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Nonbone Marrow CD34* Cells Are Crucial for
Endothelial Repair of Injured Artery

Liujun Jiang®; Ting Chen;" Shasha Sun;” Ruilin Wang, Jiacheng Deng, Lingxia Lyu, Hong Wu, Mei Yang, Xiangyuan Pu,
Luping Du, Qishan Chen, Yanhua Hu, Xiaosheng Hu, Yijiang Zhou, Qingbo Xu‘®, Li Zhang

RATIONALE: Endothelial cells play a critical role in multiple cardiovascular diseases. Circulating CD34* cells are believed to
be endothelial progenitors that have been used to treat cardiovascular diseases. However, the exact identity and the role of
CD34* cells in vascular regeneration remains unclear.

0BJECTIVE: We aimed to investigate the exact identity and the role of CD34* cells in vascular regeneration.

METHODS AND RESULTS: Compared with healthy arteries, CD34 expression percentage was significantly increased in diseased
femoral arteries from patients. Using a guidewire-induced endothelial denudation model, we reported the transcriptional
profiling of over 30 000 cells by single-cell RNA sequencing analysis and provided a cell atlas of normal and lesioned arteries
in mouse, in which a heterogeneous population of CD34* cells was revealed. Combining the inducible lineage tracing Cd34-
CreER™;R26-tdTomato mouse model and bone marrow transplantation experiments, we showed that nonbone marrow
CD34* mesenchymal cells acquired endothelial cell fate in the injured femoral artery rather than preexiting endothelial cells,
while bone marrow-derived CD34* cells differentiated into immune cells locally after vessel injury. Depletion of nonbone
marrow CD34+ cells using diphtheria toxin-induced cell ablation models exacerbate neointimal lesions of the injured vessel.
Furthermore, isolated vascular adventitia CD34* cells displayed endothelial differentiation, in which microRNA-21-Smad7-
pSmad2/3 pathway regulated endothelial gene expression and function during differentiation.

CONCLUSIONS: Our study provides a transcriptional and cellular landscape of vessels after endothelial denudation. Our findings
suggest heterogeneous CD34" cells serve as a contributor not only to endothelial regeneration but also an inflammatory
response that may provide therapeutic insights into vascular diseases.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.
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of vascular diseases, including atherosclerosis, angio-

plasty-induced vessel injury, and in-stent restenosis.’
After endothelial damage or denudation in large arteries,
regeneration of endothelial cells (ECs) is usually one of
the most critical steps in lesion healing. CD34 is a glyco-
phosphoprotein that expressed in hematopoietic stem cells
and tissue-resident cells, especially in the vessel wall2®

Endothelial injury is an initial event in the pathogenesis

Concerning bone narrow-derived circulating CD34" cells,
it is well established that they can differentiate into several
types of white blood cells. In the late 1990s, Asahara et
al* isolated CD34*/CD31~ cells from peripheral blood and
suggested these cells were able to differentiate into ECs
in vitro and promote angiogenesis in animal models. These
cells were named as endothelial progenitor cells (EPCs).
Since then, a large number of studies related to peripheral
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Novelty and Significance

What Is Known?

+ CD34* cell therapy has been investigated in clinical tri-
als of multiple cardiovascular diseases because these
cells might promote angiogenesis or endothelial cell
regeneration.

+ CD34" antibody-coated stents fail to achieve ideal
clinical benefits in vessel-narrowing diseases.

+ Current understanding of the complexity within the
CD34* cell population is not sufficient to explain the
problems in translational research of CD34* cells.

What New Information Does This Article

Contribute?

* Our study elucidates the heterogeneity of CD34* cells
at both the single-cell level and the genetically traced
level, in the vessel wall of both healthy and wire-injured
arteries.

* Nonbone marrow vessel wall CD34" cells can act as
an important source of differentiating and regenerating
endothelial cells.

* Specific ablation of nonbone marrow CD34* cells
leads to an aggravation of neointimal formation.

* The microRNA-21-Smad7-pSmad2/3 pathway regu-
lates CD34* cell differentiation into endothelial cells.

CD34* cells have been studied for decades as a can-
didate for stem cell therapy because of their capac-
ity of regenerating endothelial cells and promoting
angiogenesis in vitro. However, in most cases, clinical
trials using CD34* cells fail to outperform traditional
treatments such as drug-eluting stent implantation,
possibly due to the heterogeneity of CD34+ cells and
uncontrollable responses in vivo. In this study, we com-
bined single-cell RNA sequencing and genetic lineage
tracing to investigate the constitution, distribution, and
biological function of vessel wall CD34* cells and
depict the reaction of these cells after wire injury in
a mouse model. We revealed that nonbone marrow
vessel wall CD34* cells, which mostly resided in the
adventitia, play an important role in regenerating endo-
thelial cells after denudation. Ablation of these cells
exacerbated pathological neointimal formation. We
also identified the microRNA-21-Smad7-pSmad2/3
pathway by single-cell RNA sequencing and in vitro
experiments as a regulator of adventitial CD34* cells
differentiating into endothelial cells. Our study gives
a more comprehensive understanding of CD34* cells.

Nonstandard Abbreviations and Acronyms

BM bone marrow

BMT bone marrow transplantation

DTA diphtheria toxin subunit A

ECs endothelial cells

EPCs endothelial progenitor cells

FACS fluorescence-activated cell sorting
miR-21 microRNA-21

scRNA-seq single-cell RNA sequencing

SMCs smooth muscle cells
tdT tdTomato
TGF transforming growth factor

blood EPCs have been published, and these CD34* EPCs
have been used as therapeutic agents in hundreds of clini-
cal trials involving ischemia (eg, peripheral arterial disease,
coronary artery disease, and myocardial ischemia), pulmo-
nary hypertension, liver cirrhosis, and wound healing.>™"'
Although clinical benefits were achieved in some studies,
the outcome of these clinical trials is variable. For example,
a previous study has constructed CD34 antibody-coated
stents to catch CD34* cells, which may presumably aid
endothelial healing after angioplasty.’? Although these
stents did promote re-endothelialization of the stenting
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vessel, the side effects of inducing inflammatory responses
and exacerbating neointimal formation limited their clinical
application.”® A recent large clinical trial using anti-CD34
antibody-coated combo stent also failed to get a better vas-
cular regeneration.'* The ambiguous results from studies of
EPCs have led to a challenge of the exact identity and func-
tion of these EPCs. Recent studies have reported these
previously defined EPC populations as circulating mono-
cytes contaminated with platelet microparticles or injured/
senescent ECs.'>'® Thus, whether circulating CD34+ cells
in blood are real endothelial progenitors, whether they
originated from the bone marrow (BM), and whether they
contribute to angiogenesis and participate in vascular repair
remain controversial and unresolved for decades.
Meanwhile, reports from several groups have shown the
existence of multilineage stem cells in the vessel wall.'-22
In 2003, Majka et al*® isolated vascular progenitor cells
resident in adult tissues and suggested these cells could
be engrafted and differentiated into the endothelium and
smooth muscle. Tintut et al** also detected stem cell-like
cells in the artery wall that demonstrate multipotency in
vitro. In 2004, Hu et al'” provided the first evidence of vas-
cular progenitor cells resident in the adventitia of an adult
vessel wall. These adventitial progenitors, characterized
by the expression of CD34, Sca-1 (stem cells antigen-1),
c-Kit (stem cell factor receptor), and Flk-1 (fetal liver
kinase-1), were able to differentiate into smooth muscle
cells (SMCs) in vivo and participate in neointima formation.
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However, the putative role of these resident CD34" cells
in vascular repair and regeneration in vivo remains elusive.
In this study, we hypothesize that CD34+ cells involved
in the vessel wall are a heterogeneous population, in
which only a small proportion have a capacity of endo-
thelial regeneration. To test this hypothesis, we first per-
formed single-cell RNA sequencing (scRNA-seq) analysis
of mouse femoral artery under physiological condition and
in a wire injury-induced endothelial denudation model. We
further generated a Cd34-CreER™;R26-tdTomato mouse
model to label and fate-map endogenous CD34" cells
under both physiological and pathological conditions. Our
results demonstrated that CD34* cells of non-BM origin
regenerated ECs in the vessel wall, and further investigate
the endothelial differentiation potential of isolated vascu-
lar adventitial CD34" cells in vitro, a process regulated by
microRNA-21 (miR-21) via Smad7-pSmad2/3 pathway.

METHODS

Data Availability

The data and R scripts that related to the findings of this study
are available on reasonable request. SCRNA-seq data of this
study are available in Gene Expression Omnibus (GSE182232).
One previously published scRNA-seq data set28 used in
this study is available in the SRA repository (Sequence Read
Archive: PRINABG64527).

Detailed description of the studies included and methods
used is provided in the Data Supplement. Human sample pro-
cedures had local ethical approval. All mice experiments were
approved by the Institutional Animal Care and Use Committee
of Zhejiang University School of Medicine.

RESULTS
CD34 Expression in Human and Mouse Artery

To detect the expression of CD34 in the blood vessels,
we first performed immunostaining in human healthy and
diseased arteries (Figure 1A), and in femoral arteries from
wild-type mice (Figure | in the Data Supplement). Immu-
nochemistry staining in healthy human internal mammary
arteries showed a sporadic distribution of CD34 in the
intima and adventitia layer (Figure 1A, upper left). In dis-
eased human femoral arteries with neointima formation,
the staining of CD34 was diffusely distributed in the intima
layer (Figure 1A, lower left, magnification image 1). In the
adventitia layer, newly formed CD34-positive microves-
sels were observed significantly, which was not detected
in healthy artery samples (Figure 1A, lower left, magnifica-
tion image 2). Statistically, CD34-positive staining varied
between groups. The positive staining percentage analy-
sis showed a significantly increased percentage of CD34
expression during artery disease, from 12.85%1.20%
in the healthy group to 20.0611.72% in the diseased
group. While the intensity of CD34 staining (calculated
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by average optical density) was similar between groups
(1566.568+3.90 in the healthy group and 163.25+6.01 in
the disease group), indicating the protein level of CD34
remained unchanged during disease.

The analyses of human arteries revealed an increased
number of CD34-expressing cells in artery disease. To
further elucidate the underlying cellular mechanism, we
performed immunostaining in mouse arteries. CD34 was
found to be expressed in both the intimal and adventi-
tial layers of the mouse femoral artery (Figure 1A in the
Data Supplement). While a minor population of CD34*
ECs was observed in both the intima and adventitia, a
large group of CD34*CD31~ cells were detected in the
adventitial layer, indicating vascular CD34* cells as a
heterogeneous population. Apart from the arterial wall,
BM is also a classic and established source for CD34+
cells. Notably, CD34* BM cells were partially copositive
for other progenitor cell markers such as Sca-1 or c-Kit
(Figure 1B in the Data Supplement).

Single-Cell Transcriptomes of CD34* Cells in
the Mouse Femoral Artery

To delineate the exact nature and cellular heterogeneity
of CD34* cells in mouse vessels, single nucleated live
cells (Hoechst*/dead cell stain~) were isolated from the
whole femoral arteries of 10- to 12-week-old wild-type
CB7BL/6J mice by enzymatic digestion (Figure IIA in
the Data Supplement). Both male and female mice were
included to acquire an unbiased result. Cells were then
processed for scRNA-seq using the 10x Chromium plat-
form (Figure II1B in the Data Supplement). A total of 5170
cells passed quality control metrics and were further
analyzed. At a sequencing depth of 30 mol/L per cell,
2310 genes were detected per cell on average (Table Il
in the Data Supplement). Using Seurat,?® unsupervised
clustering with t-distributed stochastic neighbor embed-
ding analysis revealed 15 cell clusters, which were fur-
ther attributed to putative biological identities based on
differentially expressed signature genes (Figure 1B, Fig-
ure IIC and Table Ill in the Data Supplement). The cell
clusters comprised vascular SMCs (3 clusters; Myh11,
Cnn1, Acta2, Tagin), ECs (2 clusters; Pecam1, Vwf, Cdhb),
mesenchymal cells (5 clusters; Sfrp2, Comp, Igfbp6), B
cells (Cd79a, Cd79b), T cells (Cd3d, Csf2), monocytes/
macrophages (Cd14, Ccl4), and pericytes (2 clusters;
Mcam, Actg2, Figure IID in the Data Supplement). Of
note, CD34 was expressed in a large population of mes-
enchymal cells and ECs of arteries (Figure 1C). Previ-
ously reported progenitor cell markers, such as Mcam,
Kdr, Kif4, and Kit were also examined in femoral artery
cells (Figure 11D in the Data Supplement). We found that
Kif4 was highly expressed in mesenchymal and endothe-
lial populations. The endothelial clusters also expressed
Kafr, while most SMC clusters express CD146 (Mcam).
However, Kit was rarely detected in our scRNA-seq data.
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Figure 1. Single-cell RNA sequencing (scRNA-seq) analyses of CD34* cells in femoral artery cells.

A, Representative images of CD34 expression in human internal mammary artery (IMA) and diseased femoral artery (DFA), with magnification

of the boxed region. Arrows indicate positive staining cells. Scale bars: 200 pm and 20 pm in magnification images. Dot plot (right) showed the
percentage and average optical density of CD34 positive staining across different groups (n=13 in each group). Data represent mean+SEM. Data
were first tested and passed normality test (D’Agostino and Pearson test), and unpaired 2-tailed t tests (Continued)
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We further sought to investigate the heterogeneity
of CD34* cells from the single-cell level. An additional
digestion of C57BL6/J mouse femoral arteries was per-
formed, CD34* cells were specifically isolated by fluo-
rescence-activated cell sorting (FACS) using anti-CD34
antibody and subjected for scRNA-seq. A total of 6668
cells were acquired by FACS sorting and scRNA-seq data
analysis for selecting cells expressing Cd34 gene (Fig-
ure 1D). We also compare FACS based protein CD34*
cells and gene Cd34* cells which were selected from the
original scRNA-seq data set. Interestingly, protein CD34
were only expressed on large amount of mesenchy-
mal cell and a minor population of ECs (Figure 1D and
Figure IlIA in the Data Supplement), while gene Cd34
also weakly distributed on SMCs and less macrophages
(Figure HlIA in the Data Supplement). Further analyses
of CD34" cells were based on the FACS sorted protein
CD34* cell data set. CD34* cell populations were further
clustered as 9 subpopulations (or 2 main groups), char-
acterized by distinct marker genes (Figure 1E and 1F and
Figure I1IB and Table IV in the Data Supplement). Endo-
thelial marker genes Pecam1 and Vwf were restricted in
the 2 EC populations, while mesenchymal marker Pdgfra
was only seen in mesenchymal populations. Interestingly,
previously reported progenitor maker Ly6a (encoding
stem cell antigen-1, Sca-1) was highly expressed in both
mesenchymal and ECs. Progenitor marker Kit, however,
was rarely expressed across cells. The most abundant
CD34" cell population detected was mesenchymal cells,
including 7 subclusters. Interestingly, we characterized a
distinct population (mesenchymal cell 7) highly express-
ing progenitor markers, including Cd34, Ly6a, Pdgfra, and
Thy1 (Figure 1G). Gene enrichment analysis for hallmark
pathways in mesenchymal cell 7 revealed enriched terms
including vasculature development and vasculogenesis
(Figure 1H), indicating a progenitor phenomenon. In the
EC populations, we also compared protein CD34* cells
and gene Cd34 cells from the original femoral artery
data set. Differential gene analysis showed multiple dif-
ferentially expressed genes between 2 EC subtypes,
while protein CD34* EC acquired a stronger capacity of
endothelium development and blood vessel morphogen-
esis (Figure l1IC in the Data Supplement). Collectively, our
data provided a single-cell atlas of mouse femoral artery
and further suggested a heterogeneous CD34* cell pop-
ulation, including cells in a subpopulation exhibited high
angiogenic potential.

CD34* Cells in Vascular Disease

Lineage Tracing Study Showing Distribution of
CD34* Cells in Mouse Femoral Artery

To further confirm the heterogeneity of CD34+* cells and
reveal the nature and location of endogenous CD34-
expressing and derived cells in the mouse femoral artery
of adult mice (8 weeks old at the start of each experi-
ment), we designed a CreER™ knockin strategy within
the Cd34 gene locus and generated a novel Cd34-Cre-
ER™ mouse line. We then conducted an inducible genetic
lineage tracing system for CD34* cells by crossing
Cd34-CreER™ with R26-tdTomato mouse lines (Figure
IVA in the Data Supplement). The Cd34-CreER™R26-
tdTomato mice were treated with 4 intermittent pulses
of tamoxifen to induce tdTomato labeling of CD34* cells,
and tissue was collected for analysis 1 week later (Figure
IVB in the Data Supplement). To test the labeling effect
of CD34, we first detected tdTomato and CD34 expres-
sion in major organs. Coexpression of CD34 and tdTo-
mato was widely observed in the heart, lung, liver, kidney,
spleen, and aorta (Figure IVC in the Data Supplement).
These data demonstrated that the tdTomato signal faith-
fully represented CD34" cells.

We then focused on the femoral artery and could readily
detect tdTomato fluorescence in the whole-mount artery
samples after tamoxifen treatment (Figure VA in the Data
Supplement). Immunostaining for tdTomato and CD34
showed strong colocalization, either on dissociated cells
from arteries or on artery sections (Figure 2A), with over
90% of tdTomato* cells expressing CD34. Of note, most
CD34* cells reside in the adventitia of the femoral artery
and could hardly be seen in the intima. Flow cytometric
analyses of dissociated femoral artery cells (Figure 2B)
showed that 97% tdTomato* cells coexpressed CD34, and
61% of CD34* cells were labeled with tdTomato, indicat-
ing a high specificity and efficiency of Cd34-CreER for
lineage tracing of CD34* cells in the femoral artery. To fur-
ther identify the cell types labeled by CD34 in the vessel,
we sectioned femoral arteries for immunostaining of tdTo-
mato and possible cell lineage markers. Results showed
that only 3% to 4% of tdTomato* cells coexpressed EC
markers CD31 or CD144 (Figure 2C and 2D), which was
also confirmed by flow cytometric analyses. Immunostain-
ing and flow cytometric analysis of hematopoietic marker
CD4b also indicated the presence of CD34*+ CD45* leu-
cocyte population (1%-3%, Figure 2E). In the adventitial
layers, where most CD34+* cells were located, we observed

Figure 1. Continued (with homogeneity of variances tested) were performed. Pvalues of each comparison were specified in the graph,
<0.05 was considered to be statistically significant. B, Visualization of unsupervised clustering in a t-distributed stochastic neighbor
embedding (t-SNE) plot of 5170 cells isolated from normal C57BL6/J mice femoral arteries. C, Feature plot showing expression of CD34
across all populations. D, T-SNE plot of the fluorescence-activated cell sorting (FACS) sorted CD34* cells. n=6668 cells. E, Dot plot showing
average scaled expression levels (color-scaled, column-wise Z scores) of top differentially expressed genes (DEGs; columns) across the
CD34~ cell subpopulations (rows), cells with a value >0 represent cells with expression above the population mean. Dot size reflects the
percentage of cells expressing the selected gene in each population. F, Feature plot showing expression of gene markers of SPC (Pdgfra and
Ly6a) and endothelial cell (EC; Pecam1 and Vwf) across all populations. G, Violin plots showing the expression levels of progenitor markers
across the CD34* cell subpopulations. Mesenchymal cell (Mesen) 7 with higher expression of progenitor markers was marked in dashed box.

H, Top 10 hallmark pathways enriched in Mesen 7 cluster.
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Figure 2. Characterization of CD34* cells in mouse femoral artery.

A, Immunostaining for tdTomato (tdT) and CD34 on isolated cells from arteries and on femoral artery sections, with quantification of the
percentage of CD34" cells in tdT* cells. B, Flow cytometric quantification of the percentage of CD34* cells in tdT* cells (Ieft) and tdT expression
in CD34* cells (right). C, Inmunostaining for tdT and CD31 on a femoral artery section with magnification of the boxed region. Fluorescent and
flow cytometric quantification of the labeled CD31* cells by Cd34-CreER™ were displayed on the right. D, Inmunostaining for tdT and CD144
on a femoral artery section with magnification of the boxed region. Fluorescent and flow cytometric quantification of the labeled CD 144" cells

in tdT* cells were displayed on the right. E, Inmunostaining for tdT and CD45 on a femoral artery section, with fluorescent and flow cytometric
quantification of CD45* cells in tdT* cells. F, Immunostaining for tdT and PDGFRa (platelet-derived growth factor receptor A) on a femoral artery,
with fluorescent and flow cytometric quantification of PDGFRa* cells in tdT* cells. Scale bars, 100 um and 20 um in magnification images. Data
are mean£SEM, n=6 in (A) and n=5 in C=F). Cell sample in each flow cytometric analysis were pooled cells of dissolved femoral arteries from 6
Cd34-CreER™;R26-tdT mice after tamoxifen treatment.

that over 90% tdTomato* cells expressed PDGFRa (plate-
let-derived growth factor receptor A), indicating that these
cells as mesenchymal cells (Figures 2F). These above
data were consistent with our above scRNA-seq analyses,
showing CD34* cells as possible mesenchymal cells, ECs,
and leucocytes. Furthermore, we did not detect any tdTo-
mato* fluorescence in SMCs in the media layer (Figure VB
in the Data Supplement). Additional staining also excluded
CD34* cells as perilipin A* (PLIN*) adipocytes around the
artery (Figure VC in the Data Supplement). Taken together,

Circulation Research. 2021;129:e146-e165. DOI: 10.1161/CIRCRESAHA.121.319494

we showed that in the artery wall, CD34* cells are a het-
erogeneous population, including a significant proportion
of adventitial mesenchymal cells, a tiny population of ECs
and leucocytes, but not medial SMCs.

Nonmature EC Source of CD34* Cells
Regenerate Endothelium After Denudation

We next evaluated how CD34+ cells were involved in vas-
cular remodeling under diseased condition. We examined
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whether CD34* cells divide them into new cells during
homeostasis or after vascular injury. Mouse femoral arter-
ies were collected 12 weeks after tamoxifen treatment
(Figure VIA in the Data Supplement). Immunostaining
and quantification for tdTomato and CD34 revealed that
under homeostasis condition CD34* cells remained a
low percentage without self-expansion (Figure VIB in the
Data Supplement). Femoral artery guidewire injury surgery
was performed to denudate the endothelium, then injured
artery samples were collected at different stages: the early
endothelial repair stage (day 1 to day 14) for en-face
staining and later stage (2 and 4 weeks after injury) for
cross sections (Figures VIIA and IXA in the Data Supple-
ment). Strong tdTomato fluorescence in the whole-mount
postinjury artery sample was observed (Figure IXB in the
Data Supplement). For early stage analyses, we also used
Cdhb5-CreER™;R26-tdTomato mice (mature EC lineage
tracing model) to evaluate the contribution of preexist-
ing mature EC in this injury model. Injured arteries were
separated into 2 parts: the centric injured region and the
adjacent regions (Figure VIIB in the Data Supplement).
Surprisingly, different repair patterns were observed in
these 2 regions. The ECs in the centric region were regen-
erated more from CD34* cells rather than mature Cdh5-
lineage ECs (Figure 3A and 3B). While ECs in the adjacent
region were mostly repaired by mature ECs, while CD34+
cells also contribute to the process (Figure VIIC and VIID
in the Data Supplement). For later stage analyses, sections
from artery tissue at the same time points were stained
for tdTomato and a collection of lineage markers. Unlike
the distribution of CD34* cells in physiological arteries
(Figure 3C), which tdTomato* CD31* cells only accounted
for a minor population of ECs, a large number of tdTo-
mato® CD31* ECs were observed in the intimal layer in
diseased condition (Figure 3D), with a growing trend over
time. Quantitatively, an increased number of tdTomato*
ECs could be observed over time, from 6.34£2.61% in the
sham group, to 29.09£3.29% in the 2-week group, and
finally to 44.84£7.66% in the 4-week group (Figure 3E).
This was further confirmed by flow cytometric analysis,
showing that over half of the CD31* dissociated vessel
cells coexpressed tdTomato (Figure 3F).

Except for the luminal ECs, there was also adventitia
microvessel expansion after vascular injury. To investigate
CD34* cell's contribution on this process, we performed
tissue clearing and 3-dimensional imaging to display a full
picture of the outer layer. Compared with normal arteries,
abundant newly expanded microvessels were observed
in the adventitia, costained with CD34-lineage marker
tdTomato, indicating a major contribution of CD34* cells
in the adventitia microvessel formation (Figure VIIA
through VIIIC in the Data Supplement). Verification on tis-
sue sections also confirmed these results (Figure VIIID
in the Data Supplement). Similar findings were observed
with CD144 staining, as well as additional Vcam-1 (vas-
cular cell adhesion molecule 1) and eNOS (endothelial
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nitric oxide synthase) staining (Figure XA through XC in
the Data Supplement), with similar statistical results that
CD34*-derived tdTomato* ECs contributed about half of
newly expanded ECs after vascular injury (Figure XD and
XE in the Data Supplement). Interestingly, newly regen-
erated ECs from later stage analysis did not express
CD34, suggesting CD34 as an early phase cell marker
in diseased condition (Figure XIA in the Data Supple-
ment). These data collectively suggest that CD34+ cells
contribute to both luminal endothelial regeneration and
microvessel remodeling in the injured artery.

Consistent with the observation from the normal femo-
ral artery (Figure VB in the Data Supplement), immunos-
taining of injured vessels showed that the vessel wall was
devoid of tdTomato* SMCs after wire injury, neither in the
native media layer nor in the neointima (Figure IXC and
IXD in the Data Supplement). Considering that inflamma-
tion plays a pivotal role in vascular injury,®*” we also exam-
ined the potential role of CD34" cells in inflammation in
this model. Immunostaining for tdTomato and hematopoi-
etic marker CD45 showed a contribution of CD34* cells
to CD4b6* inflammatory cells and especially CD11b* mac-
rophages (Figure IXE in the Data Supplement). Statistical
analysis of immunostaining and flow cytometric analysis
revealed that 50% to 60% of CD45" cells were positive
for tdTomato (Figure IXF and IXG in the Data Supple-
ment), suggesting a considerable number of CD34* cells
participate in the local inflammatory response. Lesional
leukocytes also did not express CD34 in the later stage of
disease (Figure XIB in the Data Supplement).

Additionally, we compared our Cb57BL6/J mouse
femoral artery scRNA-seq data set with a published
mouse aorta data set®® to find the difference between
these 2 vessels. The cell component differed largely
between aortic and femoral arterial cells, as aorta com-
prised large populations of lymphocytes, and cell com-
ponent of SMCs and ECs also differed from each other.
The 4 SMC subtypes and 2 EC subtypes exhibited dif-
ferent distribution in 2 types of vessels, indicating differ-
ent pathophysiological roles of vascular cells in different
vessels (Figure XIIA and XIIB in the Data Supplement).
Further analyses using multiple differentially expressed
genes and gene ontology (GO) methods indicated that
femoral ECs displayed lower abilities for EC differentia-
tion and cell migration (Figure XIIC and XIID in the Data
Supplement), which suggested some additional regener-
ating sources such as CD34* cells in our above analyses.

Non-BM Source of CD34* Cells Contribute

to Endothelial Regeneration While BM CD34*
Cells Give Rise to CD45* Leucocytes During
Neointimal Formation

Our above data revealed abundant CD34* cells in the

vascular injury model. We next sought to address whether
these CD34+ cells originate from BM or non-BM source.
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Figure 3. Nonmature endothelial cell (EC) source of CD34* cells repopulate ECs in neointima formation.

A, En-face immunostaining for tdTomato (tdT), CD31, and proliferation marker EdU on the centric intimal layer of Cdh5-CreER™;R26-tdT mice at
indicated time point. Scale bars, 50 um. B, En-face immunostaining for tdT, CD31 and proliferation marker EdU (5-Ethynyl-2"-deoxyuridine) on the
centric intimal layer of Ca34-CreER™;R26-tdT mice at indicated time point. Scale bars, 50 pm. €, Immunostaining for tdT and CD31 on femoral artery
sections from the sham group, with magnification of the boxed region. D, Immunostaining for tdT and CD31 on femoral artery sections from the
femoral artery injury (FA-2 wk (FAI2W) group (left) and the FAI-4 wk (FAI4W) group (right) relating to luminal ECs, with magnification of the boxed
region. E, Quantification of the percentage of CD31* tdT* cells in CD31* cells at different time points. Scale bars, 100 pm and 20 pm in magnification.
Data represent mean+SEM, n=8 in the sham and FAI4W groups and n=5 in the FAI2W group. Data were first tested by Shapiro-Wilk test for normality
and nonparametric 1-way ANNOVA test (Kruskal-Wallis test with Dunn multiple comparisons test) was performed. Pvalues between each 2 groups
were specified in the graph, A<0.05 was considered to be statistically significant. F, Flow cytometric analysis of CD31 expression in tdT* cells. Cells
used in the flow cytometric analysis were pooled cells of dissolved femoral arteries from 6 Cd34-CreER™R26-tdT mice at FAI4W group.
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Using a BM transplantation (BMT) model, 2 types of chi-
meric mice were generated: one in which BM cells from
Cd34-CreER™:R26-tdTomato mice were transferred
to irradiated wild-type C57BL/6J mice (BMTCDS4-WT)
and another vice versa (BMTWI—CP34) The chimeric
mice were then pulsed with tamoxifen and subjected

CD34* Cells in Vascular Disease

to femoral artery injury or euthanized for reconstitution
analyses (Figure 4A). Successful reconstitution of BM in
BMTEP34=WT chimeric mouse was confirmed by the detec-
tion of tdTomato* cells in BM by flow cytometry and on
isolated cells by immunostaining 1 week after tamoxifen
usage (Figure XIIIA in the Data Supplement). The reserve

B
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Figure 4. Nonbone marrow CD34* cells repopulate endothelial cells, whereas bone marrow (BM) CD34+* cells give rise to CD45*

leukocytes in neointima formation.

A, Sketch of the experimental design for BM transplantation (BMT) to generate 2 types of chimeric mice. B and D, Immunostaining for tdTomato
(tdT), CD31 and CD45 on wire-injured femoral artery sections from 2 types of chimeric mice. € and E, Quantification of the percentage of tdT
expression in CD31* or CD45* cells from injured femoral arteries of 2 types of chimeric mice. C57BL/6J mice (C) or Cd34-CreER™;R26-tdT
mice (E) without BMT were used as controls (CTR). Arrow heads indicate coexpressing cells. Scale bars, 100 um and 20 pm in magnification.
Data represent mean+SEM, n=5 in each group. Data were tested by unpaired nonparametric 2-tailed Mann-Whitney U test. Pvalues between
each 2 groups were specified in the graph, A<0.05 was considered to be statistically significant. FAl indicates femoral artery injury.
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of CD34* cells before and after BMT revealed they were
radioresistant (Figure XIIIC and XIIID in the Data Sup-
plement). In this chimeric mouse model (BMTCP34-WT)
tdTomato* cells were detected mainly in the adventitial
layers of the postinjury artery sections. Coexpressing of
tdTomato in CD31* ECs were rarely observed neither
on the luminal surface nor in the adventitia (Figure 4B
and 4C). However, we observed a large number of tdTo-
mato* CD45" cells in the BMTCP%=WT chimeric mouse
(Figure 4B), with 51.624+0.95% of CD45* cells positive
for tdTomato (Figure 4C). It should be noted that a num-
ber of tdTomato™ CD45* cells were also observed in this
chimeric model. Conversely, in another BMTW=CP34 chi-
meric mouse model, which manifested nearly complete
abolishment of tdTomato* cells in the BM (Figure XIIIB
in the Data Supplement), a small number (8.29+1.019%)
of tdTomato* CD45* cells were also observed, indicat-
ing that CD34* cells from a non-BM origin, such as
the vessel wall or adjacent tissues, also contribute to
the inflammatory response, although accounting for a
small population (Figure 4E). In addition, coexpression
of tdTomato in CD31* ECs was frequently observed on
the luminal surface and in the adventitia (Figure 4D),
with an average percentage similar to that in non-BMT
Cd34-CreER™,R26-tdTomato mice (51.78+4.76% in
BMT group compared with 58.51£3.61% in the control
group, Figure 4E). Traditionally, BM or circulating EPCs
were thought to be the major source of ECs postvas-
cular injury. However, our above data critically demon-
strated that most luminal and microvessel CD31* ECs
are derived from non-BM CD34* cells in response to
vascular injury, while BM CD34* cells mainly give rise
to increased CD45* leucocytes, which may also be an
important contributor to neointima formation.

Depletion of Non-BM CD34* Cells Aggravates
Neointimal Lesions

Our data so far suggested that non-BM CD34* cells
regenerated ECs while BM CD34* cells generate leuco-
cytes. We next sought to address the functional role of
CD34* cells in vessel repair and regeneration. To test the
possible function of CD34+-derived cells, we crossed the
Cd34-CreER™;R26-tdTomato and R26-eGFP-diphthe-
ria toxin subunit A (DTA) mouse lines to allow selective
ablation of the CD34* cell population at indicated time
points. Cre recombinase activation by tamoxifen adminis-
tration leads to the specific expression and activation of
the DTA in CD34" cells, resulting in termination of protein
synthesis and apoptotic cell death.?® We treated the mice
with tamoxifen before and after vessel injury with 2 full-
dose pulses to achieve a thorough depletion of CD34*
cells during the perioperative period (Figure bA). Cd34-
CreER™:R26-tdTomato mice were used as control. After
tamoxifen induction on Cd34-CreER™R26-DTA/tdTo-
mato mice, 60% to 70% of CD34* cells were depleted in
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the vessel wall and the BM as verified by flow cytometric
analyses (Figure 5B and Figure XIVA in the Data Sup-
plement), along with a significant decrease of tdTomato
fluorescence in whole-mount samples (Figure 5C). As
DTA targeting all CD34-expressing cells, by flow cytom-
etry we detected a decrease of tdTomato* CD31* ECs
(Figure XIVB in the Data Supplement, left compared with
Figure 2C) and tdTomato* PDGFRa* mesenchymal cells
(Figure XIVB in the Data Supplement, right compared with
Figure 2F). After vessel injury, histological examination
showed an increase in lumen area, with decrease in neo-
intima thickness and neointima/media ratio (Figure 5D
and BE). Immunostaining for tdTomato and cell lineage
markers further showed a significant decrease of tdTo-
mato* CD31* or tdTomato* CD144* ECs (Figure 5F and
5@), leucocytes (Figure XIVC in the Data Supplement) and
mesenchymal cells (Figure XIVD in the Data Supplement).

Since our above data indicated a non-BM source of
CD34* cells regenerating ECs, to address the exact role
of the non-BM CD34* cells, we created a selectively non-
BM CD34" cell ablating model, that chimeric mice were
generated by transferring C57BL/6J BM cells into irra-
diated Cd34-CreER™;R26-DTA/tdTomato mice (Figure
XIVE in the Data Supplement). After tamoxifen administra-
tion and vessel injury (Figure 5H), we observed a notable
aggravation of neointima formation in the chimeric DTA
group with decreased lumen area, increased neointima
thickness and intima/media ratio (Figure 51 and BJ).
Immunostaining analyses exhibited a similar decrease of
tdTomato* CD31* or tdTomato* CD144* ECs (Figure bK
and 5L) and mesenchymal cells (Figure XIVG in the Data
Supplement). Since wild-type BM cells were transferred,
the BM-originated CD34* cells were not affected by DTA,
as evidenced by CD4b* cells remained in artery sections
(Figure XIVF in the Data Supplement).

By using Cd34-CreER™R26-DTA/tdTomato mice,
we gave tamoxifen both to label CD34-lineage cells
and also to specifically ablate them. We also crossed
Cd34-CreER™:R26-tdTomato mice with R26-DTR mice
to obtain Cd34-CreER™R26-DTR/tdTomato  mice.
Tamoxifen was only used for labeling cells and exog-
enous diphtheria toxin injection was used for depleting
cells thereafter. Similar findings were also verified in this
mouse model (Figure XV in the Data Supplement). Taken
together, our data support that in the wire injury model,
different origins of CD34* cells possess different patho-
logical contributions, that BM CD34* cells were patho-
genic factors by their inflammatory components while
non-BM CD34" cells were protective factors via their
endothelial and mesenchymal functions.

Single-Cell Transcriptomes Depict Cellular
Landscape in Vascular Injury

To depict the cellular changes (including tdTomato-
labeled CD34* cells) and examine possible mechanisms
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Figure 5. Depletion of CD34* cells affects neointima formation.

A, Sketch of the experimental design for CD34* cell depletion using Cd34-CreER™;R26-diphtheria toxin subunit A (DTA)/tdTomato (tdT) mice.
Cd34-CreER™;R26-tdT mice were used as control mice (CTR) in following experiments. B, Flow cytometric analysis of CD34 expression on
femoral arteries after depleting CD34* cells. C, TdT fluorescence and bright-field images of femoral arteries after depleting CD34* cells. D, H&E
staining of femoral arteries after wire injury in CD34* cell-ablated and CTR mice. E, Quantification of luminal and neointimal areas, and neointima/
media (I/M) ratio after femoral artery injury (FAI) with CD34+ cell depletion. F, Immunostaining for tdT and CD31 on femoral artery sections from
CTR mice and CD34* cell-ablated DTA mice, with magnification of the boxed region. (Continued)
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regulating endothelial regeneration in this vascular injury
model, we further performed scRNA-seq analyses on
cells from injured vessels. Femoral artery injury was
performed on tamoxifen-treated Cd34-CreER™R26-
tdTomato mice to conduct endothelial denudation. Artery
samples were collected at different time points (unin-
jured arteries at 2 weeks after tamoxifen treatment, and
2 and 4 weeks after injury) for scRNA-seq (Figure 6A
and Figure XVIIA in the Data Supplement). Femoral
arteries were isolated and digested by enzymes. Single
live nucleated cells were sorted out by FACS for scRNA-
seq. Due to the quite small live cell number of tdTomato*
cells in the samples (5.5%), we could not sort out enough
tdTomato* cells for separate scRNA-seq analysis. We
mixed both tdTomato* cells and tdTomato™ cells to give
a whole landscape of injured arteries. ScCRNA-seq data
from different groups were then aggregated for process-
ing and further analyses (Figure 6B). After removing low-
quality cells, a total 26 497 cells were subjected for the
following analysis, including 5170 cells from uninjured
wild-type CB7BL/6J mouse arteries, 6704 cells from
uninjured Cd34-CreER™R26-tdTomato mouse arter-
ies, and 6525, as well as 8098 cells from wire-injured
arteries of Cd34-CreER™:R26-tdTomato mice at 2- and
4-week postinjury, respectively. On average, >2500
genes were detected per cell in each group (Table Il in
the Data Supplement).

To examine whether the Cd34-CreER™ transgenic
modification affected the gene expression of vascular
cells, we first compared the cell atlas and gene expression
profiles of native femoral artery cells between wild-type
CH7BL/6J and Cd34-CreER™;R26-tdTomato mice. As
shown in the t-distributed stochastic neighbor embedding
plot, aggregated femoral artery cells comprised mesenchy-
mal, myogenic, immune, neuronal, and ECs (Figure XVIA in
the Data Supplement). Of note, the cell composition and
respective percentage was similar between the 2 groups
(Figure XVIB and XVIC in the Data Supplement). When
examining different lineage marker genes, we observed
very similar gene expression profiles between these 2
groups (Figure XVID in the Data Supplement). These data
collectively suggest that cells from the genetic lineage
tracing Cd34-CreER™;R26-tdTomato mice were similar to
wild-type C57BL/6J mice and could represent an exact
pathophysiological process in vivo.

CD34* Cells in Vascular Disease

To depict the single-cell landscape of the vessel injury
model, samples of different groups were integrated for
unbiased clustering analysis. Results showed that a
total of 19 cell clusters were identified (Figure 6C and
Figure XVIIB and Table V in the Data Supplement),
including mesenchymal cells (Dcn, Pdgfra), mural cells
(Myh11, Cnnt, Pdgfrb), ECs (Cdh5, Pecamt), immune
cells (Ptorc), and neurons (Plp1, Sfrpb). Among immune
cell populations, we detected macrophage, monocyte/
neutrophil, T cell, B cell, and dendritic cells. Samples
from 4 different groups shared similar cell pattern but
with different cell frequencies (Figure 6D and 6E). The
percentage of SMCs and ECs decreased significantly 2
weeks postinjury to the lowest level of 10.1% and 1.0%,
respectively (Figure 6E). After 4 weeks, regeneration of
both cell types restored their percentage to 17.9% and
1.4%, respectively. Similar changes were also detected in
mesenchymal cells (decreased to 51.8% at 2 weeks and
restored to 58.5% at 4 weeks). Of note, immune cells
increased substantially after wire injury and reached its
peak at 2 weeks (3.0% in uninjured group, 37.0% at 2
weeks, and 22.1% at 4 weeks).

We next traced the cell fate of CD34* cells at sin-
gle-cell level, by examining tdTomato* cells in our
scRNA-seq data sets. Of the total 21327 cells from
Cd34-CreER™:R26-tdTomato mice, 953 tdTomato* cells
were detected and selected for further analysis (Figure
XVIIC in the Data Supplement). Four different groups
with 9 distinct cell clusters were identified (Figure 6F
and Table VI in the Data Supplement), including immune
cells (macrophages, cluster 3. T cell/dendritic cells, clus-
ter 6. monocytes/neutrophils, cluster 9), mesenchymal
cells (cluster 1, 2, 4), myogenic cells (myofibroblasts
cluster 5, pericytes cluster 7) and ECs (cluster 8). They
shared a similar pattern with the whole cells’ data with
respect to the distribution of cell components (Figure 6G
and 6H and Figure XVIID in the Data Supplement). Inter-
estingly, subgroups of mesenchymal cells were markedly
changed during injury, cluster 1 dramatically increased
after injury while cluster 2 and 4 significantly decreased.
To verify the findings in the scRNA-seq data that CD34*
cells also differentiate into myofibroblast and pericyte,
which we did not examine before, we re-ran some immu-
nostaining using the lineage tracing mice and confirmed
that after vessel injury there were tdTomato® SMA*

Figure 5 Continued. G, Inmunostaining for tdT and CD144 on femoral artery sections from CTR mice and DTA mice, with magnification of the
boxed region. H, Sketch of the experimental design for nonbone marrow CD34+ cell depletion using chimeric DTA mice. Cd34-CreER™R26-DTA/
tdT mice were firstly undergone wild-type (WT) bone marrow transplantation to replace their bone marrow cells by WT cells so that the bone
marrow CD34 cells would not be ablated. The chimeric mice next received tamoxifen (TAM) induction to get a nonbone marrow CD34+ cell
depletion. Cd34-CreER™;R26-tdT mice undergone WT bone marrow transplantation were used as CTR mice. I, H&E staining of femoral arteries
after wire injury in nonbone marrow CD34* cell-ablated and CTR mice. J, Quantification of luminal and neointimal areas, and neointima/ media
(I/M) ratio after FAI with nonbone marrow CD34+ cell depletion. K, Immunostaining for tdT and CD31 on femoral artery sections from CTR mice
and nonbone marrow CD34* cell-ablated DTA mice, with magnification of the boxed region. L, Immunostaining for tdT and CD144 on femoral
artery sections from CTR mice and nonbone marrow DTA mice, with magnification of the boxed region. Blue scale bars, 2 mm. Black scale bars,
50 pm. White scale bars, 100 pm and 20 um in magnification. Data represent mean+SEM, n=5 in CTR, DTA (E), and CTR (J) groups and n=4 in
the DTA (J) group. Data were tested by unpaired nonparametric 2-tailed Mann-Whitney U test. P values between each 2 groups were specified in

the graph, A<0.05 was considered to be statistically significant.
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Figure 6. Single-cell RNA sequencing (scRNA-seq) analyses of cellular compositions in injured femoral arteries.

A, Sketch of the experimental design for femoral artery injury (FAI). B, Schematic showing scRNA-seq strategy for FAl samples. C, T-SNE
(t-distributed stochastic neighbor embedding) plot showing the unsupervised clustering of 26 497 cells isolated from femoral arteries of all
time points. D, Split view of 4 different groups of samples. CTR indicates uninjured artery, tdT indicates Cd34-CreER™;R26-tdTomato mice.
E, Bar chart showing the proportion of major cell types across samples. F, T-SNE plot showing the clustering of 953 tdT* cells from CD34
lineage. G, Split view of 3 different groups of samples. H, Bar charts showing the proportion of major cell types and each cell clusters
across tdT* cells. I, Pseudotime trajectory analysis of mesenchymal cells, mural cells, and endothelial cells (ECs), color by pseudotime. J,
Trajectory analysis of mesenchymal cells, mural cells, and ECs, color by cell clusters. Split view of trajectory analysis of each cluster was
shown on the right.

e1568  October 1, 2021 Circulation Research. 2021;129:e146—-e165. DOI: 10.1161/CIRCRESAHA.121.319494



€20z ‘1 Areniged uo Aq Bio'sfeuinofeye//:dny woly pspeojumogd

Jiang et al

PDGFRa* myofibroblasts and tdTomato® NG2+* PDG-
FRb* pericytes in the adventitia (Figure XVIIE and XVIIF
in the Data Supplement).

We also investigated the chemokine expression pat-
terns and explored possible intercellular communica-
tions inside the tdTomato* cell population. The immune
cell clusters exhibited most active chemokine interaction,
and the mesenchymal population was the second active
cell type. Based on the expression pattern, we analyzed
the top signature ligand-receptor pairs and revealed the
CXCL12-ITGB1 interaction was the major pattern in the
crosstalk between CD34-derived mesenchymal and EC
populations (Figures XVIII and XIXA in the Data Supple-
ment), especially after vascular injury (Figure XIXB in the
Data Supplement).

Our data above had revealed that immune cells were
generated from BM source of CD34* cells, the rela-
tionship among mesenchymal cells, ECs, and myogenic
cells, which were the non-BM source, were still unclear.
Gene marker of EC (Pecam1/CD31) was restricted in
the EC population in both the whole cell and the tdTo-
mato* cell data sets (Figure XXA and XXB in the Data
Supplement). To test a possibility of mesenchymal cells
differentiation into ECs or myogenic cells, we performed
pseudotime analysis using the Monocle R package,®*%
and ordered mesenchymal cells, myogenic cells, and
ECs along a trajectory (Figure 6l). Two groups of mes-
enchymal cells abundant in the normal femoral artery
were found at the left half of a trajectory, while ECs and
myogenic cells were located at 2 distinct ends of the
trajectory. Interestingly, subgroups of mesenchymal cells
enriched in injured vessels were found in different time
periods, cluster 1 and 4 mainly appeared in the initial
phase while cluster 2 mainly in the middle period closer
to the branch point, suggesting a transitional state of
these cells and a possible differentiation from CD34*
mesenchymal cells to ECs or myogenic cells. Analysis
of the branch point uncovered upregulated gene blocks
(gene module 1) toward EC, with EC marker genes Cdhb
and Vwf. Myogenic marker genes Acta2 and Rgsb were
shown upregulated in gene module 2, with the cell tra-
jectory toward myogenic cells (Figure XXC in the Data
Supplement). Of note, progenitor makers Ly6a and Cd34
were detected in gene module 3 in the prebranch part,
indicating an immature state and a tendency of differen-
tiation. Gene enrichment analysis for genes in module
3 revealed enriched expression for vasculature develop-
ment (Figure XXD in the Data Supplement).

Vascular Adventitial CD34* Cells Display
Endothelial Differentiation Potential In Vitro

Our scRNA-seq data suggested a possible role of vas-
cular resident adventitial CD34* mesenchymal cells in
endothelial regeneration. Despite the cellular heteroge-
neity of CD34* cells as described above, we supposed

Circulation Research. 2021;129:e146—e165. DOI: 10.1161/CIRCRESAHA.121.319494
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that vascular CD34" cells may possess a higher poten-
tial to differentiate into ECs. To test this hypothesis, we
isolated vascular adventitial CD34* cells from mouse
aorta using a magnetic-activated cell sorting protocol
(Figure XXIA in the Data Supplement) as previously
described."™” Phenotypic analysis by flow cytometry
confirmed that most isolated cells were CD34* (Figure
XXIB in the Data Supplement). CD34* cells were then
cultured in EGM-2 (endothelial cell growth medium-2)
to test differentiation potential. After 3 to 7 days of cul-
ture, endothelial-specific genes (Cdh5 encoding protein
CD144, Pecam1 encoding protein CD31, Kdr encoding
protein VEGFR2, and Nos3 encoding protein eNOS)
were significantly increased over time (Figure XXIC in
the Data Supplement). Immunofluorescence also dis-
played the typical cobblestone morphology of ECs and
the increase of endothelial markers CD144 and eNOS
(Figure XXID in the Data Supplement), while expression
of Cd34 was significantly decreased (Figure XXIE in the
Data Supplement). Collectively, these data demonstrate
the differentiation potential of vascular adventitial CD34*
cells into ECs in vitro.

MiR-21-Smad7-pSmad2/3 Pathway Regulates
Endothelial Differentiation

We next sought to reveal the underlying mechanism of
CD34* cell differentiating into ECs. By evaluating several
key miR, we found that miR-21 was increased signifi-
cantly during endothelial differentiation from adventitial
CD34* cells (Figure XXIF in the Data Supplement). We
next used mimics or inhibitor to overexpress or knock-
down miR-21. Our results showed that overexpression of
miR-21 strongly upregulated the expression of canonical
endothelial markers Cdh5 and Pecam 1, while knockdown
of miR-21 significantly decreased them (Figure 7A).
Functionally, overexpression of miR-21 promoted tube
formation of the CD34* cells-derived ECs (Figure XXIG
in the Data Supplement).

To reveal the miR-21 related molecular mechanism in
adventitia CD34* cell differentiation, we used R package
SCENIC® 1o evaluate the regulatory network in tdTo-
mato* cell population. Several key transcriptional factors
were identified and TGF (transforming growth factor)-p
pathway relevant Foxp2 was characterized in mesenchy-
mal populations (Figure XXIIA in the Data Supplement).
To validate if TGF-B pathway was actually related to the
differentiation process, we re-ran the trajectory analyses
in our tdTomato™ cell data set. Using the TRRUST data-
base® to predict the transcriptional regulatory network
we found several key transcriptional modulators includ-
ing Sp1 and Smad3 (Figure XXIIB in the Data Supple-
ment), which indicated that the TGF-f signaling pathway
was involved in the differentiating process. In the TGF-3
signaling pathway, several factors were involved in EC
differentiation including Tgfb1, Smad1, Smad6, Smad?,
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Figure 7. Smad7-pSmad2/3 pathway, negatively regulated by microRNA-21 (miR-21), regulates endothelial gene expression
and function during CD34* cells differentiating into endothelial cells (ECs).

A, Quantitative polymerase chain reaction (PCR) analyses of EC genes Cdh5 and Pecam1 using miR-21 mimic or inhibitor, n=3 per group.

B, Quantitative PCR analyses of Smad7 expression in adventitia CD34* cell differentiating into ECs, n=3 in each group. C, Quantitative PCR
analyses of EC genes expression after knocking down Smad?7 with siRNA, n=4 or 3 (Pecam1) per group. D, Quantitative PCR analyses of EC
markers expression in adventitia CD34* cells with pSmad2/3 inhibition, n=4 per group. E, Quantitative PCR analyses of Smad7 expression with
miR-21 inhibitor, n=4 in each group. F, Quantitative PCR analyses of EC genes with miR-21 mimic and pSmad2/3 inhibitor (SIS3), n=4 (Cdhb)
or 3 (Pecam1). Data represent meantSEM. Data were first tested by Shapiro-Wilk test for normality. Normally distributed data were then tested
by unpaired 2-tailed ttest between groups without or with Welch correction if uneven variances existed (A-C, E), or by 1-way ANOVA with Tukey
test (F). Non-normally distributed data were examined by unpaired Mann-Whitney U test (D). Pvalues between each 2 groups were specified in
the graph, A<0.05 was considered to be statistically significant. Ctrl indicates control; and Undif, undifferentiated medium.

and Mapk3. Mapkl, Tgfb2, and Mtor were involved in
myogenic differentiation while some unchanged fac-
tors were also detected in the last gene module (Figure
XXIIC in the Data Supplement).

As a direct gene target of miR-21 and a key modu-
lator in the TGF-f pathway, Smad7 was characterized
in the trajectory and had been reported to suppresses
EC differentiation and angiogenesis via inhibiting
Smad2/3 phosphorylation.® We, therefore, focused on
Smad7 and tested its potential role in our in vitro exper-
iments. Smad7 was downregulated during adventitial
CD34+ cell differentiation (Figure 7B). Knockdown of
Smad7 with siRNA promoted adventitial CD34* cells
differentiating into ECs, with notably increased expres-
sion of endothelial markers (Figure 7C). The silencing
of Smad7 also enhanced the capacity of tube forma-
tion of adventitial CD34* cells (Figure XXIID in the
Data Supplement). Since intracellular transduction of
TGF-B depends on Smad2/3 phosphorylation, we fur-
ther used SIS3, an inhibitor that suppresses the phos-
phorylation of Smad2/3, to examine their impact on

e160  October 1,2021

endothelial differentiation. As expected, suppression
of Smad2/3 phosphorylation in adventitial CD34* cells
significantly decreased expression of endothelial mark-
ers (Figure 7D), as well as decreased tube formation
and LDL (low-density lipoprotein) uptake capacities
(Figure XXIIE in the Data Supplement), suggesting an
essential role of the Smad7-pSmad2/3 axis in endo-
thelial differentiation from adventitial CD34* cells.

We then examined whether miR-21 promotes endo-
thelial differentiation by modulating Smad7-pSmad2/3
pathway. By using miR-21 inhibitors, we found that
miR-21 indeed negatively regulated Smad7 expres-
sion (Figure 7E). Since the Smad7-pSmad2/3 pathway
was established, we next examined whether miR-
21 affects endothelial differentiation of by targeting
Smad2/3. Inhibiting Smad2/3 phosphorylation with
SIS3 abolished the prodifferentiation effect of miR-21,
as evidenced by decreased expression of endothelial
markers Cdhb and Pecam1 (Figure 7F). Thus, our data
established that miR-21 is involved in regulating the
differentiation of adventitial CD34* cells into the ECs
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via negatively modulating Smad7-pSmad2/3 pathway
(Figure XXIIF in the Data Supplement).

DISCUSSION

Since the isolation of CD34* putative EPCs from periph-
eral blood mononuclear cells,** CD34* cell therapy has
been tested in lots of clinical studies to treat cardiovas-
cular diseases.®™#® However, outcomes of these clinic
trials varied tremendously®*“° and soon hindered the
translation of such therapy into clinical practice. Several
recent studies have indicated the presence of tissue-res-
ident CD34* cells, especially in the vessel wall,"~"® but
their precise origin and role in endothelial regeneration
remains unclear. Our study of human healthy and dis-
eased arteries showed increased CD34-expressing cells
in pathological conditions, revealing a potential impact of
CD34* cells on vessel diseases. We next combined the
use of scRNA-seq and genetic lineage tracing technol-
ogy and uncovered vascular CD34* cells as a heteroge-
neous population that contributes to endothelial repair
after vascular injury. First, we depicted a single-cell tran-
scriptomic landscape of normal and injured femoral arter-
ies, in which distinct and heterogeneous populations of
CD34+* cells were found. Second, by tracing Cdh5* ECs
and Cd34* cells we revealed that at the centric region of
injured area the Cd34* mesenchymal cells were respon-
sible for endothelial regeneration rather than preexiting
ECs. Third, we provided solid evidence that BM CD34+
cells primarily contributed to inflammatory response,
resembling the function of BM c-Kit* cells as previously
reported,?®?” while non-BM CD34" cells were responsi-
ble for endothelial regeneration after vessel injury. Fourth,
different origins of CD34+* cells exhibited distinct patho-
logical responses that partially ablating non-BM CD34+
cells aggravated neointimal lesions. Finally, we elucidated
a possible mechanism of vascular adventitial CD34+ cell
differentiation into the endothelial lineage. Taken together,
our findings provide the fundamental information for the
heterogeneity of CD34" cells and establish their patho-
logical significance in endothelial regeneration, offering a
potential therapeutic target for treating vascular diseases.

Recently, a number of scRNA-seq studies have been
published and featured cellular diversity in the vessel wall.4"-
44 While most of these studies have focused on the aorta,
our scRNA-seq data were specially designed to explore
the cell atlas of the mouse femoral artery under both physi-
ological and pathological conditions and provide additional
transcriptomic information of different types of arteries.
Interestingly, our scRNA-seq analyses have revealed dis-
tinct cell clusters in the femoral artery when compared
with previous scRNA-seq studies of the aorta. By further
using scRNA-seq and genetic lineage tracing model, we
demonstrated the expression of CD34 in a heterogeneous
population in the mouse femoral artery, including a large
population of adventitial mesenchymal cells, a small group
of ECs and immune cells. Although in scRNA-seq data we
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identified myogenic cells, we did not observe them in FACS
sorted protein CD34* scRNA-seq data or any tdTomato*
SMCs in immunostaining, which may due to low expression
level of mMRNAs and lack of protein translation.

In the mouse endothelial denudation injury model, a
large number of CD34-derived ECs were identified in the
inner layer of lumen and in the adventitia, supporting that
CD34* cells give rise to both artery and microvessel ECs.
By comparing to the results acquired from the Cdh&-lin-
eage tracing mice, these CD34* cells, mostly responsible
for the centric region regeneration and adventitia microves-
sel expansion in the injured artery, were from a nonmature
EC source. Besides, our scRNA-seq data from the CD34
lineage traced mice also identified ECs in tdTomato-
expressing cells. Recent studies have revealed a mesen-
chymal-to-endothelial transition in peripheral ischemia,
cardiac diseases, and tumor growth,*~*8 our study provides
a novel insight that this transition may also take place in
vascular diseases and raise a new source for endothelial
regeneration. Besides, as previous studies have indicated,
adventitial Sca-1*/c-Kit* cells are shown to differentiate
into SMCs but not CD34* cells.**®° In our model, CD34+
cells still do not regenerate neointimal SMCs but contrib-
uted to adventitia myofibroblasts and pericytes.

By examining the role of CD34+ cells in the femoral
artery under both normal and diseased condition, we elu-
cidated the exact biological identity and the heterogeneity
of CD34* cell population, which may largely explain why
CD34* cell-based clinical therapies produced different out-
comes. According to the results of randomized trials using
Combo stents (combine CD34 antibody and conventional
anti-proliferative drugs), many of trials failed to achieve
superior outcomes from this stent, to both the second
(REMEDEE [randomized study to evaluate the safety and
effectiveness of an abluMinal sirolimus coatED bio-Engi-
neered StEnt] and HARMONEE [harmonized assessment
by randomized multicentre study of orbusNEich's combo
StEnt] studies® %) and third (SORT OUT X trial [Scan-
dinavian Organization for Randomized Trials with Clinical
Outcome X- Combo Stent Versus Orsiro Stent]'?) genera-
tions of stents but rather led to an even higher frequency
of uncovered stent struts than conventional stents.>* This
could be explained by the heterogeneity of CD34" cells,
as BM derived CD34* cells exaggerate inflammatory
response in injured vessels and enhance lesion formation.
According to our results using 2 kinds of diphtheria toxin-
induced cell ablating systems, depleting all CD34" cells
resulted in a decrease of neointima formation while ablating
non-BM source of CD34* cells exacerbated it, indicating a
proatherosclerotic role of BM-originated CD34* cell-medi-
ated inflammation. Therefore, CD34 antibody may capture
amixed cell population in these stents, in which the majority
may be BM CD34* cells that would eventually convert to
immune cells.'*'® To improve the clinical efficacy of combo
stents, a novel method to specifically recruit or capture non-
BM CD34* cells may be developed and to combine with
certain drugs to induce their differentiation into ECs.
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While our study demonstrated that non-BM CD34*
cells regenerate ECs in vivo, we also noticed that CD34*
cells give rise to both luminal ECs in the neointima
and microvessel ECs in adventitia after femoral artery
injury. Luminal ECs maintain vessel integrity and protect
against neointima formation,®® while under diseased con-
ditions, the expansion of microvessels in both the neo-
intima and adventitia is associated with atherosclerotic
plaque growth and progression.®® Thus, it would also be
interesting to distinguish and characterize the luminal
and microvessel CD34-derived ECs. This information
may help to develop the therapeutic approach aimed at
the regression of the microvessels and restoration to the
normal architecture of blood vessel.

Despite clear evidence for the non-BM origin of
CD34-derived ECs, the exact origin of these cells remains
unknown. We proposed that CD34* cells from the adven-
titia may be possible sources, as evidenced by our en-face
staining and in vitro data that adventitial CD34+ mesen-
chymal cells displayed endothelial differentiation potential.
Other tissues have been reported to harbor resident pro-
genitor cells, including perivascular tissue, adipose tissue,
spleen, and liver, can also be a possible source of these
CD34-derived ECs. Besides, a small number of ECs may
also reenter cell cycle, re-gain CD34 expression, and con-
tribute to endothelial regeneration. Consistent with previ-
ous findings that ECs are a heterogeneous population and
harbor a stem/progenitor population, lineage tracing stud-
ies have also identified possible vascular EPCs such as
CD31"Emen" cell®” and CD34+*CD31°VEGFR2- endo-
vascular progenitor.®® Recent scRNA-seq studies of the
aorta have also confirmed the heterogeneity of ECs.#259¢0
By using spatial transcriptomics, which enables the direct
observation of intimal and adventitial cells, and dual recom-
binase system, we may be more specific in labeling and
tracing the fate of distinct subpopulations of CD34" cells,
including luminal, microvessel, and nonendothelial CD34+
cells. Moreover, although our results indicated a role of
CD34* cells in artery endothelial regeneration, it should
be noted that CD34* cells generated only half of the de
novo ECs. Identification and characterization of alternative
sources of ECs warrant further study.

Although early works showed that vascular adventitial
CD34* cells can differentiate into ECs, the underlying
mechanisms remain unclear. We detected a significant
increase of miR-21 in the differentiation of CD34" cells to
ECs, which has been recently found to impact cardiovas-
cular pathology and could stimulate endothelial prolifera-
tion, but their target genes were not clear®' By regulatory
network analyses, we showed that the TGF-f3 pathway
was involved in EC pathophysiology after vessel injury.
Smad7-pSmad2/3 is a known modulator in the TGF-
pathway and a miR-21 target and plays a role in angio-
genesis.”? However, previous studies on these molecules
usually investigated them on SMC and ECs,®® seldom stud-
ies investigated them on iPSCs (induced pluripotent stem
cells)8' Here, we proposed a possible mechanism, in which
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a miR-21-Smad7-pSmad2/3 pathway regulates the dif-
ferentiation of adventitia CD34* cells into ECs and vascu-
lar angiogenesis. Therefore, we provide direct evidence on
the pathways leading to vascular adventitial CD34* cell dif-
ferentiating into EC in vitro. The adventitial CD34+* cells iso-
lated in our study is still a heterogenous population, future
work using multiple modern methods including scRNA-seq
to find more precise markers and characterize the true pro-
genitor population is needed for a more efficient in vitro/in
vivo transdifferentiation of CD34* cells.

Although our in vitro study suggests a possible role
of vascular adventitial CD34* cell differentiating into
ECs, our scRNA-seq data also showed a small group of
CD34" ECs in the femoral artery. This observation was
consistent with our findings in the femoral artery staining
that CD34-high-expressing cells consisted a quite small
population in the intimal layer. Atherosclerotic lesions in
humans are abundant for CD34* ECs, indicating that
some findings from mouse models could be validated in
humans. By comparing the FACS sorted CD34* ECs and
gene Cd34~ ECs, it revealed that CD34* ECs are a much
more active component in the endothelium.

In summary, our findings demonstrate diverse roles of
CD34* cells after wire-induced endothelial denudation,
in which CD34* cell-conducted endothelial regeneration
was involved. Rapid luminal endothelial regeneration pro-
moted wound healing, while inflammatory cells contrib-
ute to the progression of neointimal hyperplasia. It should
be noted that in our present data, we selectively deplete
CD34* cells from BM or non-BM sources, but the contri-
bution of each CD34* subpopulation remains unclear. To
explore their respective roles in this diseased vessel, we
may further combine dual recombinase system and cell
ablating models. The combined genetic and bioinformatic
evidence of vascular CD34" cells might provide insight
into endothelial progenitors and contribute to a promis-
ing therapeutic approach for vascular diseases.
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