-like stem 
cells.51,52 These cells are multipotent and have the ability 

Figure 3 Continued. Anti-CD31 immunofluorescence staining (Alexa Fluor 647), merged signal from GFP and AF647 Anti-CD31. Scale 
bars=100 µm. D, Immunofluorescence staining of VWF (von Willebrand factor). From left to right, GFP signal from transplanted cells, 
anti-VWF immunofluorescence staining (Alexa Fluor 647), merged signal from GFP and AF647 anti-VWF staining. Scale bars=100 µm. 
E, Transplantation of single VSPC1 cell populations from Actin-RFP (n=6), single VSPC2 cell populations from GFP mice (n=6), and 
the combination of VSPC1 Actin-RFP cells and VSPC2 Actin-GFP cells (1:1 ratio; n=6). Scale bars=100 µm. F, A bar graph comparing 
the differentiation capacity of VSPC1, VSPC2, and VSPC1+VSPC2 combination after transplantation. G, Experimental schematic for in 
vivo rescue experiments. A total number of 500 000 VSPC1, VSPC2 or VSPC1+VSPC2 (1:1 ratio) GFP+ cells were injected with GFR 
Matrigel and compared with the injection of GFR Matrigel alone. Blood flow was monitored following ligation of the femoral artery using 
laser Doppler imaging. Diagram was created with Biorender. H, Laser Doppler measurement of restored blood flow in ischemic hindlimbs 
of immunodeficient Rag2/gamma(c) knockout mice treated with transplanted cells. Red and orange areas indicate high blood flow, while 
blue or black areas indicate decreased blood flow. I, Quantification of blood flow in the presence of an injection of GFR Matrigel only (n=6) 
compared with injection of VSPC1 cells only (n=6), VSPC2 cells only (n=6), or VSPC1+VSPC2 cotransplant (n=6), at day 0, 7, 14, and 28 
post-transplantation. Significance was determined by comparing the indicated group with VSPC1+VSPC2 cotransplant group. J, Fluorescence 
microscopy demonstrates cotransplantation of Actin-GFP mice derived VSPC1 and VSPC2 cell populations in vivo yields GFP vessels 
carrying blood in the ischemic hindlimb 14 days after transplantation. Scale bars=100 µm. K, Perfusion of vessels with DyLight 649-lectin 
demonstrates functionality. Scale bars=100 µm. L, A bar graph comparing GFP+ vessels per view (n=10). M, A bar graph comparing Lectin+ 
percentage of GFP+ vessels (n=10).
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Figure 4. Regulatory crosstalk between VSPC1 (P1) and VSPC2 (P2) in promotion of neovascularization.
A, Single-cell RNA-sequencing data of VSPC1 and VSPC2 from mouse fat and lung tissues are shown by uniform manifold approximation and 
projection (UMAP). B, Representative gene expression of VSPC1 and VSPC2 populations. C and D, CellChat analysis of VSPC1 to VSPC2 
interactions revealed PDGF signal from VSPC1 cells is a potential regulator of VSPC2 cell differentiation. E, Microarray data of VSPC1 and 
VSPC2 populations from fat, lung, and bone marrow showed specific ligand-receptor expression patterns between VSPC1 and VSPC2. F 
and G, Co-injection of GFP (green fluorescent protein) VSPC1 and GFP VSPC2 cell populations into the fat pad of immunodeficient Rag2/
gamma(c) knockout mice (n=5) with or without a saturating dose of PDGFR antagonist. Vessel markers, including smooth muscle (SMA; i-iii), 
endothelial (CD31; iv-vi), and pericyte (NG2; vii-ix) have been tested. Scale bars=100 µm.
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Figure 5. Human lipoaspirate contains functional, analogous VSPC1 (P1) and VSPC2 (P2) populations.
A, Single-cell RNA-sequencing data of human adipose stromal vascular fraction shown by uniform manifold approximation and projection. B, 
Representative gene expression of VSPC1 and VSPC2 populations. C, Prospective isolation of transcriptionally similar cell subsets of VSPC1 
and VSPC2 from human adipose tissue. D, Cotransplantation of VSPC1 and VSPC2 populations were tested with immunodeficient Rag2/
gamma(c) knockout mice. Laser Doppler measurement and quantification of restored blood flow in ischemic hindlimbs of immunodeficient 
Rag2/gamma(c) knockout mice treated with transplanted growth factor reduced (GFR) Matrigel or GFR Matrigel plus human derived 
cells. Red and orange areas indicate high blood flow, while blue or black areas indicate decreased blood flow. E, Quantification of blood 
flow in the presence of an injection of GFR Matrigel only (n=6) compared with injection of VSPC1 cells only (n=6), VSPC2 cells only 
(n=6), or VSPC1+VSPC2 cotransplant (n=6), at day 0, 7, 14, and 28 post-transplantation. Significance was determined by comparing the 
indicated group with VSPC1+VSPC2 cotransplant group. F, Overlapping of GFP-labeled human VSPC1+VSPC2 cells with Anti-hCD31 
immunofluorescence staining (Alexa Fluor 647). Scale bars=100 µm. G, Diagram to show the properties of VSPC1 and VSPC2 vessel-forming 
progenitors and their interactions. Diagram was created with Biorender.
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of differentiating into endothelial cells, adipocytes, and 
osteoblast. In this study, we used a multicolor lineage 
tracing reporter system that enables clear identification 
of subpopulations of MSCs (VSPC1 and VSPC2) that 
can form de novo vessels when cotransplanted after 
ischemic injury. Aside from blood vessel and adipocyte 
fates, we do not observe lineage commitment in vivo by 
VSPC1 and VSPC2 to other mesenchymal fates such 
as osteoblast. We provide further support for the MSC-
endothelial transition by demonstrating that cotrans-
plantation of subpopulations of MSCs expressing Tie2 
(VSPC1 and VSPC2) formed functional vessels in vivo 
and provided sufficient perfusion to rescue the hind 
limbs of mice after femoral artery ligation.

The importance of Tie2 and Sca1 in vasculogenesis 
has been reported previously. Tie2 is a transmembrane 
tyrosine-protein kinase receptor that binds angiopoi-
etin, mediating signaling pathways that regulate embry-
onic vascular development. Although it is presumed that 
Tie2’s effect on angiogenesis is primarily exerted by its 
expression on endothelial cells, recent data has shown 
that monocytes53,54 and pericytes53 express functional 
Tie2 receptors. In patients with critical limb ischemia, 
Patel et al54 showed that Tie2-expressing monocytes/
macrophages were 10-fold more abundant before revas-
cularization and were required for normal endothelial 
tube formation in vitro and in vivo. In contrast, Teichert et 
al55 found that the presence of Tie2 in pericytes limited 
endothelial sprouting. In MSCs, Tie2 expression sepa-
rates MSC lineages into those that can form vessels 
and adipocytes from those that can form bone.14 Taken 
together, it appears that Tie2 is a regulator of vasculo-
genesis across multiple cell types. Sca1-expressing pro-
genitor cells have been reported to respond to injury and 
give rise to vascular endothelial cells and smooth muscle 
cells.56–58 The multipotential and heterogeneity of Sca1-
expressing cells have also been observed in our trans-
plantation study.

Although both MSC subpopulation VSPC1 and 
VSPC2 expressed Tie2 and Sca1, they differed in their 
expression of CD31, PDGFRα, CD105. Anderson et 
al59 also showed that MSCs are heterogenous for the 
expression of CD105, a member of the TGF-β fam-
ily. We found that the subpopulation of MSCs with low 
CD105 expression (VSPC2) have greater potential 
to differentiate into adipocytes likely because of their 
reduced responsiveness to TGF-β/smad2 signaling, 
which is consistent with previous studies.60 Interestingly, 
MSCs with low CD105 expression (VSPC2) have high 
mRNA levels PDGF receptors, whereas those with high 
CD105 expression (VSPC1) have high mRNA levels of 
PDGF ligands, suggesting crosstalk between these 2 
cell subpopulations. Like TGF-β, PDGF signaling has 
been found to play an important role the differentia-
tion of MSCs into adipocytes,61 which may explain why 
cotransplantation of the 2 subpopulations of VSPC1 

and VSPC2 was required to inhibit adipogenesis and 
favor vessel formation in vitro and in vivo. Importantly, 
the activation of the PDGFα receptor also promotes 
angiogenesis,62,63 providing further support for the 
cotransplantation of these cell subpopulations. Spatial 
transcriptomics should be considered to further char-
acterize cell surface markers and cell-cell interactions 
further in VSPC1 and VSPC2.

In summary, transplantation of distinct MSC sub-
populations VSPC1 and VSPC2 can promote neovas-
culogenesis for the treatment of ischemic diseases. 
Because MSCs may be better tolerated than other cell 
types due to their immunomodulatory properties,64 allo-
genic transplantation may be feasible, enabling “off the 
shelf” therapy. While the differentiation of pluripotent 
stem cell populations into vessel lineages is another 
strategy, it requires in vitro culture and is associated with 
significant immunogenic65 and tumorigenic risks.66 Thus, 
the enrichment of a specific combination of VSPC1 
and VSPC2 vessel-forming progenitor populations from 
a suitable source such as adipose tissue followed by 
direct transplantation may present an effective method 
for inducing formation of new blood vessels for treat-
ment of ischemic injury.
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