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MOTIVATION Direct conversion of patient fibroblasts toward vascular endothelial cells comprises a valu-
able source of cells for regenerativemedicine and tissue engineering applications. Previous reprogramming
approaches involving the transcription factor ETV2 retained limitations in programming efficiency and
endothelial characteristics, such as eNOS expression. We aimed to develop an improved reprogramming
approach combining ETV2 with SOX17 expression to help address these limitations.
SUMMARY
An autologous source of vascular endothelial cells (ECs) is valuable for vascular regeneration and tissue en-
gineering without the concern of immune rejection. The transcription factor ETS variant 2 (ETV2) has been
shown to directly convert patient fibroblasts into vascular EC-like cells. However, reprogramming efficiency
is low and there are limitations in EC functions, such as eNOS expression. In this study, we directly reprogram
adult human dermal fibroblasts into reprogrammed ECs (rECs) by overexpressing SOX17 in conjunction with
ETV2.We find several advantages to rEC generation using this approach, including improved reprogramming
efficiency, increased enrichment of EC genes, formation of large blood vessels carrying blood from the host,
and, most importantly, expression of eNOS in vivo. From these results, we present an improved method to
reprogram adult fibroblasts into functional ECs and posit ideas for the future that could potentially further
improve the reprogramming process.
INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death

worldwide and often results in substantially damaged vascula-

ture.1 These damaged blood vessels need to be replaced or re-

paired with functional vascular endothelial cells (ECs) so that

the blood vessels can function properly. Therefore, a reliable

source of ECs is essential for vascular regeneration and

vascular tissue engineering. It is also desirable to obtain pa-

tient-specific ECs for these applications to avoid immune rejec-

tion, as ECs are in direct contact with immune cells in the blood.

As such, transdifferentiation has arisen as a promising

approach to convert a patient’s own fibroblasts, which are

easily obtainable, directly into endothelial-like cells. Previously,

the overexpression of ETS variant 2 (ETV2) in fibroblasts led to

the emergence of EC-like properties.2,3 ETV2 is a transcription

factor that is critical for the formation of vasculature during

development.4,5 The ETV2-reprogrammed fibroblasts devel-

oped certain endothelial properties, such as a typical endothe-

lial cobblestone morphology and the expression of several

endothelial-specific markers. The cells were able to maintain

their commitment and functionality in culture. When implanted
Cell R
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in mice, the cells were able to prevent necrosis and promote the

regeneration of surrounding tissue. However, this approach is

extremely inefficient, with less than 7% reprogramming effi-

ciency, and a long conversion process with multiple sorting

steps.2 The reprogrammed cells also lack distinct human

eNOS (endothelial nitric oxide synthase) expression, an impor-

tant feature of vascular ECs.

SOX17, a member of the Sry-related high-mobility group box

family of transcription factors, plays various major roles in all

three germ layers, which indicates that the downstream effects

of SOX17 are context dependent. In the endoderm, SOX17 plays

a role in the developmental process and differentiation of the

definitive endoderm (DE).6 SOX17 has been shown to be vital

to the formation of the DE, which later differentiates into lung,

liver, pancreas, stomach, and gastrointestinal track cells.7 Viotti

et al. found that, in a Sox17mutant mouse model, embryos lack-

ing Sox17 were deficient in the midgut and hindgut DE.8 In the

ectoderm, SOX17 contributes to oligodendrocyte progenitor

cell (OPC) differentiation and maturation.9 SOX17 is highly ex-

pressed in OPCs and peaks when the cells change phenotypes

from bipolar to multipolar. Additionally, when SOX17 is downre-

gulated, OPC proliferation increased, and when SOX17 is
eports Methods 4, 100732, March 25, 2024 ª 2024 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:g.dai@northeastern.edu
https://doi.org/10.1016/j.crmeth.2024.100732
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crmeth.2024.100732&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Article
ll

OPEN ACCESS
overexpressed, OPC proliferation decreased, and myelin gene

expression was enhanced.

In the mesoderm, SOX17 plays an important role in vascular

development10 and is highly expressed in arterial ECs, but not in

venous ECs, from embryonic development all the way to adult-

hood.11 In the artery, SOX17 seems critical for maintaining arterial

functions, as a defect in SOX17 is correlated with pulmonary arte-

rial hypertension.12,13 Additionally, overexpressing SOX17 in

venous ECs drives them to an arterial phenotype, and they begin

to increase the expression of genes relating to arterial and tip cell

identity.14 SOX17 has other roles in the mesoderm, including he-

matopoiesis,15,16 endocardium and cardiomyocyte differentia-

tion,17,18 and fibroblast-to-EC transdifferentiation.19 Schachterle

et al. investigated the role of SOX17 in murine amniotic-to-EC

transdifferentiation.20 They found that SOX17 increases the

expression of morphogenesis genes and promotes integration

of transplanted reprogrammed cells into injured vessels. Thus,

SOX17 is critical for functional engraftment of endothelium. How-

ever, cells reprogrammed with SOX17 alone showed incomplete

reprogramming.20 This study uses amniotic cells, and it is ex-

pected that younger cells types are much easier to reprogram

because they are at an earlier stage of the developmental hierar-

chy. However, the ability to convert adult fibroblasts in elderly pa-

tients is necessary because they are the predominant population

that needs vascular regeneration treatments. Thus, developing a

method to efficiently reprogram adult fibroblasts into functional

ECs is vital to address this unmet clinical need.

Currently, the major obstacle in this field is the low reprogram-

ming efficiency; if these cells are to be used in time-sensitive clin-

ical applications, then the reprogramming process must be rapid

and yield a large number of usable ECs. Thus, our work sought to

improve the efficiency of the reprogramming process, as the cur-

rent low efficiency hinders the chance that the cells see clinical

use. To enhance reprogramming and better understand the pro-

cess, we investigated the effects of inducing SOX17, a transcrip-

tion factor that has been found to promote engraftment and drive

an arterial ECphenotype, in conjunction with ETV2. By refining the

reprogramming process, we are able to efficiently and rapidly

generate a higher percentage of reprogrammed ECs (rECs)

(�17.8% vs. 2%–10% reported in previous methods2,3,21,22) for

use in tissue engineering and regenerative medicine applications.

RESULTS

Overexpression of ETV2 and SOX17 results in higher
reprogramming efficiency than ETV2 alone
To control the timing and dose of the reprogramming process,

we generated Tet-On lentiviruses to induce the expression of

ETV2 and SOX17. Adult human dermal fibroblasts were trans-

duced with the ETV2 lentivirus alone (ETV2-ECs), the SOX17

lentivirus alone (SOX17-ECs), or both the ETV2 and SOX17 len-

tiviruses (rECs). Both the ETV2 and SOX17 lentiviruses are Tet-

On and only express their respective transcription factor in the

presence of doxycycline. To confirm successful transduction

of our cells and establish a dose-response curve, we treated

the cells with varying amounts of doxycycline and for varying

amounts of time (Figures 1A and 1B). The cells were cultured

for 12 days, and RT-qPCR was used to measure the expression
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of ETV2 and SOX17 mRNA. We found that there was high

expression of ETV2 and SOX17 when the cells were treated

with 1,000 ng/mL doxycycline. Thus, we treated the transduced

fibroblasts with 1,000 ng/mL doxycycline in all following experi-

ments. We also stained the reprogrammed cells to further

confirm expression of SOX17 and found that a large portion of

our rECs express SOX17, while fibroblasts, ETV2-ECs, and hu-

man umbilical vein ECs (HUVECs) do not express any SOX17

(Figure S1). After induction of ETV2 and SOX17 in the cells, the

expression of vascular endothelial cadherin (VE-CAD), CD31,

and FLK1 all increased dramatically, ranging from hundreds to

thousands of folds, in comparison to the fibroblast control. Addi-

tionally, we found that the height of VE-CAD and CD31 expres-

sion occurred at day 12 after induction with doxycycline (Fig-

ure 1B). Therefore, we evaluated the rECs at day 12 in all

following experiments to determine how they compare to fibro-

blasts (negative control) and HUVECs. We used HUVECs as a

positive control and the transduced fibroblasts with 0 ng/mL

doxycycline as a negative control.

We evaluated the VE-CAD, CD31, and FLT1mRNA expression

of the ETV2-ECs, SOX17-ECs, and rECs (Figure 1C). We found

that the rECs expressed significantly higher VE-CAD, CD31,

and FLT1 than ETV2-ECs or SOX17-ECs. VE-CAD and FLT1

expression was higher than HUVECs. However, CD31 expres-

sion in rECs was still low when compared to HUVECs. The

ETV2-ECs and SOX17-ECs were able to upregulate these

markers as well but to a much lesser extent. We also used this

reprogramming method to transdifferentiate two other fibroblast

cells lines, an adult human lung fibroblast cell line (Figure S2A)

and a different adult human dermal fibroblast cell line (Fig-

ure S2C), and found similar expression patterns. Lung rECs

significantly upregulated VE-CAD over lung ETV2-ECs, whereas

CD31 and FLT1 expression was similar. In the second dermal

fibroblast cell line, the rECs significantly upregulated both VE-

CAD and CD31 over ETV2-ECs, and FLT1 expression was

similar.We alsomeasured the relativemRNA expression of fibro-

blast-specific markers (TWIST2, PDGFRA) (Figure S3) and

several venous (NRP2, NR2F2, TIE2, EPHB4) and arterial

(NOTCH4, NRP1, DLL4, EFNB2, JAG1) EC markers (Figure S4).

At the population level, rECs and ETV2-ECs had decreased

expression of fibroblast markers (Figure S3). rECs had increased

arterial marker expression and similar venousmarker expression

compared to ETV2-ECs (Figure S4A). We then sorted rECs to

obtain a CD31+ population and performed RT-qPCR to measure

several venous and arterial EC markers to determine how they

compare to HUVECs (Figure S4B). Interestingly, purified rECs

had significantly upregulated arterial markers compared to

HUVECs, while venous marker expression was roughly the

same or lower than that of HUVECs, except for NRP2. Addition-

ally, to evaluate if the rECs begin to take on andmaintain an arte-

rial phenotype during the reprogramming process, we stained

for arterial protein EphrinB2 (Figure S4C). We found that the

rECs strongly express EphrinB2 as early as day 6 and maintain

expression at day 12, while HUVECs express low levels of

EphrinB2, indicating that the overexpression of SOX17 is driving

the rECs to express several arterial markers.

To confirm that these cells were correctly expressing the EC

markers, we also performed immunocytochemistry to stain the



Figure 1. Human adult fibroblasts take on endothelial cell-like properties when reprogrammed with ETV2 and SOX17

ETV2 and SOX17 Tet-On-lentivirus-transduced fibroblasts were induced using doxycycline (dox).

(A) Relative mRNA expression of ETV2 and SOX17 in rECs at day 12.

(B) Relative mRNA expression of ETV2, SOX17, VE-CAD, CD31, and FLK1 in rECs cultured with 1,000 ng/mL dox at various time points. Significance shown

compared to day 6 expression.

(C) Relative mRNA expression of EC markers VE-CAD, CD31, and FLT1 in fibroblasts, SOX17-ECs, ETV2-ECs, rECs, and HUVECs.

(D and E) Representative VE-CAD and CD31 stains (green) of the different cell types. RN18S served as an endogenous control for RT-qPCR, and values were

normalized to fibroblasts. n = 3, one-way ANOVA, *p < 0.05 and ****p < 0.0001. Data presented as mean ± standard deviation.
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cells for VE-CAD and CD31 (Figures 1D and 1E). The rECs

showed spatial localization of both of these proteins at the

cell-cell border, confirming a confluent monolayer of rECs.

Similar stains were observed in ETV2-ECs; however, VE-CAD

and CD31 were barely expressed in the SOX17-ECs, and their

spatial localization was also incorrect. The stains showed

some cytosolic fluorescence when VE-CAD and CD31 should

only be expressed on the cell membrane. It should be noted

that while the VE-CAD stain in the ETV2-ECs covers the entire

image in the chosen area, VE-CAD was not uniformly expressed

across the entire sample. Rather, there were clusters of cells not

expressing VE-CAD (data not shown).

rECs acquire certain EC functions
After the preliminary work was successful, we moved to func-

tional assays. rECs must perform as functional ECs in order to

work effectively in regenerative medicine and tissue engineering.

We quantified VE-CAD and CD31 protein expression; we quan-

tified what percentage of the cell populations was expressing

VE-CAD and CD31 using fluorescence-activated cell sorting

(FACS) to analyze the VE-CAD+ and CD31+ populations (Fig-

ure 2A). Approximately 17.8% of rECs expressed CD31 and

63.2% of them expressed VE-CAD, which is higher than the

ETV2-ECs, in which 10.7% of the ETV2-ECs expressed CD31

and 46.2% of them expressed VE-CAD, which aligns with previ-

ous studies.2 We also used FACS to quantify the VE-CAD+ and

CD31+ populations in the lung fibroblast cell line (Figure S2B)

and the additional dermal fibroblast cell line (Figure S2D). The

lung rECs had vastly more VE-CAD+ cells than the lung ETV2-

EC population (49.8% vs. 6.0%). The additional dermal rECs

also hadmore VE-CAD+ and CD31+ cells than the ETV2-EC pop-

ulation (VE-CAD: 71.8% vs. 45.2%; CD31: 22.0% vs. 16.0%).

We also observed the morphological changes of our rECs over

time (Figure 2B). The rECs transitioned from long, spindle-shaped

cells into a typical EC cobblestone pattern as early as day 3 and

became more complete by day 6. ETV2-ECs were unable to

achieve a change in morphology until day 6, and the SOX17-

ECs never changed morphology. With these preliminary assays

completed, wemoved tomeasure the rECs’ ability to perform crit-

ical EC functions and exhibit EC features, such as the ability to up-

take low-density lipoprotein (LDL), form tubules, and express von

Willebrand factor (vWF). LDL uptake is a hallmark of ECs.23,24 ECs

internalize and degrade LDL from the bloodstream to maintain

vascular homeostasis.25 The rECs and ETV2-ECs were capable

of uptaking LDL, as were the SOX17-ECs, albeit to a lesser extent

(Figure 2C). We quantified the amount of LDL uptake across all of

the groups and normalized it to cell count and found that both

ETV2-ECs and rECs took up more LDL compared to HUVECs

(Figure 2D). Additionally, because the SOX17-ECs did not perform

well in all of the above assays, we decided to not proceed with

characterizing them further.

We investigated the cells’ ability to form tubules when cultured

on Matrigel (Figure 2E). Fibroblasts were unable to form tubes

and instead formed star-like structures. Both ETV2-ECs and

rECs were able to form tubes, which resemble HUVECs. vWF

is produced by ECs and serves to aid the blood clotting pro-

cess.26 We stained for vWF and found that both rECs and

ETV2-ECs express vWF (Figure 2F). However, the ETV2-EC
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and rEC stains show that the vWF is likely not being fully ex-

pressed or formed properly, as the entire cytoplasm of these

cells is not stained. In HUVECs, the entire cytoplasm is stained

with vWF, along with distinct Weibel-Palade bodies, which is

typical of ECs.27 We also measured the relative mRNA expres-

sion of vWF and found that rECs express more vWF than

ETV2-ECs (Figure 2G). However, this expression was still low

when compared to HUVECs and could potentially be the reason

that we do not see a distinct vWF and Weibel-Palade body stain

in ETV2-ECs and rECs.

rECs respond to inflammatory and flow stimuli
We next examined inflammatory responses by treating the cells

with 10 ng/mL of tumor necrosis factor a (TNF-a) for 6 h and then

measured the expression of inflammatory adhesion molecules

E-selectin (SELE), VCAM1, and ICAM1. We found that the rECs

were able to respond to inflammatory stimuli by upregulating

SELE, VCAM1, and ICAM1 compared to non-treated rECs but

were unable to express VCAM1 and SELE to the extent of

HUVECs (Figure 3A). The response of ETV2-ECs to inflammatory

stimuli is comparable to rECs.

Next, we examined the rECs’ and ETV2-ECs’ response to flow

stimuli after being fully reprogrammed. Cells were reprog-

rammed and subjected to 48 h of 5 dyn/cm2 shear stress. We

investigated morphology and upregulated genes (Figure 3B). In

the presence of flow, the morphology of the fibroblasts is

different than that of the ETV2-ECs, rECs, and HUVECs. Fibro-

blasts tend to be very long and spindle shaped, as expected.

ETV2-ECs and rECs maintain the cobblestone morphology as

seen in HUVECs. Interestingly, they do not showmuch alignment

to flow direction. When these cells were harvested for RT-qPCR,

it was found that rECs in flow conditions expressed slightly more

KLF2 than ETV2-ECs in flow conditions (Figure 3C). Also, rECs in

static and flow conditions expressed eNOS, while ETV2-ECs

were unable to express any eNOS in either static or flow condi-

tions. rECs under flow expressed significantly more eNOS than

ETV2-ECs under flow. Additionally, rECs express significantly

more eNOSwhile under flow compared to rECs cultured in static

conditions. However, when the rECs were stained for eNOS pro-

tein, nothing was found in the stains (data not shown). We think

that this is likely due to the fact that the low amount of eNOS

mRNA is not sufficient to generate enough eNOS protein to be

stained, as the eNOS gene expression, although upregulated,

remains low compared to HUVECs (Figure 3C).

rECs are enriched in EC-specific genes
ETV2-ECs and rECs were reprogrammed and sorted into a

CD31+ population before isolating their RNA and sending it to

Genewiz for RNA sequencing (RNA-seq). All of the data were

processed using RStudio, iDEP.91 fromSouth Dakota State Uni-

versity, and geneontology.org. We generated a gene heatmap of

all of the differentially expressed genes (DEGs) of the fibroblasts,

ETV2-ECs, rECs, and HUVECs (Figure 4A). Clustering analysis

showed that ETV2-ECs clustered more closely with fibroblasts

than rECs, while rECs clustered further away from fibroblasts

than ETV2-ECs, showing more widespread genome expression

changes as a result of the upregulation of SOX17 in conjunction

with ETV2. Nevertheless, fibroblasts, ETV2-ECs, and rECs are

http://geneontology.org


Figure 2. Reprogrammed cells were characterized using several functional assays to determine how well they mimic mature endothelial

cells

(A) FACS was used to measure the percentage of cells in a population expressing VE-CAD and CD31.

(B) Representative bright-field images showing changes in morphology in the reprogrammed cell lines at day 6.

(C) Representative images of different types of cells uptaking and retaining low-density lipoprotein (LDL) after being treated with 10 mg/mL LDL for 4 h.

(D) Quantification of uptaken LDL in each group, normalized to cell count.

(E) Representative bright-field images of tubule formation when the reprogrammed cells were cultured on Matrigel.

(F) Representative images of von Willebrand factor (vWF) stains (green) of fibroblasts, ETV2-ECs, rECs, and HUVECs.

(G) Relative mRNA expression of vWF in fibroblasts, ETV2-ECs, rECs, and HUVECs. RN18S served as an endogenous control for RT-qPCR, and values were

normalized to fibroblasts. n = 3, one-way ANOVA, ****p < 0.0001. Data presented as mean ± standard deviation.
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still far away from HUVECs, suggesting that there is still room for

improvement for cellular reprogramming to obtain desired cell

types. However, when analyzing a heatmap focused on only

EC-related genes, the difference between ETV2-ECs and rECs

becomes more apparent (Figure 4B). rECs cluster closer to

HUVECs, while ETV2-ECs cluster closer to fibroblasts. It is

obvious from the heatmap that rECs were enriched in EC-spe-

cific gene expression, demonstrating significantly more upregu-
lation of EC-specific genes than ETV2-ECs. We conducted a

principal-component analysis of the different cell types using

the DEGs and found that the ETV2-ECs clustered very tightly

with fibroblasts, while the rECs were much further away (Fig-

ure 4C). However, both rECs and ETV2-ECs still cluster far

away from HUVECs, again showing that there is room for

improvement in the reprogramming process. The gene heatmap

consisting of only fibroblast-related genes shows that rECs
Cell Reports Methods 4, 100732, March 25, 2024 5



Figure 3. rECs respond to inflammatory and shear-stress stimuli

(A) Relative mRNA expression of inflammatory markers ICAM1, VCAM1, and E-selectin (SELE) after the cells were cultured with or without 10 ng/mL of tumor

necrosis factor a (TNF-a) for 6 h.

(B) Cells maintain their morphology when under shear stress. Representative bright-field images for each cell type 48 h after onset of 5 dyn/cm2 shear stress. Red

arrow indicates direction of flow. ETV2-ECs and rECs were fully reprogrammed before being subjected to fluid flow.

(C) Relative mRNA expression of flow markers KLF2 and eNOS in fibroblasts, ETV2-ECs, rECs, and HUVECs under static and flow conditions. RN18S served as

an endogenous control for RT-qPCR, and values were normalized to fibroblasts. n = 3, one-way ANOVA, **p < 0.01 and ****p < 0.0001. Data presented asmean ±

standard deviation.
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cluster with ETV2-ECs, both of which cluster more closely with

fibroblasts than HUVECs (Figure S5).

Next, we clustered the top 2,000 DEGs into 5 clusters based

on gene function (Figure 4D). The five different clusters focused

on EC processes, cell adhesion, cell differentiation, tissue devel-

opment, and neutrophil migration. rECs resemble HUVECs in

their expression of genes relating to vascular development and

angiogenesis, as compared to fibroblasts and ETV2-ECs, which
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have these genes downregulated. The fibroblasts, ETV2-ECs,

and rECs show similar expression in the cell adhesion and tissue

development clusters. The fibroblasts, ETV2-ECs, and rECs

have low expression of cell adhesion genes compared to

HUVECs, which form extremely tight monolayers. The fibro-

blasts, ETV2-ECs, and rECs have high expression of genes in

the tissue development cluster compared to HUVECs, which

align with their original purpose of forming connective tissue



Figure 4. RNA sequencing was performed on fibroblasts, ETV2-ECs, rECs, and HUVECs

(A) Gene heatmap of the differentially expressed genes (DEGs) of each cell type.

(B) Gene heatmap of only endothelial-specific genes of each cell type.

(C) Principal-component analysis (PCA) of each cell type when analyzing DEGs.

(D) Clustering of the top 2,000 DEGs into 5 clusters, labeled with the major functions and genes in each cluster.

(E) Gene Ontology (GO) term analysis of genes upregulated in rECs compared to ETV2-ECs (left) and downregulated in rECs compared to ETV2-ECs (right).
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and depositing extracellular matrix. Interestingly, genes relating

to cell differentiation are highly upregulated in rECs compared

to ETV2-ECs, showing that reprogramming with ETV2 and

SOX17 simultaneously results in more widespread cellular

differentiation.

Next, we performed a Gene Ontology (GO) term analysis on

the DEGs. Here, we compared gene expression in rECs to

ETV2-ECs. We separated upregulated (Figure 4E, left) and

downregulated genes (Figure 4E, right) to identify specific pro-

cesses that are occurring in the rECs. We found that several

EC gene sets were significantly expressed in the rECs compared

to the ETV2-ECs, notably the regulation of cell differentiation,

tube development, and blood vessel morphology and vascula-

ture development. Many negative regulatory pathways were
also significantly downregulated in rECs compared to ETV2-

ECs, including the negative regulation of angiogenesis, blood

vessel morphogenesis, and vasculature development, which

suggests strong upregulation of vascular development and

angiogenesis-related processes in the rECs.

rECs undergo vasculogenesis in vivo

To evaluate EC functions in vivo, fibroblasts, ETV2-ECs, rECs,

andHUVECswere tested in an in vivoGelTrex plug assay to visu-

alize the cells’ ability to undergo vasculogenesis. Briefly, ETV2-

ECs and rECswere reprogrammed and CD31+ sorted before be-

ing resuspended in GelTrex, a Matrigel alternative, and injected

into the abdominal flank of mice (sham [no cells], fibroblasts,

and HUVECs n = 3; ETV2-ECs, rECs n = 4) (Figure 5A). The plugs
Cell Reports Methods 4, 100732, March 25, 2024 7



Figure 5. In vivo vasculogenesis assay

(A) Schematic of the GelTrex plug assay. A sham (no cells, n = 3), fibroblasts (n = 3), ETV2-ECs (n = 4), rECs (n = 4), or HUVECs (n = 3) suspended in GelTrex were

injected subcutaneously into the flank of nude mice, cultured for 14 days, and then excised.

(B) Representative image of an excised plug from each treatment group.

(C) Representative bright-field image of plugs after they were cryosectioned. Red/orange areas indicate erythrocytes and blood vessels.

(D and E) Representative images of human VE-CAD (red) and human eNOS (red) stains of the plugs. Round, high-intensity areas signify erythrocytes.White arrows

indicate blood vessel lumen filled with red blood cells. Orange arrows indicate hollow open lumen.

(F) Quantification of blood vessel area found in each treatment group.

(G) Quantification of human eNOS found in each treatment group.

(H) Quantification of total percentage of VECAD+ cells in each treatment group. One-way ANOVA, **p < 0.01 and ****p < 0.0001. Data presented as mean ±

standard deviation.
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were left in themice for 14 days, at which point theywere excised

and cryosectioned for immunohistochemistry. The newly

excised plugs were photographed, and blood could be seen in

the ETV2-EC, rEC, and HUVEC samples (Figure 5B). When the

rEC samples were trimmed, the blood vessels in the plug could

be seen with the naked eye. After cryosectioning, the plug slices

were imaged using a bright-field microscope (Figure 5C). The

rEC andHUVEC samples had clear cross-sections of large blood

vessels carrying red blood cells, while ETV2-EC samples had

only small blood vessels. Both the sham and fibroblast control

samples had no blood vessels. The total blood vessel area

compared to the entire area of the plugs was quantified, and it

was found that the rEC samples had the largest percentage of

blood vessel area and significantly more blood vessel area

than ETV2-ECs (Figure 5F).

Next, the cryosectioned plugs were stained for human VE-

CAD and human eNOS (Figures 5D and 5E). The ETV2-EC,

rEC, and HUVEC samples all showed VE-CAD expression.
8 Cell Reports Methods 4, 100732, March 25, 2024
The bright, circular regions in the stains represent erythrocytes,

as they absorb and retain the antibodies even after extensive

washing. The rEC VE-CAD stain showed a blood vessel

completely surrounded by cells expressing human VE-CAD,

along with satellite VE-CAD expression around other, smaller

blood vessels. We found that the ETV2-EC, rEC, and HUVEC

samples contained both blood vessel lumen filled with red

blood cells as well as open, hollow lumen without red blood

cells. In the eNOS stains, it is clear that the rEC and HUVEC

samples express eNOS; however, the ETV2-ECs either express

none or very little. The ETV2-EC stain shows only erythrocyte

antibody absorption and some background and does not

have a network that is seen in the rEC and HUVEC stains.

We quantified the eNOS expression in each group, excluding

the erythrocyte fluorescence (Figure 5G). The rECs had similar

eNOS expression compared to HUVECs, and it was also signif-

icantly higher than ETV2-ECs. We also quantified the number of

VE-CAD+ cells in each group to estimate how many of the
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implanted cells matured to become ECs (Figure 5H). There was

significantly more VE-CAD+ cells in the rEC plugs compared to

the ETV2-EC plugs. The rEC plugs had similar levels of VE-

CAD+ cells to the HUVEC plugs.

DISCUSSION

A reliable source of patient-specific functional ECs will be

extremely valuable for cardiovascular regenerative medicine

and tissue engineering applications. However, current methods

of reprogramming ECs are all very inefficient, and some lack

functional outcomes. Our study showed that reprogramming

adult fibroblasts into ECs using both ETV2 and SOX17 provides

advantages over ETV2 alone. ETV2 is well established as a mas-

ter transcription factor for EC fate,5 and SOX17 helps improve

the engraftment of newly formed blood vessels20 and drives an

arterial phenotype in ECs.14 Together, these transcription factors

generate more mature rECs at a higher efficiency than ETV2

alone. The ETV2-ECs performed very similarly to those estab-

lished in previous works.2,3,21,22 Thus, it appears that SOX17

directly aids the reprogramming process.

The transdifferentiation process is similar to induced pluripotent

stem cell (iPSC) reprogramming in many ways but also comes

with several key differences. Both processes begin with one cell

type, commonly fibroblasts, and reprograms them into a final

cell type thatmatches a desired physiological phenotype. Howev-

er, the steps to get there are different. iPSC reprogramming must

first reprogram cells into an iPSC state by increasing the expres-

sion of key genes, after which they can be differentiated into the

desired cell type.28 The reprogramming process is long and takes

roughly 3-4 weeks to achieve clonal iPSC expansion, with an

incredibly low efficiency that lies between 0.01% and 1%.29,30 Af-

ter this, the iPSCswill need to be expanded and differentiated into

ECs, which take another several weeks. In contrast, transdifferen-

tiation does not require this step and is usually a muchmore rapid

process than iPSC reprogramming. For example, our data show

the emergence of EC properties in as few as 6 days, with

12-day-old rECs capable of forming perfused blood vessels

in vivo. The best methods for generating usable patient-specific

ECs from fibroblasts using iPSC reprogramming take roughly 4–

5 weeks.31 If one wishes to bypass the inefficient dedifferentiation

process and instead use the readily available allogenic iPSCs to

create ECs, then there is a risk of immune rejection, whereas

the transdifferentiation method can produce autologous cells

morequickly.Once a stable iPSC line is created, ECdifferentiation

is typically drivenusing smallmolecules and growth factors.32,33 In

transdifferentiation, EC reprogramming is driven using a mix of

overexpressed transcription factors and small molecules.2,21,22,34

In summary, full iPSC reprogramming is time consuming, costly,

and inefficient, while transdifferentiation can occur much more

rapidly.

While iPSC differentiation and transdifferentiation take

different reprogramming routes, our rECs perform similarly to

ECs derived from iPSCs.31,35–37 However, it should be noted

that fibroblast-to-EC transdifferentiation is incredibly infantile

compared to iPSC-derived ECs. The first major success of EC

transdifferentiation arose in 2015 with the emergence of ETV2

as a target of interest,2,3 while iPSC-ECs have been researched
since the discovery of iPSCs in 2006,28 with knowledge of em-

bryonic stem cell differentiation dating back to 1992.38,39 iPSC-

EC differentiation is met with greatly varying levels of efficiency

(6%–16%,35 18%,37 >60%31), with higher efficiencies coming

out in more recent years.32,33 These iPSC-ECs can express

key EC proteins VE-CAD and CD31, as well as vWF. They also

take up and retain LDL, respond to inflammatory stimuli, and

form tubules when cultured on Matrigel.31,35,37

Our rECs are also able to exhibit these characteristics. Addi-

tionally, iPSC-ECs can be directed toward an arterial phenotype

by culturing them with VEGF and cAMP,35 similar to how SOX17

can be used to drive arterial EC transdifferentiation.14 It would be

interesting to see if these small molecules play a role in deter-

mining arteriovenous identity in transdifferentiation or even

make the overall reprogramming processmore efficient. Howev-

er, the main difference between iPSC-ECs and rECs is the

expression of eNOS. iPSC-ECs are able to produce detectable

eNOS proteins in vitro,35,37 whereas our rECs or ETV2-ECs failed

to do so. Despite not having eNOS expression in vitro, rECs start

to express eNOS in vivo. The field of EC transdifferentiation is still

very new, and more steps are being taken to further improve the

reprogramming process and generate more robust rECs. There

aremany ideas, andwe postulate assays that would be insightful

to further characterize the rECs and identify how they can be

enhanced, whether it be discovering small molecules that help

reprogramming or using single-cell RNA-seq (scRNA-seq) to

recognize and address shortcomings in the transdifferentiation

process.

SOX17 has many different roles across all three germ layers,

indicating that its function is context dependent.6–9,11,14We orig-

inally theorized that the overexpression of SOX17would lead to a

more arterial rEC population, and our data support this hypothe-

sis. We believe that the rECs resemble arterial ECs following the

induction of SOX17 because a purified population of rECs signif-

icantly upregulate arterial markers compared to HUVECs and

ETV2-ECs, while venous markers are not significantly different,

which also occurs when HUVECs overexpress SOX17.14 We

have seen that many of the rECs express the arterial protein

EphrinB2, further supporting that the rECs express some arterial

markers. There are some rECs that do not express EphrinB2;

these could potentially be a venous phenotype or un-transdiffer-

entiatedcells.While it seems that thepredominant subpopulation

of the rECs is comprised of arterial ECs, there is likely some het-

erogenicity in the rEC population, as seen by the simultaneous

expression of both venous and arterial markers. This phenome-

non could potentially be due to the fact that the rECs are derived

fromfibroblasts, and fibroblasts are typically heterogeneous.40 In

the future, it would be very interesting to further isolate and char-

acterize the rEC subpopulations.

Aside from driving an arterial phenotype, SOX17 also seems to

have a contextual role in the transdifferentiation process. The

RNA-seq data demonstrated that SOX17 induces widespread

changes to genes related to cell differentiation, which are unre-

lated to arterial or venous differentiation, implying that SOX17

also augments the reprogramming process in the context of

transdifferentiation. Therefore, the role of SOX17 in fibroblast-

to-EC transdifferentiation appears to be both similar to and

different from its role in ECs.
Cell Reports Methods 4, 100732, March 25, 2024 9
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When we performed the in vivo GelTrex plug assay, we found

that the fibroblast group failed to recruit mouse blood vessels.

There was little to no blood vessel formation in the fibroblast

group, where fibroblasts were thought to function to recruit

blood vessel infiltration into the plug through the stimulation of

angiogenic pathways. A large part of the formation of blood ves-

sels in the ETV2-EC, rEC, and HUVEC groups comes from vas-

culogenesis, whereby the ECs in these groups organize to

form vasculature; however, the fibroblast group lacks the cell

source needed to undergo vasculogenesis. Additionally, the fi-

broblasts in the plug may not produce strong enough pro-angio-

genic signals to promote mouse vessel infiltration into the plug.

We implanted cells at a density of 2 million cells/mL, whereas

typical physiological cell density is between 1 and 3 billion

cells/mL. Therefore, our cell density is roughly 3 orders of magni-

tude lower than physiological cell density, which decreases the

activity of many cell signaling pathways due to a very low amount

of signaling molecules and cascades compared to physiological

conditions. Our findings are also consistent with previous ETV2-

EC and iPSC-EC studies. Lee et al. showed that fibroblasts do

not produce significantly more blood vessels than a PBS sham

in a hindlimb ischemiamodel (Figure 7D in Lee et al.).3 In an in vivo

Matrigel plug, Margariti et al. showed that fibroblast plugs do not

form capillary-like structures (Figure 1J in Margariti et al.), nor do

they express EC markers (Figure 2 in Margariti et al.).41

Overall, we see that the simultaneous induction of ETV2 and

SOX17 improved the EC reprogramming efficiency and func-

tional outcomes. Nevertheless, rECs are still far from mature

vascular ECs in terms of gene expression profile and have a

shortage of certain EC functions such as low KLF2 and eNOS

expression in response to flow conditions, suggesting that there

is still room for improvement. Our work established a baseline for

future improvement. Previous studies have shown that the tem-

poral control of transcription factors and small molecules plays a

major role in both fibroblast-to-EC transdifferentiation and EC

differentiation from iPSCs. It would be interesting to test out

different timescales of ETV2 and SOX17 induction. Because

SOX17 is expressed at a later time point than ETV2 in the devel-

opment of ECs in physiological conditions, sequential overex-

pression of ETV2 followed by overexpression of SOX17 could

improve the reprogramming process, as it better mimics in vivo

conditions.11

Additionally, scRNA-seq could provide incredibly valuable

insight into the reprogramming process. We discussed that the

rECs likely form a heterogeneous population and that scRNA-

seq would allow us to discover and characterize each of the pre-

sent subpopulations.42 Interestingly, not many transdifferentia-

tion studies perform scRNA-seq on their reprogrammed cell

lines.34 The information gleaned from scRNA-seq could

completely revolutionize transdifferentiation as a whole, as it re-

veals major signaling pathways that are lacking in the reprog-

rammed cells, which could be targeted to improve the reprog-

ramming process.43 scRNA-seq could also be used to analyze

reprogrammed cells at different time points throughout the re-

programming process to visualize the cell-state transition from

the original cell type into the final cell type.44

In summary, we were able to improve the reprogramming of

adult fibroblasts toward ECs by simultaneously overexpressing
10 Cell Reports Methods 4, 100732, March 25, 2024
ETV2 and SOX17. These rECs outperform ETV2-ECs in many

functional aspects, which include higher reprogramming effi-

ciency, being enriched in more EC genes, and expressing

eNOS in response to flow. When the rECs were injected subcu-

taneously into mice, they were able to undergo vasculogenesis,

producing new blood vessels that connect with the mouse’s cir-

culation and were perfused and capable of expressing human

eNOS. Overall, we show that reprogramming fibroblasts into

ECs using ETV2 and SOX17 is more efficient and generates bet-

ter functional outcomes than reprogramming with ETV2 alone.

Limitations of the study
In this study, we only evaluated the functional outcomes at

12 days of reprogramming. It is unknown whether the reprog-

rammed cells acquire a stable EC phenotype and if the sorted

rECs can be further expanded while still maintaining the key

EC functions in culture. It is also unknown whether the reprog-

ramming factors need to be turned on consistently or can be

safely turned off after reprogramming. Given the dynamic state

of cellular reprogramming, it is likely that the EC phenotype is

continuously drifting in culture, which makes it difficult to predict

what is the best timing to use these cells for clinical translation.

Previously, it was observed that ETV2-ECs gradually lose the

EC phenotype and that the second phase induction at the later

time point is necessary to induce EC functions.2 In the future,

the epigenetic memory and the stability of the EC phenotypes

need to be further studied.

Another limitation of the study is that both ETV2 and SOX17

are under the doxycycline-inducible lentivirus with the same anti-

biotic selection marker. This has certain limitations, as ETV2 and

SOX17 can only be turned on or off at the same time, and the

same antibiotic selection marker cannot guarantee 100% trans-

fection of both ETV2 and SOX17, which leads to heterogeneous

cell populations with some cells only expressing one transcrip-

tion factor. Moving forward, bicistronic plasmids could be de-

signed so that we can achieve a 100% transfection rate for

both and independently control the precise timing of ETV2 and

SOX17 induction to better mimic the ETV2 and SOX17 expres-

sion timeline during native vascular development.

One potential concern of this work is using lentiviruses for

gene delivery. These lentiviruses pose possible health concerns

when translated to clinical work, but we are currently in the pro-

cess of moving away from exogenous overexpression and tran-

sitioning toward transient endogenous upregulation using

CRISPR/dCas9 or modified RNA-based technologies45 to target

and upregulate ETV2 and SOX17. It is also proposed that

CRISPR/dCas9 allows formore complete reprogramming by tar-

geting endogenous genes.46 Thus, we can use CRISPR to tran-

siently upregulate ETV2 and SOX17 or use RNA technology to

directly deliver ETV2/SOX17 RNAs to reprogram the fibroblasts

without the need for lentiviruses.

We investigated how many implanted cells commit to an EC

lineage by measuring the number of human VE-CAD+ cells in

each plug group. However, we did not fluorescently label our

rECs before implanting them in the mice, in order to preserve

all fluorescent channels for flexible downstream antibody stain-

ing. This limits our ability to track the cell fate of input cells. In

the future, it would be beneficial to repeat this experiment but
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to label the cells so that we can trace their progression and final

phenotypic states in the mouse. This would allow us to precisely

determine the percentage of rECs that form perfused vascula-

ture and the percentage of failed rECs in vivo.

Despite improvement over ETV2-ECs, the rECs still have sig-

nificant limitations, when compared to mature ECs, such as

low CD31 expression, low KLF2 and eNOS expression in

response to flow, low vWF expression and no Weibel-Palade

body stain, and low E-selectin and VCAM-1 expression in

response to inflammatory stimuli. The RNA-seq analysis

confirmed that rECs, although enriched in more EC genes, are

still far away from mature ECs, showing widespread gene

expression pattern from HUVECs, raising the question of

whether the rECs are bona fide vascular ECs. In vivo, although

we observed that rECs are able to form vascular network car-

rying the host’s blood and start to express eNOS, we also

observed that some cells in the plugs seemed to form clumps,

separate from the larger blood vessels. The heterogenicity

described above could result in a subpopulation of reprog-

rammed cells that do not function properly and instead form

clumps. Interestingly, our ETV2-ECs seemed to clump together

more than those previously established and validated in a similar

mouse model.2 In that study, the percentage of CD31+ cells is

comparable to our ETV2-ECs. The in vivo evaluation is done at

day 28, while ours is at day 14. Also, they did not perform

flow-inducible KLF2 and eNOS measurements, so it is difficult

to compare functional outcomes directly. However, it is impor-

tant to note that we do not know the age of the cells used in

the previous study. When the same method of ETV2 is applied

in our study, which use fibroblasts from a 59-year-old donor,

the ETV2-ECs data here is less promising than those previously

published. It is possible that cells of different ages have different

abilities to be reprogrammed. As cells age, their ability to func-

tion properly and, therefore, undergo reprogramming is also

inhibited.47 Therefore, some previous works that showed suc-

cessful reprogramming using younger cells need to be re-exam-

ined to see if they can work efficiently on older cells. In the future,

more work needs to be done specifically on improving the re-

programming efficiency of cells from elderly patients, as they

are the predominant population that need the vascular therapy

the most.
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Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fibroblast culture and transduction
All biological procedureswere performed in sterile conditions in BSL2 biosafety cabinet. All cells were incubated in an incubator at 37�C
and5%CO2.TheNHDF-Ad lineused for thisprojectwas fromahuman femaleandpurchased fromLonza (CC-2511).TheNHLF lineused

for this project was from a humanmale and purchased fromLonza (CC-2512). Fibroblasts were cultured in Fibroblast GrowthMedium2

(FGM-2) (Promocell, C-23020) supplemented with Growth Medium 2 Supplement Mix, 1% penicillin/streptomycin (Gibco, 15140122),

and 1% GlutaMax (Gibco, 35050061). Fibroblasts were seeded at 10,000 cells/cm2, grown overnight, and transduced the next day.

The fibroblastswere transducedwith an ETV2 lentivirus (ETV2-ECs), a SOX17 lentivirus (SOX17-ECs), or both the ETV2 and SOX17 len-

tiviruses (rECs) at anMOI of 5 for each virus, in FGM-2 containing 5 mg/mLpolybrene (VectorBuilder). These plasmids are Tet-Onandwill

only express ETV2 and SOX17 in the presence of doxycycline. The ETV2 lentiviral vector codes for ETV2 transcript variant 1 (NM

_014209.3). The cells were left to incubate with the virus for 48 h, after which the cells were given normal FGM-2. After another 24 h,

the cells were given FGM-2 supplementedwith 2 mg/mL of puromycin to select for the transduced cells. After 48 h of selection, the cells

were again given normal FGM-2 and expanded for future experiments. Fibroblasts were transduced at passage 3 or 4.

Endothelial cell culture
All biological procedures were performed in sterile conditions in BSL2 biosafety cabinet. All cells were incubated in an incubator at

37�C and 5% CO2. The HUVEC line used for this project was human male/female pooled and purchased from Lonza (C2519A).

HUVECs were grown in Endothelial Growth Medium 2 (EGM-2) (Promocell, C-22011) supplemented with Growth Medium 2 Supple-

ment Mix, 1% penicillin/streptomycin (Gibco, 15140122), and 1% GlutaMax (Gibco, 35050061). All ECs were grown on 2% gelatin

(Sigma, G1890-100G). For experiments, passages 3–6 were used.

Fibroblast to endothelial cell transdifferentiation
Tohelpdrive the reprogrammingprocess,cellswere reprogrammed inEndothelialGrowthMedium2 (EGM-2) (Promocell,C-22011) sup-

plemented with Growth Medium 2 Supplement Mix, 1% penicillin/streptomycin (Gibco, 15140122), and 1% GlutaMax (Gibco,

35050061). rECs were given EGM-2 supplemented with 0, 10, 100, 500, 1000, and 2000 ng/mL of doxycycline (Sigma, 50-165-6822).

Media was changed every other day. The cells were cultured for 12 days and harvested for RT-qPCR analysis. ETV2 and SOX17

mRNA levels were measured. rECs treated with 1000 ng/mL of doxycycline resulted in high ETV2 and SOX17 expression. Afterward,

we cultured rECs in EGM-2 with 1000 ng/mL of doxycycline for 6, 8, 10, 12, and 14 days, after which they were harvested for RT-

qPCRanalysis. rECsharvested onday 12were shown to have the highest ETV2andSOX17 expression. All following experiments repro-

gram transduced cells with 1000 ng/mL of doxycycline for 12 days unless otherwise stated. For experiments, passages 5–8 were used.

Mice
7�9-week-old male BALB/c nude mice (CAnN.Cg-Foxn1nu/Crl, Charles River) were used for this study. All animal protocols and pro-

cedures were reviewed and approved by Northeastern University Animal Care and Use Committee (protocol #19-0210R). Mice were

maintained under standard pathogen-free condition and complied with all ethical regulations.

METHOD DETAILS

Quantitative Reverse Transcriptase Polymerase Chain Reaction (RT-qPCR)
RNA was extracted from cells using the RNeasy Mini Kit (QIAGEN, 74106). RNA concentration was quantified using the Nanodrop

spectrophotometer (Fisher Scientific, 13-400-518). RT-qPCR analysis was performed using probes from TaqMan Gene Expression

Assays and TaqMan Fast Virus 1-Step Master Mix (Applied Biosystems, 44-444-32) on a QuantStudio 3 (Applied Biosystems,

A28136) following TaqMan protocols. All mRNA expression measurements were normalized to the expression of RN18S.

Magnetic-activated cell sorting (MACS)
Cells were removed from their culture dish following a typical trypsinization protocol. Cells were spun down using a centrifuge at 300g

for 5 min. Cells were reconstituted in 250 mL of PBS. Next, 20 mL of CD31 magnetic beads (Miltenyi Biotech, 130-091-935) were

added to the cells and mixed by gentle flicking. The mixture was incubated at 4�C for 20 min, with periodic mixing to ensure that

the beads did not settle. After, 5 mL of PBS was added, and the cells were spun at 300g for 5 min. The cells were reconstituted

in 1 mL of EGM-2. The magnetic columns were attached to the magnet and primed by putting 1 mL of EGM-2 through them, and

then adding the cell suspension. After, the column was removed from the magnet and placed in a 15 mL conical tube. Another

1 mL of EGM-2 was added to the column to allow the CD31+ cells to elute out. The cells were then used in various experiments.
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2D immunocytochemistry
Cells were washed with phosphate-buffered saline (PBS) briefly, fixed with 4% paraformaldehyde (Thermo Scientific Chemicals,

J19943K2) for 20 min at RT, then washed in PBS 3 times for 5 min each. The cells were then blocked with 10% goat serum (MP

Biomedicals, 0219135680) and permeabilized with 0.1% Triton X-(Thermo Scientific Chemicals, A16046AE) simultaneously for 1 h

at RT. Cells were then incubated with the primary antibody in 10% goat serum overnight at 4�C. The cells were washed 3 times for

5 min each with PBS. Next, the secondary antibody (1:500) was added and the cells were left to incubate at RT for 30 min.

Hoechst 33342 (Thermo Scientific, 62249) was then added directly to the cells without removing the secondary antibody for

15 min at RT. The cells were again washed 3 times for 5 min each and then imaged. Specific antibodies can be found in key re-

sources table.

Brightfield and fluorescent microscopy
An Eclipse Ti2 inverted microscope (Nikon) was used to image cell samples at 4x, 10x, and 20x magnification with Brightfield and

various fluorescent filters.

Fluorescent-activated cell sorting (FACS)
Cells were reprogrammed and then lifted from their culture dish using Accutase for 10 min. They were spun down and resus-

pended in cold FACS buffer (PBS, 10% FBS [Corning, 35011CV], 0.1% sodium azide [Thermo Scientific Chemicals,

447810250], and 0.5 mM EDTA [Fisher Chemical, S311-100]) at a concentration of 1x106 cells/mL. 100 mL of the cell suspension

was added to its own tube. Next, the suspension was blocked with 25 mg/mL mouse IgG1 (Biolegend) for 20 min on ice. They

were washed 3 times with cold FACS buffer and finally resuspended in 100 mL of cold FACS buffer. The primary antibodies were

added to the suspension: 0.25 mL of the Alexa Fluor 647 anti-human CD31 antibody (Biolegend) and 0.5 mL of the PE anti-human

VE-CAD antibody (eBioscience). They were incubated at 4�C, in the dark, for 30 min. They were washed 3 times with cold FACS

buffer, resuspended in 100 mL of cold FACS buffer, and analyzed immediately using a Beckman Coulter CytoFLEX S Flow

Cytometer.

Low-density lipoprotein (LDL) uptake
Reprogrammed cells were incubated with Alexa Fluor 594-Ac-LDL (Fisher Scientific) at a concentration of 10 mg/mL for 4 h. The cells

were triple washed with PBS to dispose of excess, unused LDL and then fixed and stained with Hoechst 33342. Next, they were

imaged using a fluorescent microscope. LDL uptake was quantified using ImageJ to threshold each image and measure the amount

of LDL present in each sample, and then normalizing it to cell count.

Matrigel tubule formation
30 mL ofMatrigel (Corning, 354277) was placed in a single well of a 96-well plate. Thewell plate was placed in the incubator at 37�C for

30min to allow theMatrigel to solidify. Cells were reprogrammed and sorted into a CD31+ population usingMACS. Then, 15,000 cells

were seeded on the surface of the Matrigel. The next day, images were taken using Brightfield microscopy.

Inflammatory stimulus response
Cells were reprogrammed and then cultured with 10 ng/mL of tumor necrosis factor alpha (TNF-a) (Invitrogen, A42552) for 6 h. They

were washed with PBS 3 times for 5 min each, then harvested for RT-qPCR analysis.

Reprogramming under flow
Cells were reprogrammed and exposed to 48 h of 5 dyn/cm2 shear stress to evaluate the cells’ ability to respond to flow stimuli. Flow

was induced using a cone-and-plate shear device (Arcus Technology Inc., DMX-J-SA-17). Briefly, a 1� angled cone spins roughly

100 mm above the confluent cells, causing the cells to experience shear stress according to the following equation:

t =
mu

q

where t is shear stress, m is the fluid viscosity of EGM-2 at 37�C (0.00078 Pa-s), u is rotational speed, and q is the angle of the cone

(1�). Media was changed every 24 h and replaced with fresh EGM-2 supplemented with 1000 ng/mL doxycycline. The cells were

imaged using Brightfield microscopy and then harvested for RT-qPCR analysis.

RNA-seq data analysis
Cells were reprogrammed and sorted into a CD31+ population using MACS. RNA was isolated using the RNeasy Mini Kit (QIAGEN)

and sent to Genewiz for RNA-seq processing. Three programs were used to process the RNA-seq data. RStudio was used to

generate heatmaps and principal component analysis plots. iDEP v0.91 from South Dakota State University was used to generate

the clusters of the top differentially expressed genes and determine differentially expressed genes between groups. Gene ontology

analysis was performed using geneontology.org.
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In vivo GelTrex plug assay
Cells were reprogrammed and sorted into a CD31+ population using MACS.We took 700,000 cells and suspended them in 350 mL of

GelTrex (Gibco, A1413302), supplemented with 300 ng/mL of bFGF (Gibco, PHG0368) and 10 U/mL of heparin (STEMCELL Tech-

nologies, 07980). GelTrex is very similar to Matrigel and was used since it was difficult to acquire Matrigel during the height of the

Covid-19 pandemic. There were 5 groups of mice, each treated with a different cell type: Sham (no cells, n = 3), fibroblasts

(n = 3), ETV2-ECs (n = 4), rECs (n = 4), or HUVECs (n = 3). The GelTrex suspension was then injected subcutaneously into the abdom-

inal flanks of 7 to 9-week-old male CAnN.Cg-Foxn1nu/Crl (BALB/c) mice (Charles River).

After 14 days, themice were sacrificed, and the plug was excised. The plugswere prepared for cryosectioning by fixing them in 4%

PFA for 4 h at RT, then in 30% sucrose (Sigma, S7903-250G) for 18 h at RT. The dehydrated plugs were embedded in O.C.T. com-

pound (Fisher Scientific, 23-730-571), flash frozen using liquid nitrogen, and then stored at �80�C until ready to be sectioned. The

frozen plugs were cut into 20 mm slices using a cryostat (Carl Zeiss) and stored on a microscope slide. Brightfield images were taken

using a Brightfield microscope.

The sliceswere then immunostained following a typical cryosection immunohistochemistry protocol to stain for human VE-CAD or hu-

man eNOS. First, they were washed in 4% PFA for 10 min. Then, they were washed with PBS twice for 5 min each. They were permea-

bilized in 0.3% Triton X- for 10min and then washed again with PBS twice for 5 min each. Next, the samples were placed in 2.95mg/mL

sodiumcitrate (FisherScientific,S279-500) forantigen retrievalandplaced inapressurecooker for10min.Thesampleswere thenwashed

withPBStwice for 5minandhad their endogenousperoxidaseblocked for 30minusing1%H2O2 (FisherScientific,H312-500).Theywere

again washedwith PBS twice for 5 min and then blockedwith 10% goat serum for 1 h. Primary antibodies were diluted at a 1:50 dilution

and placed on the samples overnight. The sampleswerewashedwith PBS thrice for 5min. The secondary antibodywas then added at a

dilution of 1:500. The samples were mounted with Vectashield (Vector Laboratories, H200010) and imaged immediately.

Blood vessel area was quantified by taking representative Brightfield images of each plug and using ImageJ to calculate the area of

red blood cells compared to the area of the plug slice. This process was repeated for each plug and these data points were then

averaged together. eNOS expression was quantified by thresholding the fluorescent images and removing the erythrocyte fluores-

cence, and then measuring the area of eNOS expression compared to the area of the plug slice, again using ImageJ. This was

repeated for each sample and averaged together. The total amount of VE-CAD+ cells in each group was quantified by counting

the number of cell nuclei that were in direct contact with the VE-CAD stain. This was then divided by the total cell count to determine

what percent of the cells were VE-CAD+ in each sample. This was repeated for each sample and averaged together.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed on all data using a one-way ANOVA or two-sided t-tests. HUVEC expression was not part of the

one-way ANOVA analysis in Figures 1C, 2G, and 3C. All data presented is presented as mean ± standard deviation (SD) using

GraphPad Prism 9. A significance of p < 0.05 was used to deem data statistically significant. A p < 0.01 is denoted with **, a

p < 0.001 is denoted with ***, and a p < 0.0001 is denoted with ****.
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