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Abstract

Endothelial cells (ECs) exist in different microenvironments in vivo, including under different 

levels of shear stress in arteries versus veins. Standard stem cell differentiation protocols to derive 

ECs and EC-subtypes from human induced pluripotent stem cells (hiPSCs) generally use growth 

factors or other soluble factors in an effort to specify cell fate. In this study, a biomimetic flow 

bioreactor was used to subject hiPSC-derived ECs (hiPSC-ECs) to shear stress to determine the 

impacts on phenotype and upregulation of markers associated with an anti-thrombotic, anti-

inflammatory, arterial-like phenotype. The in vitro bioreactor system was able to efficiently 

mature hiPSC-ECs into arterial-like cells in 24 hours, as demonstrated by qRT-PCR for arterial 

markers EphrinB2, CXCR4, Conexin40 and Notch1, as well protein-level expression of Notch1 

intracellular domain (NICD). Furthermore, the exogenous addition of soluble factors was not able 

to fully recapitulate this phenotype that was imparted by shear stress exposure. The induction of 

these phenotypic changes was biomechanically mediated in the shear stress bioreactor. This 

biomimetic flow bioreactor is an effective means for the differentiation of hiPSC-ECs toward an 

arterial-like phenotype, and is amenable to scale-up for culturing large quantities of cells for tissue 

engineering applications.
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1. Introduction

The vasculature is one of the earliest organ systems to develop in the embryo. Endothelial 

cells (ECs) line the entire vasculature and have critically important roles in maintaining a 

dynamic barrier between blood and interstitial compartments, maintaining vasomotor tone, 

regulating inflammation and thrombosis, and maintaining overall vascular homeostasis. ECs 

exhibit significant functional and phenotypic heterogeneity [1], and various stimuli, 

including biomechanical shear stress, can modulate their phenotype.

In order to establish a cellular platform for studying endothelial biology and generating 

functional vascularized tissue suitable for transplantation, a reliable EC source is needed. 

Currently, isolated endothelial cells from human tissue are the main cell source used to study 

basic endothelial biology. However, these primary cells rapidly lose phenotypic marker 

expression in vitro, and isolation of large numbers of cells for expansion is difficult. The 

advent of human induced pluripotent stem cells (hiPSCs) [2], which can be derived from a 

person’s own somatic cells and differentiated into virtually every cell type in the body, 

constitutes a powerful tool for vascular tissue regeneration. In addition, ECs derived from 

hiPSCs are unique in that they have never been exposed to blood flow, which makes them 

different from tissue-derived ECs, which are invariably exposed to flow during the lifetime 

of the tissue donor. Thus, immature and non-lineage-committed endothelial cells, derived 

from hiPSCs, may possess greater inherent plasticity as compared to primary ECs, such as 

human umbilical cord vein endothelial cells (HUVECs) or human aortic endothelial cells 

(HAECs).

To date, multiple groups have described the differentiation of ECs from hiPSCs [3–6]. These 

cells display both specific functions characteristic of primary ECs [3] and have been 

demonstrated to have therapeutic potential by promoting perfusion of ischemic tissues in a 

mouse model of peripheral arterial disease [7]. However, ECs were isolated from static 

culture based on general EC marker expression, including CD31 (platelet endothelial cell 

adhesion molecule-1 or PECAM-1), KDR (vascular endothelial growth factor receptor-2 or 

VEGFR2) and VE-cadherin (CD144), which are present on arterial, venous, and lymphatic 

subtypes of endothelium. This means that endothelium derived from hiPSCs may be 

heterogeneous in terms of their precise lineage [5]. We sought to determine the impact of 

shear using a biomimetic flow bioreactor on the lineage specification of ECs derived from 

hiPSCs, in order to gain a better understanding of differentiation pathways and to potentially 

enhance the suitability of cells for various research and therapeutic applications.

Studies have shown that shear stress, or the adrenomedullin/cAMP pathway [8], can activate 

Notch signaling [9], thereby causing endothelial maturation and full differentiation into the 

arterial phenotype. Further, shear stress regulates EC gene expression for proliferation and 

survival [10] as well as vasoactive and anti-thrombotic substances such as nitric oxide (NO), 
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prostacyclin [11], and thrombomodulin [12]. Shear pre-conditioned ECs have been shown to 

maintain their anti-thrombotic surface in arterial tissue engineered vascular grafts (TEVGs) 

in vivo, possibly by releasing NO [13]. Thus, shear stress caused by hemodynamic fluid flow 

is a crucial regulator of vascular homeostasis and normal EC function.

Arterio-venous fate determination occurs concurrently with the onset of blood flow [14]. 

Distinct molecular markers signify the differences between arterial and venous ECs during 

normal vascular patterning [15]. Nevertheless, the vascular endothelium is plastic in nature, 

and shear stress caused by blood flow can modulate the expression of arterial and venous-

specific genes [16]. However, this phenotypic plasticity is present only to a certain degree in 

mature primary (adult) ECs. It has been shown that venous markers on vein grafts are lost 

after placement in the arterial environment, but that arterial identity is not induced, 

suggesting an incomplete adaptation to the high-flow arterial environment [17]. However, 

ECs derived from stem cells (hESCs) have much more plasticity as compared to adult ECs, 

as they are able to effectively upregulate markers associated with an arterial phenotype [9].

In this study, we evaluated the impact of shear stress on the expression of venous and 

arterial markers in ECs that were derived from hiPSCs. We generated ECs from hiPSCs 

using a directed differentiation approach, and examined the impact of shear stress on the 

maturation of hiPSC-ECs toward a venous- or arterial-like phenotype using our flow 

bioreactor. We cultured hiPSC-ECs on a porous mesh inside a biomimetic bioreactor system 

that mimics blood flow through a vessel, imparting “arterial” or “venous” levels of shear 

stress on the cells. The activation of vasoprotective, anti-inflammatory markers KLF2 and 

KLF4 was assessed, as well as the angiogenic potential of hiPSC-EC that were cultured in 

the bioreactor as compared to human umbilical cord vein endothelial cells (HUVECs) and 

human arterial endothelial cells (HAECs) We then compared the effect of the addition of 

soluble factors that have been shown to impact arterial specification on the expression of 

these same markers. Our results showed that physiological levels of shear stress upregulates 

markers associated with a vasoprotective, arterial-like phenotype significantly better than 

soluble factors, thus demonstrating the importance of biomechanical flow on EC subtype 

specification.

2. Materials and Methods

2.1 Cultivation of human iPS cells (hiPSCs)

Previously described human iPSC (hiPSC) lines were utilized for all experiments [18, 19] 

and were maintained on Matrigel as described in prior publications [2, 19]. All hiPSCs 

expressed Oct4, Sox2, and Nanog as assessed by immunostaining (data not shown). These 

cells have normal karyotypes, express cell surface markers and genes that characterize 

pluripotent human ES cells, and maintain the developmental potential to differentiate into 

advanced derivatives of all three primary germ layers. Briefly, hiPSCs were propagated on 

hESC-qualified Matrigel (BD Bioscience) from passages 25–40 and maintained in mTeSR 

medium (Stemcell Technologies). Medium was replaced daily and hiPSC colonies were 

routinely passaged every 5–7 days by mechanical dissociation using dispase (Stemcell 

technologies). The hiPSC line C2 (neonatal foreskin) utilized here was provided by Dr. 

James A Thomson, Department of Anatomy, University of Wisconsin-Madison, Madison, 
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WI and p-hiPSC line (human newborn fibroblasts) was provided by Dr. Yibing Qyang, 

Department of Medicine, Section of Cardiovascular Medicine, Yale University, New Haven, 

CT.

2.2 In vitro differentiation and isolation of endothelial cells from hiPSCs (hiPSC-ECs)

hiPSCs were differentiated into ECs via embryoid body formation using directed 

differentiation (Figure 1A, top) in a manner similar to previously published protocols [5, 6]. 

Briefly, embryoid bodies (EBs) were formed using dispase on hiPSC colonies for 15 

minutes, until colonies lifted off plate, and were carefully collected into a 15 mL conical 

tube. After washing twice with phosphate buffered saline (PBS), EBs were plated at high 

density into ultra-low attachment 6-well plates (Corning, Inc.) and first differentiated to 

mesoderm using 20 ng/mL BMP-4 (R&D Systems) for 4 days in human embryoid medium 

(hEB), containing knockout DMEM (KO-DMEM, Life technologies) with 20% FBS 

(Hyclone), 1% NEAA, 1 mM L-glutamine and 0.5 mM 2-mercaptoethanol. At then end of 4 

days, EB’s were attached to 0.67% gelatin-coated plates (1 well to 1 well ratio) and were 

cultured for an additional 10 days in the differentiation medium containing Vasculife VEGF 

medium (Lifeline Technologies) supplemented with 10% FBS and 50 ng/mL VEGF (Figure 

2A–D) to specify vascular fate with medium changes every other day.

Isolation of hiPSC-ECs: After 14 days of differentiation, cells were harvested using a 

CD31+ magnetic bead isolation kit to obtain a homogeneous population of hiPSC-ECs. 

Briefly, medium was aspirated, cells were washed with PBS and collagenase A/B 2 mg/mL 

was added for 30 minutes at 37°C. Cells were pipeted vigorously to break up clusters and 

were filtered through a 40 µm nylon mesh and centrifuged at 1000 RPM for 5 minutes. 

Then, the supernatant was aspirated and 5 mL of accutase (Stemcell technologies) was 

added for an additional 5 minutes to ensure a single cell suspension. To isolate ECs, a CD31 

magnetic bead (Dynabeads, Invitrogen) isolation kit was used according to manufacturer's 

protocol. Briefly, approximately 2 million cells (per 6-well plate) were incubated with 20 µL 

of Dynabeads in PBS + 0.1% bovine serum albumin (BSA) for 20 minutes at 4°C with 

rocking, followed by placing tube in magnet and washing to remove non-CD31+ cells. After 

isolation, CD31+ hiPSC-ECs (passage 0, P0) were plated on fibronectin-coated plates (3 

µg/cm2) in expansion medium containing Vasculife VEGF medium + 2% FBS + 5 ng/mL 

VEGF (Differentiation protocol, Figure 1A, bottom). Once confluent, cells were passaged 

routinely and plated at 10,000 cells/cm2. These isolated and expanded homogeneous hiPSC-

ECs were used for all subsequent bioreactor seeding/shear experiments. Cells were routinely 

passaged and maintained CD31 and VE-cadherin marker expression as assessed by qPCR 

(Figure 3H). Doubling time for cells was approximately 24 hours and cells up to P4 were 

used for experiments.

2.3 Primary human endothelial cell culture

Pooled primary human umbilical cord vein endothelial cells (HUVECs) were obtained from 

the Yale University Vascular Biology and Therapeutics Tissue Culture Core Facility. 

Human aortic endothelial cells (HAECs) were purchased from PromoCell. Both cell lines 

were maintained in Vasculife VEGF medium (Lifeline Technologies). All cell lines were 

routinely passaged at 80% confluence every 3–4 days and used between passages 2–6.
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2.4 Bioreactor design and assembly

The bioreactor used in this study is designed to simulate the flow of blood through a blood 

vessel lumen. The housing was custom-made (Yale University glass blower, Figure 1C) and 

consists of a borosilicate glass chamber 51 mm OD, 43 mm ID, capped with a threaded 

white PTFE cap (Figure 1B, 2C). Three holes, 7 mm, were bored through the cap, two for 

silicon tubing and one for a sterile air filter attachment port. A medium outlet port, 5 mm, is 

incorporated at the base. For closed-loop flow, Master-Flex L/S 16 tubing (Cole-Parmer 

ZW-06508-16) was used to attach to this base via a sealing luer-lock (Cole-Parmer 

ZW-06464-90) to male connectors on the cap. The lumens were 3 cc luer-lock syringes (BD 

209657) cut at the 1.5 cc mark and each bioreactor housed two lumens. A peristaltic pump 

was used for flow (Cole Parmer).

Millipore’s Biopore Membrane (BGCM00010) was used as a cell support inside the lumens 

of the vessel chambers that were placed inside the bioreactors (Figure 1A, arrow). This 

membrane has been shown to be highly supportive of cell growth [20]. This membrane is bi-

layer with the upper being composed of 50 µm thick polytetrafluorethylene (PTFE) with 0.4 

µm pores for cell attachment and ingrowth. The lower layer is 200 µm thick hydrophilic 

polyvinyl (PVDF) with 0.22 µm pores, which is an absorbant layer that acts as a medium 

reservoir for nutrient transfer to the cell layer above. These membranes could be rolled and 

placed inside vessel chambers, which are 8.66 mm in diameter (Figure 1B and 1C, left side) 

and mimic the inner lumen of a blood vessel.

2.5 Application of shear stress to hiPSC-ECs in the bioreactor system

Prior to shear stress experiments, all bioreactor components were autoclaved. Biopore 

membranes were cut to size (2.5 cm× 2.8 cm) and immersed in sterile 70% ethanol for 20 

minutes under UV light. The membranes were washed twice with 1× PBS and coated with 

fibronectin (3 µg/cm2) (Sigma-Aldrich) for hiPSC-EC seeding and with 0.1% gelatin for 

HUVEC or HAEC seeding. Early passage cells (P1–P4) were removed from tissue culture 

plates using accutase (Stemcell Technologies) and reseeded onto coated membranes (Figure 

1A) at a concentration of 7 × 104 cells/cm2. The constructs were incubated at 37°C for 4 h to 

allow the cells to completely attach. Culture medium (Vasculife VEGF medium) was then 

added to completely submerge the constructs for one day to allow cells to firmly attach and 

proliferate on the membrane. The membranes were then carefully rolled into pre-sterilized 

vessel chambers (Figure 1B, curved arrow), which were sealed into the flow port to ensure 

the flow path was confined to passage through the vessel chamber. These were then attached 

to the tubing connectors in the cap. All tubing was pre-connected to allow for closed-loop 

flow, and 100 mL of culture medium was added to the bioreactor reservoir. The lines were 

purged of air, and the cap was tightly sealed and bioreactor system was connected to a 

peristaltic pump. Flow was started at 10 mL/min to allow cells to adapt to shear stress. Shear 

stress was estimated using Poisuelle’s equation τ= 4ηQ/πr3, where τ is the wall shear stress 

in dyne/cm2, η is the medium viscosity and estimated to be 0.8 cP [21], Q is volumetric flow 

rate which is calibrated by measuring the medium dispensed through lumen per minute 

(cm3/min), and r is the inner diameter of the lumen (0.8 cm). Flow was gradually increased 

to either low shear rates (venous) of approximately 5 dyne/cm2 or high shear rates (arterial) 
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of approximately 10 dyne/cm2 and maintained at this level for 24 hours. After this exposure 

to shear for one day, cells were immediately harvested for further analysis.

2.6 Small molecule differentiation of hiPSC-ECs to arterial-like endothelial cells

We examined the effect of the Notch activator, 8-bromo-cAMP (cAMP) [8] and high levels 

of VEGF [22] on the phenotype of hiPSC-ECs in vitro. hiPSC-ECs were cultured under 

conditions described above, but with the addition of either 5 µM cAMP (Sigma-Aldrich), 50 

ng/ml VEGF (R&D systems) or a combination of both cAMP and VEGF for 24 h. Cells 

were then harvested for qRT-PCR or Western blotting.

2.7 In vitro matrigel angiogenesis assay and acetylated-LDL uptake

To assess the angiogenic capacity of hiPSC-ECs in vitro, a thin layer of Matrigel (BD 

Bioscience) was used to coat the wells of a 48 well plate, followed by seeding with 5 × 104 

cells directly in a minimal volume of medium. After 24 hours, wells were fixed in 4% 

paraformaldehyde and networks were imaged using a phase-contrast microscope. For the 

quantification of networks, WimTube software was used (Wimasis). For acetylated-LDL 

uptake, DiI-labeled acetylated-LDL (Invitrogen) was incubated with cells in serum-free 

medium (EBM2) for 4 hours. Cells were then washed twice with 1× PBS, fixed with 4% 

paraformaldehyde, and imaged using a Leica DMI6000 B fluorescence microscope.

2.8 Flow cytometry and immunohistochemistry analysis

Differentiated hiPSC-ECs were assessed by immunofluorescence staining and flow 

cytometry. For immunostaining, ECs were seeded into four-well chamber slides for 24 

hours, washed with PBS and fixed in 4% paraformaldehyde in PBS for 20 min at room 

temperature (RT). Cells were then permeabilized and blocked for non-specific antigen 

binding with PBS + 10% FBS + 0.1% Triton X-100 for 1 hour at RT. The cells were then 

incubated with primary antibodies against PECAM-1 (CD31) (Abcam, ab28364), VE-

Cadherin (CD144) (Santacruz, sc-6458), eNOS (Abcam, ab5589), vWF (Abcam, ab6994), 

overnight at 4°C. The next day, cells were washed three times with 1X PBS and incubated 

with corresponding secondary antibody (1:500) for 2 hours at RT. After washing three times 

with 1× PBS, mounting medium containing 4, 6-diamidino-2-phenylindole (DAPI) 

(Vectorlabs) was applied to slides to visualize nuclei and coverslips were placed to seal 

slides. The slides were visualized using a Leica DMI6000 B fluorescence microscope.

For flow cytometric analysis, cells were dissociated into single cell suspensions by 

incubation in accutase for 5 min. The dissociated cells were resuspended (2 × 105 cells) in 

200 µl of blocking solution (PBS + 10% FBS) for 20 minutes, followed by incubation in 

flurophore-conjugated antibodies for 20 minutes at 4°C. After washing twice with PBS, cells 

were fixed in 4% paraformaldehyde for 15 minutes, washed once with PBS and resuspended 

in 200 µl PBS, and filtered through a 40 µm nylon mesh. The cell samples were analyzed 

using a BD-LSR II flow cytometer.

2.9 Real time quantitative RT-PCR Reaction

Real-time quantitative RT-PCR (qRT-PCR) was used to determine the expression of 

endothelial markers in differentiated cells from hiPSCs, cultured in the bioreactor and in 
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static conditions. Adult human primary HUVECs and HAECs were used as controls. 

Briefly, total cellular RNA was prepared using the RNeasy Mini Kit following the 

manufacturer’s instructions. Single stranded cDNA was synthesized using the reverse 

transcription-PCR protocol of the First Strand cDNA Synthesis Kit from Invitrogen. 

Quantitative real-time PCR was performed using SYBR Green PCR Supermix (Bio-Rad). 

Concentrations of all primers were optimized before use. PCR conditions included an initial 

denaturation step of 4 minutes at 95°C, followed by 40 cycles of PCR consisting of 15 

seconds at 95°C, 30 seconds at 60°C, and 30 seconds at 72°C. Each sample was run in 

triplicate. The comparative Ct value method using GAPDH as a housekeeping gene for an 

internal standard was employed to determine relative levels of gene expression. Ct values 

from the triplicate PCR reactions for a gene of interest (GOI) were normalized against 

average GAPDH Ct values from the same cDNA sample. Fold change of GOI transcript 

levels between sample A and sample B = 2−ΔΔCt, where ΔCt = Ct(GOI) – Ct(GAPDH) and 

ΔΔCt = ΔCt(A) –ΔCt(B). Primers were used in this study are listed in Table 1.

2.10 Western blotting

One million cells (HUVEC, HAEC, hiPSC-EC) were lysed with RIPA Buffer (Invitrogen) 

and quantified by Bradford assay (Bio-Rad). 20 µg of protein was loaded on a 4–12% SDS-

page gel (Bio-Rad) for Western blot analysis. Anti-eNOs (abcam ab5589) 1:1000, anti-

Notch1 (abcam 8925) 1:1000, anti β-actin 1:3000 were used to probe for proteins of interest 

overnight at 4°C. Blots were washed and incubated with 1:5000 goat anti-rabbit HRP 

antibody for 1 hour and developed using ECL reagents and film (Kodak).

Statistical analyses

All experiments were repeated at least three times and each condition was analyzed in 

triplicate. Data are presented as the means ± SEM for quantitative variables. An unpaired 

Student t test was performed to evaluate whether the two groups were significantly different 

from each other. One-way variance (ANOVA) analysis was used to determine whether there 

was a significant difference in the gene expression among different test groups. A P value of 

p ≤ 0.05 (two-tailed) was considered statistically significant.

3. Results

Previous studies have described differentiation protocols, having various degrees of 

efficiency, that derive ECs from hiPSCs under static culture conditions. Differentiation is 

based on expression of general EC markers such as CD31, VE-Cadherin and KDR. In this 

study, we sought to mimic partially the in vivo flow conditions of a blood vessel, and 

developed a biomimetic flow bioreactor to subject hiPSC-ECs to shear stress to determine 

whether we could enrich for specific endothelial subtypes, including an anti-thrombotic, 

anti-inflammatory, arterial-like phenotype.

3.1. Differentiation and characterization of hiPSC to ECs in vitro

In order to derive ECs from hiPSCs, we used a step-wise differentiation protocol via 

mesoderm induction, followed by vascular specification in attachment culture using VEGF 

(Figure 2A). First, hiPSC colonies (Figure 2B) were formed into EBs in suspension (Figure 
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2C) for 4 days and then attached (EB outgrowth) for another 10 days (Figure 2D). At day 

14, CD31+ cells (passage 0) were isolated from differentiation culture using magnetic beads 

(Figure 2F, arrows pointing to magnetic beads). These ECs were then passaged and 

expanded on fibronectin-coated plates in expansion medium with VEGF and subsequently 

utilized for experiments (Figure 2G). The differentiation protocol results in >50% 

CD105+CD144+ cells (Figure 2E) at day 14 (pre-isolation). After purification using 

magnetic beads and culture on fibronectin-coated plates, we characterized the hiPSC-ECs at 

approximately day 28 (2 weeks after isolation to allow for growth and expansion).

Immunohistochemistry revealed robust expression of vWF, VE-Cadherin and eNOS (Figure 

3A–C). Functional assays demonstrated that hiPSC-ECS form networks when cultured on 

Matrigel (Figure 3D), take up acetylated-LDL (Figure 3E) and attach and proliferate on 

decellularized human aorta slices in vitro as seen by H&E staining (Figure 3F). We also 

observed high rates of positivity for CD105+ (99.3%) and VE-Cadherin+ (95.3%) and 

negative staining for hematopoietic marker CD45 as compared to isotype controls by flow 

cytometry (Figure 3G). Also, hiPSC-EC gene expression of CD31, CD144, CD105, and 

KDR was comparable to that of HUVECs as demonstrated by qRT-PCR (Figure 3H, left). 

Finally, hiPSC-ECs maintain gene expression levels of CD31 and VE-cadherin over 

multiple passages in vitro (Figure 3H, right).

Furthermore, Western blotting confirmed the protein level expression of eNOS and Notch1 

(Figure 4A) in two separate hiPSC-EC lines, as compared to HUVECs and HAECs. (The p-

hiPSC line gave the most robust differentiation and was used for all subsequent experiments. 

The differentiation and characterization of hiPSC line C2 is shown in Supplementary Figure 

1A.) These results show that our differentiation protocol efficiently produces hiPSC-ECs, 

which express all mature and functional EC markers.

3.2 Angiogenesis network formation

In order to understand the angiogenic potential of hiPSC-ECs as compared to HUVECs and 

HAECs, we cultured 5 × 104 cells on Matrigel for 24 h in 48 well plates in the same medium 

and fixed samples for analysis. Each condition was carried out in triplicate wells and three 

images were taken per well. We then quantified network formation using Wimtube 

(Wimasis) [23], which automates and standardizes image analysis to provide objective data 

processing (Figure 4B–D). We found a statistically significant difference in the covered area 

(roughly 15%) between hiPSC-ECs and HUVECs and HAECs (Figure 4E). We also found 

that HAECs have greater tube length as compared to HUVECs (Figure 4F). Further, both 

HAECs and hiPSC-ECs have a statistically significant higher total number of branching 

points as compared to HUVECs (Figure 4G). We found no statistically significant 

differences between the total number of loops and nets for the cell types (Figure 4H–I). 

Since it is generally assumed that tubule length and node complexity correlate with 

angiogenic potential [24], these results demonstrate intrinsic differences in angiogenic 

potential between venous, arterial and hiPSC-ECs, agreeing with literature that arterial 

lineage ECs form a more extensive capillary network in vivo [5].
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3.3 Effect of shear on the mechanosensory complex

In order to test the effect of shear stress on the phenotype of hiPSC-ECs, cells were placed 

onto fibronectin-coated Biopore membranes and placed into a cylindrical vessel chamber 

(Figure 1A–B) that is constantly exposed to fluid from flowing medium. The cells on the 

porous membrane maintain proper cobblestone morphology, align in the direction of flow 

(arrow) and have elongated actin stress fibers (Figure 5D). The normal in vivo physiological 

levels of shear stress experienced by ECs varies widely, with arterial shear stress being in 

the range of 10–70 dyne/cm2 (1–7 Pa) and venous in the range of 1–6 dyne/cm2 (0.1–0.6 Pa) 

[25]. The mechanism by which ECs sense shear stress is not completely understood, as all 

the molecules involved in the mechanosensing process have not been completely identified 

[26]. However, important work has identified CD31 and KDR (VEGFR2) as essential for 

responsiveness to flow, with VE-Cadherin playing an important role as an adaptor [27]. Our 

data demonstrate that shear stress significantly increases CD31 and VE-Cadherin expression 

in HUVECs and HAECs, relative to static conditions, but shear stress does not have this 

effect in hiPSC-ECs (Figure 5A–B). However, shear stress significantly increases KDR 

expression in HUVECs and HAECs as well as in hiPSC-ECs, with higher shear inducing a 

larger response (Figure 5C). KDR expression was also significantly increased in hiPSC-ECs 

as compared to HUVECs and HAECs. While KDR also forms part of the essential 

mechanosensory complex for sensing shear stress in ECs, it is also an early, primitive EC 

progenitor marker that is present on mesodermal precursor cells in hESCs [28]. Thus, shear 

stress may be more likely to activate KDR expression in ECs derived from hiPSCs, which 

are less mature than primary ECs.

3.4 Effect of shear on arterial marker expression

Shear stress is known to regulate arterial marker expression, including EphrinB2 and 

activation of the Notch signaling pathway [29]. As such, we assessed whether hiPSC-ECs 

that were cultured in the flow bioreactor for 24 hours are able to upregulate markers 

associated with this phenotype. We found that low and high shear triggered a 4- and 5-fold 

increase in EphrinB2 expression levels, respectively, over static. CXCR4 expression was 

also increased approximately 4-fold by shear as assessed by RT-PCR (Figure 6A). Since 

these are definitive and primitive arterial EC markers, respectively, the shear stress caused 

by flow significantly increased the expression of the markers associated with the arterial 

phenotype. Additionally, we looked at connexin40 expression, which is a gap junction 

molecule that provides a means of signaling between ECs that is widely distributed in the 

endothelium of large arteries [30]. We found that both low and high shear stress caused a 

significant upregulation (12-fold) of connexin40 in hiPSC-ECs over static conditions, 

indicating flow promotes gap junction formation. This is in line with literature showing that 

maximal induction of connexin40 expression occurs between 6 and 10 dyne/cm2 [31].

Finally, we looked at the major signaling pathway in inducing an arterial phenotype, the 

Notch pathway. We found Notch1 to be significantly upregulated in response to shear 

(Figure 6A) both at the mRNA level (low and high shear) and at the protein level as assessed 

by immunostaining for the activated form of Notch1 or Notch1-intracellular domain (NICD) 

(Figure 6A, bottom right panel). It is possible that in our system using immature hiPSC-ECs, 

which have never been exposed to physiological flow, relatively low shear is sufficient to 
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have a significant effect on Notch1 signaling. However, the Notch ligand Dll4 was not 

considerably affected by flow (Figure 6A). Furthermore, shear did not appreciably affect the 

expression of venous markers COUPT-FII and EphB4 (Figure 6B). Taken together, these 

data show that shear stress can activate the Notch signaling pathway as indicated by 

increased Notch1 mRNA and increased activated form of Notch1, but that this increase did 

not result from an increase in gene expression of the Notch ligand Dll4. The increased Notch 

signaling may cause a downstream upregulation of EphrinB2 expression and other arterial 

markers, including CXCR4 and conexin40, while not appreciably affecting venous marker 

expression (*p< 0.05, n=3 biological replicates for each experiment).

3.5 Effect of shear on anti-thrombotic marker expression

Laminar shear stress has been shown to confer antithrombotic, anti-adhesive, and anti-

inflammatory effects to endothelium, as well as to enhance endothelial survival [32]. An 

important indicator of the anti-thrombotic and anti-inflammatory effects of laminar shear 

stress on ECs is the expression of the transcription factors kruppel-like factors 2 and 4 

(KLF2 and KLF4). These factors have been shown to be differentially upregulated in 

cultured hiPSC-ECs under “atheroprotective” high shear stress waveforms [3]. These 

markers were both significantly upregulated in both low and high shear conditions, with 

approximately 10 and 15 fold change increases over static conditions, respectively (Figure 

6C). Thus, the upregulation of these markers is indicative of a functional vasoprotective 

phenotype that is typical of large artery endothelium under laminar shear stress.

3.6 Effects of soluble factors added to static culture, as compared to shear stress effects

We also evaluated the impact of exogenously adding the soluble factors - VEGF and 

adrenomedullin or 8bromo-cAMP (abbreviated cAMP) - to the culture. We evaluated 

addition of high levels of VEGF (50 ng/ml), and cAMP (5 µM), either separately or in 

combination, to cultured hiPSC-derived ECs. There were significantly increased expression 

levels of KDR (Figure 7A), EphrinB2 (Figure 7B) and Notch1 (Figure 7C) after exposure to 

either cAMP alone, or to cAMP + VEGF, as compared to untreated controls. The 

combination of cAMP and VEGF had the most significant impact on EphrinB2 expression, 

which is consistent with previously published work showing that together, these soluble 

factors enhance arterial marker gene expression in hESC-derived ECs [8]. In contrast, 

addition of the soluble factors had no significant effect on the expression of the venous 

markers COUP-TFII and EphB4 (Figure 7E–F). This is an expected response, since cAMP 

activates Notch signaling and subsequent downstream EphrinB2 expression, which 

reciprocally mediates EphB4. Also, soluble factors did not significantly increase conexin40 

(Figure 7D) or KLF2 (Figure 7G) expression, with only minor increases in KLF4 expression 

(Figure 7H). Finally, compared to shear stress, only CXCR4 expression is significantly 

increased (~5 fold) with the addition of cAMP+VEGF (Figure 7I, Supplementary Figure 

2D). These findings indicate, generally, that a simple combination of VEGF and cAMP are 

not sufficient to replicate the arterial differentiation specification that is conferred by 

mechanical shear stress. While there are some modest increases in some arterial marker gene 

expression with the addition of soluble factors, they largely do not recapitulate the arterial-

like phenotype that is gained after hiPSC-ECs are exposed to shear stress (Supplementary 
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Figure 2D). This implicates the importance of biomechanical stimuli such as shear stress in 

committing ECs to their fate during development.

4. Discussion

The endothelium is constantly subjected to numerous microenvironmental factors, both 

chemical and mechanical, making it a highly dynamic cell type that is imbued with a 

phenotypic plasticity. In the large vessels, including arteries, veins and the lymphatic 

system, the prevalent mechanical force is shear stress caused by blood (or lymph) flow. In 

this study, we generated ECs from hiPSCs and attempted to mimic physiological shear stress 

in a biomimetic flow bioreactor in order to evaluate the impact on maturation of these cells.

Current differentiation protocols have largely isolated heterogeneous populations of ECs 

based on general markers such as CD31, VE-Cadherin and KDR [4–6]. These cells are 

poorly characterized for their response to flow. Further, the in vitro systems designed to 

subject ECs to shear stress are mostly 2D systems that culture cells in monolayers [3, 33]. 

These systems are generally parallel plate flow chambers, in which EC monolayers are 

exposed to fluid flow through a small channel, or are cone and plate flow chambers, which 

expose ECs to shear under a rotating cone [34]. While highly tunable and validated by 

computational models, these methods are not without flaws. In addition to complexity of 

setup and use, the velocity gradients experienced by cells in the systems may be non-

constant, as cells in the center are subjected to different forces from the cells at the edges, 

leading to inconsistences and experimental variation.

We developed a 3D biomimetic flow bioreactor which, when connected to a flow pump, 

perfuses medium through the center of a tube, similar to blood flowing through a blood 

vessel. By rolling a porous membrane on which hiPSC-ECs are cultured and placing it into a 

vessel chamber inside of a glass bioreactor, we were able to expose cells to constant 

physiological flow to promote the maturation of hiPSC-ECs toward an arterial-like 

phenotype. hiPSC-ECs cultured in this manner had expression of arterial markers EphrinB2, 

CXCR4, conexin40, and Notch1 as well as activated Notch1-ICD (NICD), while venous 

markers remained largely unchanged. Further, these cells had significantly upregulated 

KLF2 and KLF4 gene expression under flow, which is indicative of an “atheroprotective,” 

anti-thrombotic and anti-inflammatory functional phenotype [32]. However, these 

phenotypic characteristics were not fully recapitulated by the addition of soluble factors that 

have been previously reported to promote an arterial phenotype in hESCs, indicating that the 

biomechanical forces may be a more potent means of inducing an arterial-like phenotype in 

pluripotent stem cell-derived ECs.

The creation of large-scale cell culture systems that subject ECs and other cell types to 

physiological forces are becoming increasingly important [20]. Our bioreactor system 

provides a promising alternative to current methods of in vitro flow chambers and has the 

added advantage of scale-up potential by maturing millions of cells. The parts required to set 

up the bioreactor are autoclavable and readily available to most research laboratories. The 

ability to scale up functionally mature arterial hiPSC-ECs will be especially useful for the 

endothelialization of tissue engineered arterial grafts [35]. Such grafts could be primed to 
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experience the high shear stress encountered in high-pressure arterial circulation, and would 

potentially be more resistant to acute thrombosis, inflammation and negative vascular 

remodeling than vein grafts when placed into arterial circulation. Further applications of the 

functionally mature cells would be for the improvement of tissue perfusion by generating 

robust, perfusion-competent microvessels that could be used as a therapy for a wide range of 

diseases, including chronic limb ischemia. By exploiting the biomechanical 

microenvironments that ECs are subjected to in vivo, both in normal and pathological states, 

we may create better systems that recapitulate those states for functional maturation and 

disease modeling, respectively. However, it remains to be seen whether cessation of flow 

alters the functional behavior of arterial hiPSC-ECs either in vitro or in vivo. Our system is 

one example of a system that can functionally mature large quantities of hiPSC-ECs for 

vascular tissue engineering applications.

5. Conclusion

Our study demonstrates that the use of a biomimetic flow bioreactor can be used to subject 

ECs derived from hiPSCs to shear stress, and to modulate hiPSC-EC phenotype and 

upregulate the markers associated with an arterial-like state. Our data show that the use of 

the flow bioreactor, in which cells are cultured on a membrane and exposed to flow similar 

to in vivo physiological conditions is significantly better than the use of soluble factors. An 

important advantage of using this bioreactor system is that it reduces or eliminates the need 

for exogenous addition of costly growth factors to culture medium. This system is amenable 

to scale-up and allows for maturation of large quantities of subtype-specific ECs for use in 

therapeutic or research applications in regenerative medicine.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic showing the seeding of hiPSC-ECs (7 × 104 cells/cm2) onto fibronectin-

coated Biopore membranes (2.5 cm × 2.8 cm) and placement into cylindrical vessel 

chamber, indicated by the arrow (B) Schematic showing cross-section of the vessel chamber 

(OD: 8.66 mm) and assembled bioreactor with vessel chamber inside, connected to flow 

pump and medium flowing through tubing in direction of red arrows. (C) Physical model of 

vessel chamber with arrow pointing to placement in assembled glass bioreactor.
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Figure 2. 
(A) Schematic for directed differentiation protocol of hiPSCs to ECs in vitro in 14 days via 

embryoid body formation (top) and isolation/expansion of hiPSC-ECs (bottom). Phase 

contrast images of (B) typical hiPSC colony (C) cluster of EBs in suspension and (D) 

outgrowth of EBs in attachment culture at day 14 (E) FACS analysis of day 14 hiPSC-ECs 

(pre-isolation) showing 55.6% CD105+ cells and 51.3% VE-Cadherin+ cells (F) CD31+ 

magnetically isolated ECs with arrows pointing to magnetic beads and (G) isolated 

monolayer culture of hiPSC-ECs at passage 1 (P1). Scale bar = 10 µm.
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Figure 3. 
Immunofluorescence analysis of EC markers in hiPSC-ECs after differentiation, isolation 

and expansion for 2–3 passages on fibronectin-coated plates shows expression of (A) von 

Willebrand Factor (vWF) (B) VE-cadherin and (C) eNOS. Functional assays demonstrate 

that hiPSC-ECs (D) form networks when cultured on Matrigel-coated plates for 24 hours (E) 

take up acetylated-LDL and (F) engraft and proliferate on decellularized human aorta slices 

in vitro as shown by H&E staining. Scale bars = 25 µm. (G) FACs analysis of isolated 

hiPSC-ECs at day 28 (P1) showing 99.3% CD105+ cells, 95.3% VE-cadherin+ cells and 
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CD45- cells and (H) qRT-PCR analysis of EC gene expression (CD31, VE-cadherin, CD105 

and KDR) in hiPSC-ECs compared to HUVECs (left) and marker expression of CD31 and 

VE-cadherin over multiple passages (P1–P4) in vitro (right). Values from three independent 

experiments from the triplicate PCR reactions for genes of interest were normalized against 

average GAPDH Ct values from the same cDNA sample. Fold change of GOI transcript 

levels between hiPSC-ECs equals 2-−ΔΔCt, where ΔCt=Ct(GOI) - Ct(GAPDH), and 

ΔΔCt=ΔCt(ATII) - ΔCt(ATII). (Bar indicates ± SEM and n = 3 independent experiments for 

qRT-PCR and flow cytometry).
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Figure 4. 
(A) Western blot shows protein-level of expression of eNOS (top) and Notch1-intracellular 

domain (NICD) (middle) in HUVECs, HAECs and two different hiPSC-EC lines, hiPSC-

EC1 and hiPSC-EC2 (under static conditions). β-actin was used as a loading control. 

Angiogenic properties of hiPSC-ECs (B) on Matrigel were compared to HUVECs (C) and 

HAECs (D) as assessed by Wimasis software. hiPSC-ECs have significantly higher covered 

area compared to HUVECs and HAECs (E). HAECs have higher total tube length compared 

to HUVECs, but not hiPSC-ECs (F). hiPSC-ECs and HAECs have significantly higher total 
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branching points compared to HUVECs (G). There were no significant differences in total 

loops (H) and total nets (I). These results demonstrate certain intrinsic differences in 

angiogenic properties between venous, arterial and hiPSC-ECs (*p < 0.05, n=3 biological 

replicates, with 3 fields of view captured per sample).
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Figure 5. 
The effect of shear stress (24 hours) on the gene expression, relative to static, of the 

mechanosensory complex comprised of (A) CD31, (B) VE-cadherin and (C) KDR in 

HUVECs, HAECs and hiPSC-ECs (left to right) as shown by qRT-PCR. Both low shear 

(red bar, 5 dyne/cm2) and high (green bar, 10 dyne/cm2) are normalized to static conditions 

(blue bar). All conditions are also normalized to internal house-keeping gene GAPDH. (D) 

Phase-contrast images of morphology of hiPSC-ECs on porous membrane in static 

conditions (left), alignment under shear (right, arrow pointing in direction of flow) and 
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phalloidin showing actin stress fibers (*p < 0.05, n=3 biological replicates, n=3 technical 

replicates each, Student’s t-test for samples within groups).
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Figure 6. 
qPCR demonstrating the effect of shear stress, low = 5 dyne/cm2 and high = 10 dyne/cm2, 

on the expression of (A) arterial gene markers, including EphrinB2, Dll4, CXCR4, 

Conexin40 and Notch1. Immunostaining of Notch1-ICD (NICD) demonstrating staining that 

is increased with shear stress in hiPSC-ECs (middle) as compared to static hiPSC-ECs (left), 

confirming activation of Notch at the protein level. Control static HAECs and HUVECs are 

also included (B) venous marker genes COUP-TFII and EphB4 remain relatively unchanged 

and (C) anti-thrombotic markers KLF2 and KLF4 are significantly increased with both low 
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and high shear exposure. Both low and high shear conditions are relative to static and 

normalized to internal house-keeping gene GAPDH (n=3, asterisks indicate p < 0.05).
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Figure 7. 
qPCR demonstrating the effect of soluble factors VEGF (50 ng/ml), cAMP (5 µM), either 

separately or in combination for 24 hours, on the gene expression levels of (A) KDR (B) 

EphrinB2 (C) Notch1 (D) Conexin40 (E) COUP-TFII (F) EphB4 (G) KLF2 (H) KLF4 (I) 

CXCR4. All conditions are relative to untreated controls and normalized to GAPDH (n = 3, 

*p<0.05, between untreated and respective condition).
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Table 1

Sequences of primers used in qRT-PCR

Gene Length
(bp)

Forward Primer Reverse Primer

CD31 134 TGCAGTGGTTATCATCGGAGTG CGTTGTTGGAGTTCAGAAGTG

 CD144 80 TCACCTGGTCGCCAATCC AGGCCACATCTTGGGTTCCT

KDR 90 TGCCTCAGAAGAGCTGAAAAC CACAGACTCCCTGCTTTTGCT

EphrinB2 107 GTTCCGGCGTTTATTTCTG CCACAGCTAAATCGTCACC

Notch1 132 CACGCGGATTAATTTGCATC TCTTGGCATACACACTCCG

Conexin40 198 CTGCTAGGGAGTCACTGTACAC CTGGTCAGGGTTCGAGAGAG

CXCR4 102 CAC CGC ATC TGG AGA ACC A GCC CAT TTC CTC GGT GTA GTT

COUP.TFII 77 GCCATAGTCCTGTTCACCTC CTGAGACTTTTCCTGCAAGC

EphB4 88 TGAAGAGGTGATTGGTGCAG AGGCCTCGCTCAGAAACTCAC

KLF2 102 ACTTTCGCCAGCCCGTGC AGTCCAGCACGCTGTTGAG

KLF4 93 CGAACCCACACAGGTGAGAA TACGGTAGTGCCTGGTCAGTTC

GAPDH 122 GACAACAGCCTCAAGATCATCAG ATGGCATGGACTGTGGTCATGAG
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