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Abstract

Differentiation of human-induced pluripotent stem cells (hiPSCs) into vascular endo-

thelium is of great importance to tissue engineering, disease modeling, and use in

regenerative medicine. Although differentiation of hiPSCs into endothelial-like cells

(hiPSC-derived endothelial cells [hiPSC-ECs]) has been demonstrated before, contro-

versy exists as to what extent these cells faithfully reflect mature endothelium. To

address this issue, we investigate hiPSC-ECs maturation by their ability to express

von Willebrand factor (VWF) and formation of Weibel-Palade bodies (WPBs). Using

multiple hiPSCs lines, hiPSC-ECs failed to form proper VWF and WPBs, essential for

angiogenesis, primary and secondary homeostasis. Lowering the increased intracellu-

lar pH (pHi) of hiPSC-ECs with acetic acid did result in the formation of elongated

WPBs. Nuclear magnetic resonance data showed that the higher pHi in hiPSC-ECs

occurred in association with decreased intracellular lactate concentrations. This was

explained by decreased glycolytic flux toward pyruvate and lactate in hiPSC-ECs. In

addition, decreased expression of monocarboxylate transporter member 1, a member

of the solute carrier family (SLC16A1), which regulates lactate and H+ uptake,

contributed to the high pHi of hiPSC-EC. Mechanistically, pro-VWF dimers require

the lower pH environment of the trans-Golgi network for maturation and tubulation.

These data show that while hiPSC-ECs may share many features with mature EC,

they are characterized by metabolic immaturity hampering proper EC function.
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1 | INTRODUCTION

Recent developments in stem cell biology have enabled differentiation

of reprogrammed cells into the cell type of interest, a phenomenon

that opened up many opportunities for studying organogenesis and

repair, disease modeling with organoids, and patient-specific cell ther-

apy. A functional vasculature, however, is a prerequisite to realize

these opportunities and differentiation of human-induced pluripotent

stem cells (hiPSCs) into proper functioning endothelium is a key to

unlock the potential of reprogramming-based strategies.1–7 Recent

studies characterized hiPSC-derived endothelial cells (hiPSC-ECs) and

concluded that although hiPSC-ECs demonstrate a spectrum of physi-

ological endothelial functions, the punctate perinuclear localization of

von Willebrand factor (VWF) may suggest an immature stage of

Weibel-Palade bodies (WPBs) biogenesis.8,9

Endothelial cells (ECs) are key regulators of vascular hemostasis by

producing VWF, a multimeric glycoprotein.10–12 After excretion at the

site of vascular injury, VWF chaperones and protects blood coagulation

factor VIII from proteolytic inactivation and binds to glycoprotein Ib

receptors on platelets, as well as collagen and heparin, and is therefore

involved in both primary and secondary hemostases.11,13 Biosynthesis of

VWF emerges in the endoplasmic reticulum (ER), where VWF precursor

proteins consisting of a signal peptide, N-terminal propeptide, and a

mature peptide start to dimerize through the C-terminal cysteine knot

(CK) domain interactions. Subsequently, disulfide bonding between D0

and D3 domains initiates multimerization in the Golgi.14–17 The final

processing of VWF takes place at the trans-Golgi network (TGN) where

pro-VWF is cleaved by furin and VWF is either stored in endothelial-

specific elongated cigar-shaped secretory organelles named WPBs or

constitutively secreted.14, 18–20 Prior to WPB storage, highly multi-

merized VWF proteins start to form tubules, which create the striated

appearance of WPBs. WPB formation is driven by the presence of VWF

protein as introduction of VWF in non-ECs has shown to stimulate for-

mation of WPB-like storage organelles.18,21,22 Tubulation allows a

100-fold compaction of VWF and drives the formation of elongated

WPBs, which is achieved through low-pH-dependent interactions

between the VWF propeptide and N-terminal region of

mature VWF.20,23 Furthermore, tubulation is necessary for the rapid

unfurling of ultra-long VWF filaments, caused by the shift from

the acidic WPB (pH 5.5) to the neutral pH of plasma during

exocytosis.14 In addition, tubulation and thus WPB elongation influ-

ence VWF function as shorter WPBs excrete VWF with a reduced

functionality.24 Besides VWF, WPBs also store angiopoietin-2 (Ang-

2), p-selectin, interleukin-8, eotaxin-3, calcitonin gene-related pep-

tide, endothelin (EDN1), endothelin-converting enzyme 1, CD63,

alpha 1,3-fucosyltransferase VI, tissue-type plasminogen activator,

osteoprotegerin, factor VIII, and Rab proteins,11, 25–27 indicating the

importance of functional WPBs as all these molecules are essential

for proper endothelial performance.20 The maturation process of

VWF is an important determinant of recruitment and composition of

WPB cargo into the TGN.12,28

Shear stress is a key regulator of VWF gene expression, WPB forma-

tion, and stimulates ECs to switch from a migratory and proliferative

state during angiogenesis (tip and stalk cells) to a quiescent state

(phalanx cells).24,27 Physiological shear stress also initiates a vasodilatory,

antithrombotic, anti-inflammatory, and antioxidant phenotype and there-

fore is atheroprotective.26 Blood flow induces upregulation of transcription

factor Krüppel-like factor 2 (KLF2), which has proven to consistently con-

trol the expression of many genes involved in functionally mature endo-

thelium as it acts as a transcriptional switch between the quiescent and

activated states.24,29,30 Another important regulatory environmental cue

in formation and stabilization of the vasculature derives from pericytes,

mural cells originating from the vascular smooth muscle lineage which line

capillary walls.31 These cells are involved in the regulation of angiogenesis,

blood flow, structural stabilization of the vasculature, and vascular perme-

ability.32 Taken together, stimulation of KLF2 expression and coculture

with pericytes are both involved in the stabilization of vasculature and

could provide an instructive environment for hiPSC-ECs maturation.

Here, we explored the effect of environmental stimuli as shear

stress, KLF2 overexpression, and pericyte coculture on the VWF and

WPB phenotype as a standard for hiPSC-ECs maturity. As shear stress

in EC is also a key regulator of glycolysis, we hypothesized that associ-

ated changes in cell metabolism in hiPSC-ECs may be a modulator of

VWF and WPB maturation.

2 | MATERIALS AND METHODS

2.1 | hiPSC culture and EC differentiation

NCRM1 was obtained from RUCDR Infinite Biologics (Piscataway,

New Jersey; generated by reprogramming of CD34+ cord blood using

Significance statement

The formation of functional and mature Weibel-Palade bod-

ies (WPBs), essential for endothelial cell (EC) function, in

human induced pluripotent stem cell (hiPSC)-ECs is a crucial

step in the development of the full potential of hiPSC-EC

for tissue regeneration, organ vascularization, and disease

modeling. Current differentiation protocols fail to create

hiPSC-EC with mature WPBs in vitro. To the best of the

authors' knowledge, this is the first study with detailed char-

acterization of von Willebrand factor (VWF) and WPBs in

hiPSC-ECs and 13C-labeled glucose flux metabolomics of

hiPSC-ECs. The results of this study show that hiPSC-ECs

have a higher intracellular pH (pHi) than mature EC, where

pro-VWF dimers require the lower pH environment for mat-

uration and tubulation. Metabolic experiments showed that

higher pHi in hiPSC-ECs occurred in association with

decreased glycolysis and reduced intracellular lactate con-

centrations. In addition, decreased expression of MCT1, a

pHi-sensitive member of the solute carrier family

(SLC16A1), which regulates lactate and H+ uptake was

observed. By lowering pHi with acetic acid, formation of

mature WPBs in hiPSC-ECs could be induced.
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episomal vectors). LUMC0072iCTRL01 (L72) and LUMC0099iCTRL04

(L99) were generated by the Leiden University Medical Center (LUMC)

iPSC core facility on mouse embryonic fibroblasts using Simplicon RNA

Reprogramming Kit (Millipore-Merck, Amsterdam, the Netherlands) and

ReproRNA (STEMCELL Technologies, Köln, Germany), respectively, as

described previously33 and further cultured in TeSR-E8 medium

(STEMCELL Technologies). The hiPSC-ECs were generated from these

lines according to Orlova et al3 and after isolation, hiPSC-ECs were

transferred to EC serum-free medium (EC-SFM, Gibco, Thermo Fisher

Scientific, Waltham, Massachusetts) to which platelet-poor plasma

serum (1% vol/vol) (Biomedical Technologies Inc., Stoughton, Massachu-

setts), 50 μg/mL vascularendothelial growth factor (VEGF)-165 (R&D

Systems, Biomedical Technologies) and 100 μg/mL basic fibroblast

growth factor (Miltenyi Biotech, Bergisch Gladbach, Germany), VEGF

and basic fibroblast growth factor had been added (EC-SFM full medium)

at 37�C with 5% CO2 and antibiotics (100 IU/mL penicillin and 100 μg/

mL streptomycin) as described in detail previously.34 Results of RNA

sequencing were obtained and reproduced in ECs from three different

hiPSC lines (hiPSC-L72, hiPSC-L99, and hiPSC-NCRM1). All other results

are from NCRM1 (also used as undifferentiated control).

2.2 | Primary human microvascular ECs culture

Human microvascular ECs (hMVECs) are isolated from human

kidney cortical tissue and were purchased from Cell Systems (ACBRI-128,

Kirkland, Washington). They were available at Passage 3 (<12 cumula-

tive population doublings) cryopreserved in choline-substituted cryo-

preservation (CSC) cell-freezing medium (4Z0-705). hMVECs were

also cultured in EC-SFM full medium at 37�C with 5% CO2 and antibi-

otics (100 IU/mL penicillin and 100 μg/mL streptomycin).

2.3 | Human kidney-derived perivascular stromal
cells culture

Human kidney-derived perivascular stromal cells (hkPSCs) were iso-

lated from transplant-grade kidneys discarded for as surgical waste.35

fluorescence-activated cell sorting (FACS) confirmed that homoge-

neous NG2-positive hkPSC populations between passages 4 and

8 and hMVEC between passages 6 and 8 were cultured in EC-SFM

full medium at 37�C and 5% CO2 as described in detail previously.34

2.4 | Flow experiments

Shear experiments were performed using an Ibidi flow system

(Ibidi, Martinsried, Germany) and described elsewhere.34 In short, cells

were cultured for 4 days at a constant laminar shear stress of 5 dyne/cm2

in EC-SFM full medium. Cells were seeded into closed perfusion cham-

bers (IbiTreat 0.4-μ slide I or VI, Luer; Ibidi) coated with 0.2% porcine gel-

atin (Sigma-Aldrich, St. Louis, Missouri) at a concentration of 1.5 × 106

cells/mL and allowed to adhere for 3 hours. Thereafter, the chamber

was connected to a computer-controlled air pressure pump and a fluidic

unit with a two-way switching valve. The pump setup allowed pumping

of 16 mL of cell culture medium from two reservoirs in a unidirectional

way through the flow channel over the monolayer of ECs at a constant

shear stress of 5 dyne/cm2. Medium was refreshed after day 1 of cul-

ture. The chamber and the reservoirs containing the medium are kept in

an incubator at 37�C and 5% CO2. RNA was isolated from cells sub-

jected to shear stress in a 0.4-μ slide I Luer flow chamber, whereas the

six lanes of a 0.4-μ slide VI Luer are used for immunofluorescent

staining.

2.5 | Confocal immunofluorescence microscopy

After exposure to flow or static conditions (at day 4), hMVECs and

hiPSC-ECs were fixed in freshly made 4% paraformaldehyde (Alfa Aesar,

Thermo Fisher Scientific, Haverhill, Massachusetts) in Hanks' balanced

saline solution (HBSS; Invitrogen, Thermo Fisher Scientific, Carslbad,

California) for 10 minutes at room temperature, washed twice with

HBSS/1% bovine serum albumin (BSA) (Sigma-Aldrich) and then blocked

for 30 minutes with 5% BSA in HBSS at room temperature. Triton of

0.2% (Sigma-Aldrich) was added during fixation to permeabilize the cells.

Cells are incubated overnight (16 hours) at 4�C with primary antibodies:

VWF-Fitch (1 μg/mL, ab8822 Abcam, Cambridge, UK), VE-cadherin

(1 μg/mL, R&D Systems, MAB9381), Ang-2 (1 μg/mL, AF623 R&D sys-

tems), P-selectin (0.5 μg/mL, 556 087, BD, Franklin Lakes, New Jersey),

Ki-67 (0.5 μg/mL, 550 609, BD), and the appropriate control immunoglob-

ulin G (IgG)1 or IgG2a isotype antibodies (X0931, Dako, Santa Clara, Cali-

fornia; 559 319, BD) diluted in HBSS/1% BSA. After washing three times

with HBSS/1% BSA, cells are incubated with Hoechst 33258 (H3569,

Life Technologies, Thermo Fisher Scientific) and the appropriate second-

ary antibody (1:500) goat-α-mouse labeled with Alexa 488/568

(Molecular Probes, Eugene, OR, IgG1: A11001, A11004; IgG2a: A21134,

A21131) for 2 hours at 4�C. Cells were again washed for three times with

HBSS/1% BSA and covered with 1, 4-diazobicyclo-2,2,2-octane (DABCC)

glycerol. Cells were imaged using a Leica SP8 white light laser confocal

immunofluorescence microscopy.

Sequential 12-bit confocal images (xyz dimensions, 0.142 ×

0.142 × 0.3, 0.142 × 0.142 × 1, or 0.116 × 0.116 × 1 μm) were

recorded using Leica Application Suite X (LASX) Image software and

analyzed with ImageJ. VWF was quantified as percentage of positive-

stained cells, defined as minimal of one clear group of pixels of VWF

staining within cell, of the total cells per field of view. From each inde-

pendent experiment (n = 4), 200 cells were analyzed.

2.6 | Western blotting

After the hMVECs and hiPSC-ECs reached a confluent state, they were

lysed in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1%

sodium deoxycholate (SDS), 0.5% Triton X-100) supplemented with

protease inhibitor (1:100). Sonoporation was used to achieve complete

cell disrupture. The protein concentration was determined with a BCA

protein kit (Thermo Fisher Scientific). Loading samples consisting of

Red Pack loading buffer (New England Biolabs, Ipswich, Massachu-

setts), SDS-polyacrylamide gel electrophoresis (PAGE), lysis buffer
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supplemented with protease inhibitor and 6.5 μg protein sample were

incubated at 95� for 10 minutes. Proteins, transferred on a nitrocellu-

lose membrane (Bio-Rad, Hercules, California) were detected with anti-

bodies against VWF (A0082 Dako), MYC (5605S Cell Signaling, Leiden,

the Netherlands), MYCN (84 406, Cell Signaling), monocarboxylate

transporter member 1 (MCT1; 20139-1-AP ProteinTech, Manchester,

UK), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH;

DIGH11, Cell Signaling). After incubation, the membrane was washed

and incubated with a horseradish peroxidase (HRP)-conjugated sec-

ondary antibody (p0047, Dako) at room temperature for 1 hour. After-

ward, signal was generated after 5 minutes of incubation in enhanced

chemiluminescence (ECL) (Perkin Elmer, Waltham, MA) whereupon sig-

nal was emitted in a ChemicDoc Imaging System (Bio-Rad).

The Simple Western Wes assay of ProteinSimple (Bio-Techne, San

Jose, California) was used to detect MCT1 (1:50, ProteinTech20139-1-AP)

and GAPDH (1:20, DIGH11, Cell Signaling) according to the manufac-

turer's protocol using 0.2 μg/μl for each sample.36

2.7 | RNA isolation and qPCR

After the hMVECs and hiPSC-ECs reached a confluent state (at day

4), they were washed with Dulbecco's phosphate-buffered saline

(DPBS) whereupon Trizol (Ambion, Thermo Fisher Scientific) was

added. RNA isolation was achieved using an RNeasy mini kit (Qiagen,

Hilden, Germany), and quantitative polymerase chain reaction (qPCR)

was performed as previously described.35 Forward and reversed

VWF, KLF2, and MCT1 primer sequences are depicted in Table 1. Ct

values were normalized by the Ct of GAPDH.

2.8 | RNA sequencing

Samples from three independent experiments were used for

RNA sequencing. For each sample, an indexed cDNA library was pre-

pared from 1 μg total RNA using the KAPA-stranded mRNA-seq kit

(Sopachem, Ochten, the Netherlands). Clusters were generated using

the Cbot2 system (Illumina, San Diego, California), and amplified cDNA

fragments were sequenced on a HiSeq 4000 system (Illumina) as fol-

lows: 51 cycles for read 1 and 8 cycles for index 1. The raw sequenced

reads were mapped to the human reference genome build GRCh38

using spliced transcripts alignment to a reference (STAR).37 Mapped

reads were quantified using RSEM38 for accurate quantitation resulting

in, on average, 34 740 890 ± 8 771 147 counts per sample. After

autoscaling, the resulting data were first summarized by principal com-

ponent analysis (PCA) using the flashPCA (R package). Plotly was used

to generate interactive graphs (2D plots). Heatmap analysis was

performed using the heatmaply package. RNA-sequencing data are

available in ArrayExpress (https://www.ebi.ac.uk/arrayexpress/

experiments/E-MTAB-8392/) under accession E-MTAB-8392.

2.9 | Lentiviral transductions

The human KLF2 overexpression construct was kindly provided by Prof.

A. Horrevoets, VUMC Amsterdam, the Netherlands. Lentiviral particles

were produced as described by the Sigma Library protocol using

HEK293T cells. For transduction of hMVECs or iPSC-ECs with the

lentiviral expression vectors for KLF2OE, mock cells were cultured to a

60%-80% confluent state in EC-SFM medium and transduced with the

respective lentivirus in combination with 8 μg/mL polybrene (Sigma-

Aldrich) and incubated for 1 hour (37�C and 5% CO2). After 1 hour, the

transduction medium was replaced with fresh EC-SFM and incubated at

37�C and 5% CO2, for another 12 hours. Hereafter, the EC-SFMmedium

was refreshed and the cells were incubated at 37�C and 5% CO2 for

another 12 hours before collecting them for experimental assays.

2.10 | VWF transfection

For transfection of hiPSC-ECs with VWF plasmid (pcDNA 3.1[+] zeo

human VWF-MYC, provided by A. de Jong, LUMC, Leiden, the

Netherlands39), cells were cultured to a 60%-80% confluent state

in EC-SFM medium and transfected with transfection medium

(Cell Applications Inc., San Diego, California, transfection kit) con-

taining transfection medium, cytofect-2 (CF2; 1:400), peptide

enhancer (PE; 1:400), and VWF plasmid (300 ng/mL) for 1 hour at

37�C and 5% CO2. Hereafter, transfection medium was replaced for

fresh EC-SFM, and the cells were incubated for 24 hours (37�C, 5%

CO2). Subsequently, the EC-SFM medium was refreshed and

after another 24 hours of incubation (37�C, 5% CO2), the cells were

fixed.

2.11 | Intracellular pH measurements

The cell-permeant pH indicator, carboxy SNARF-1 acetoxymethyl

ester, acetate (Molecular Probe), was used to determine intracellular pH

(pHi). As described previously,40 carboxy-SNARF-1 exhibits a significant

pH-dependent emission shift from yellow-orange to deep-red fluores-

cence under acidic and basic conditions, respectively, enabling the mea-

surement of pH differences between pH 5 and 9. Cells were plated

overnight on a black 96-well plate, then loaded with SNARF-1 for

TABLE 1 Primer sequences

von Willebrand factor (VWF) primer sequence

hu VWF forward CCGATGCAGCCTTTTCGGA

hu VWF reverse TCCCCAAGATACACGGAGAGG

Krüppel-like factor 2 (KLF2) primer sequence

hu KLF2 forward CTACACCAAGAGTTCGCATCTG

hu KLF2 reverse CCGTGTGCTTTCGGTAGTG

Monocarboxylate transporter 1 (MCT1) primer sequence

hu MCT1 forward AGTAGTTATGGGAAGAGTCAGCA

hu MCT1 reverse GTCGGGCTACCATGTCAACA
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30 minutes at 37�C and 5% CO2. For each cell type, a standard curve of

pH values with nigericin (10 mM) was taken along. The pHi was deter-

mined by the ratio of the fluorescence intensities from the dye at

two emission wavelengths—580 and 640 nm—measured by Molecular

Devices Spectramax i3x. Cells were treated with 10 mM acetic acid

(Merck, Burlington, Vermont) dissolved in culture medium (pH = 7.1) for

24 hours.

For alkalization of the intracellular compartments, cells were

treated with 10 μM monensin (R&D systems) in EC-SFM or EC-SFM +

HCL (pH = 7.0) and 10 μM nigericin (Sigma-Aldrich) for 1 hour before

fixation.

2.12 | Proliferation measurement

To determine proliferation activity, ECs were seeded at a density of

20 000 cells in a 24-well plate and left to adhere for 16 hours,

followed by 24-hour treatment with 10 mM acetic acid or EC-SFM.

Subsequently, cells were treated with 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT, 5 mg/mL, Sigma Aldrich) 1:10

in culture medium and incubated for 2 hours at 37�C. Afterward, MTT

was removed and isopropanol/0.04 M HCL was added and measured

at 570 nm by Molecular Devices Spectramax i3x. Cellular protein con-

tent was determined with a BCA-protein kit from Pierce (Thermo

Fischer Scientific) and the data shown as MTT normalized to mg

protein.

2.13 | Analysis of metabolites

Quantitative analysis of intracellular and extracellular metabolites

was performed using nuclear magnetic resonance (NMR) spectros-

copy as described in detail elsewhere.41,42 Briefly, hMVECs and

hiPSC-ECs in triplicate were washed with warm phosphate-buffered

saline (37�C) to remove the culture medium and quickly quenched

with liquid nitrogen to arrest metabolism. The cells well subsequently

scraped of the plates and extracted using a cold (−80�C) solution

of methanol/chloroform/water, 8.1:0.9:1 (vol/vol/vol). After leaving

the samples on dry ice for at least 30 minutes, the extracts were

centrifuged for 20 minutes at 18 000g at −4�C.

Prior to washing cells with PBS, 0.2 mL of culture medium was

collected from each sample and mixed with 0.4 mL of cold (−80�C)

100% liquid chromatography (LC)-grade methanol to extract extracel-

lular metabolites. All samples were subsequently placed at −80�C for

at least 30 minutes and centrifuged for 20 minutes at 18 000g,

at −4�C.

The supernatants from both cell extracts and culture medium

extracts were collected and dried with nitrogen gas. NMR samples of

extracts were prepared by dissolving the dried material with 0.22 mL

of 0.15 M phosphate buffer (pH 7.4) in deuterated water containing

0.05 mM trimethylsilyl propionic-d4-sodium salt as internal standard

for NMR referencing and quantification. An 1D 1H NMR spectrum

was collected for each sample with a 14.1 T (600 MHz for 1H)

Bruker Avance II NMR, using the 1D nuclear Overhauser effect spec-

troscopy (NOESY) experiment with presaturation as implemented in

the spectrometer library (Topspin v3.0, pulse sequence: noesygppr1d;

Bruker Biospin Ltd). All spectra were processed to correct the phase

and baseline and imported in Chenomx NMR suite 8.4 (Chenomx

NMR suite, v8.0, Edmonton, AB, Canada) for the quantification of

metabolites. The protein pellet was dissolved in lysis buffer (150 mM

NaCl, 1% SDS, 0.5% deoxycholate, and 0.5% Triton X-100, pH 7.5)

with sonification. The protein concentration was measured using

PierceTM BCA protein assay kit (Thermo Fisher Scientific) according

to its manual. All concentrations were normalized to the total protein

mass of each sample.

For 13C fractional enrichment analysis, two triplicates of hMVEC

and hiPSC-ECs were cultured in parallel in either a glucose-free

medium, enriched by 5 mM U-13C6-D-glucose for 24 hours or in

medium with nonisotopically enriched D-glucose at the same concen-

tration (5 mM) and processed as described above. Fractional enrich-

ment of 13C-labeled metabolites was calculated using the differences

between integrated areas of protons bonded to 13C from those

bonded to 12C, as described elsewhere.42

Uptake or release of metabolites from or to the culture medium,

respectively, was calculated as: ([Cspent − Cblank] × V)/ protein,

where Cspent is the concentration of metabolite in the culture medium

(mmol/L), Cblank is the concentration in the cell-free medium (mmol/L),

and V (L) is the volume of culture medium in each petri dish. Negative

values indicate uptake and positive values indicate release of

metabolites.

2.14 | Statistical analysis

Results are presented as mean ± SD or mean ± SEM, n defines the

number of biological replicates. Differences between groups were

assessed by nonpaired two-tailed Student's t test, paired two-tailed

Student's t test or, when not normally distributed, by two-tailed

F test. Difference between >2 groups was assessed by analysis of

variance (ANOVA) and Tukey's post hoc testing. P values <.05 were

considered statistically significant.

3 | RESULTS

3.1 | hiPSC-ECs express an immature endothelial
genotype and phenotype

First, we investigated the maturity of hiPSC-ECs compared with

control primary hMVECs and their undifferentiated precursor cells

(hiPSCs) by assessing a whole genome RNA expression profile. PCA

demonstrated a distinct clustering of the three cell types, indicating

different transcriptome profiles (Figure 1A). Heatmap analysis of

endothelial markers revealed increased expression of the early pro-

genitor and stem cell markers CD34 and SOX17 in hiPSC-ECs and

a reduced VWF gene expression (Figure 1B), indicating an immature
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F IGURE 1 Assessment of hiPSC-ECs maturity. A, Principle component analysis of all genes acquired from RNA-sequencing results of hiPSC
(black), mature ECs (hMVECs, grey) and hiPSC-ECs in static conditions and after exposure to flow (dark grey: hMVEC and dark red: hiPSC-EC
NCRM1). Three hiPSC lines were used to create hiPSC-ECs: NCRM1 (red), L72 (blue), L99 (green). B, Heatmap of 14 endothelial markers acquired
from RNA-sequencing results of hiPSC, mature ECs (hMVECs) and hiPSC-ECs in static conditions and after exposure to flow. Scale bar represents
Z scores: blue indicates lower gene expression and red, a higher gene expression. C, qPCR results of VWF expression of hiPSC-ECs NCRM1 and
hMVECs after static culture normalized by GAPDH. D, Western blot analyses of VWF protein expression of hMVECs and hiPSC-ECs NCRM1
after static cell culture. GAPDH was included as a positive control. Blots are representative of three independent experiments. E, Quantification
of western blot analyses of VWF protein of hMVECs and hiPSC-ECs NCRM1 after static cell culture. F, Representative cross-sectional confocal
images stained for VWF (green) and VE-cadherin (red) after static culture of hMVECs, hiPSC-ECs NCRM1, hiPSC-ECs L72, hiPSC-ECs
L99. G, VWF positive cells were quantified (n = 200/group). H, Heatmap of WPB storage components acquired from RNA-sequencing results of
hiPSC, mature ECs (hMVECs) and hiPSC-ECs in static conditions and after exposure to flow. Scale bar represents Z scores: blue indicates lower
gene expression and red, a higher gene expression. Values are given as mean ± SEM of three to four independent experiments. Nonpaired two-
tailed Student's t test was performed; *P < .05, **P < .001, ***P < .0001. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hiPSC-ECs,
human-induced pluripotent stem cell-derived endothelial cells; hMVECs, human microvascular ECs; VWF, von Willebrand factor; WPB, Weibel-
Palade body
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EC phenotype. qPCR analysis was performed to confirm VWF

mRNA expression of the hiPSC-ECs compared with hMVECs under

static conditions (Figure 1C). As demonstrated before, VWF gene

expression of hiPSC-ECs is remarkably reduced compared with

hMVECs, which is also reflected by lower VWF protein in hiPSC-ECs

(Figure 1D,E). We next compared cell morphology of hiPSC-ECs

derived from three different iPSC lines (NCRM1, L72, and L99) to

control for cell line-specific effects to hMVECs under static culture

conditions. The hMVECs showed abundancy of elongated WPBs

(Figure 1F), where the hiPSC-ECs showed reduced and punctate

VWF (Figure 1F). Only ~50% of the hiPSC-ECs were positive for

VWF presence (Figure 1G). In addition, the RNA-sequencing results

of WPB storage components further revealed downregulation of

Ras-related protein RAB-27A (RAB27A) and tissue-type plasminogen

activator (PLAT) in hiPSC-ECs and upregulation of EDN1 and

ANGPT-2 when compared with hMVECs (Figure 1H). To validate

protocol-independent immaturity of hiPSC-EC WPB, we compared

our results with the accessible RNA-sequencing data of hiPSC-ECs

of Wimmer et al1 and Gu et al.43 For all genes (Figure S1A) and met-

abolic genes (Figure S1B), our results,34 cluster with the hiPSC-EC

data from Wimmer et al1 and Gu et al.43 Additionally, the primary

ECs used cluster together and differ from the hiPSC-EC. This analy-

sis indicates that independent of the protocol used, differences in

primary ECs and hiPSC-EC genotype can be found for each hiPSC-

EC differentiation protocol.

3.2 | Formation of WPB is not induced by shear
stress, coculture, or KLF2OE/VWFOE

Prolonged laminar flow upregulates endothelial markers, like FLT1,

TEK, and NOS3 in hMVECs (Figure 1B). However, VWF gene and

protein expression in hiPSC-ECs are strongly downregulated upon

exposure to flow (Figures 2A,B and S2A). Compared with static con-

ditions, flow exposure did not increase VWF and Ang-2 staining in

hiPSC-ECs (Figures 2C and S2A,B) and only 12% of the hiPSC-ECs

were positive for the presence of WPBs, significantly lower com-

pared with hMVECs (Figure 2D). Testing the role of hkPSCs in

hiPSC-ECs maturation also did not result in formation of WPBs or a

notable increase of VWF, which remains as a punctate perinuclear

staining in a fraction of cells (Figure 2E). Similarly, about 25% of the

hiPSC-ECs in coculture were positive for VWF presence (Figure 2F).

Shear stress, which chronically induces KLF2, directly can affect the

production of VWF and, in turn, WPB. Overexpression of KLF2 mRNA

(KLF2OE) was confirmed by qPCR; however, this was without effect on

VWF gene expression (Figure S2A). KLF2OE resulted in a subtle, but

F IGURE 2 Shear stress and pericyte
coculture do not induce VWF maturation
in hiPSC-ECs. A, Western blot analyses of
VWF protein expression in hMVECs and
hiPSC-ECs NCRM1 after 4 days of
laminar flow exposure. Blots are
representative of three independent
experiments. B, Quantification of western
blot analyses of VWF protein of hMVECs

and hiPSC-ECs NCRM1 after 4 days of
laminar flow exposure. C, Representative
cross-sectional confocal images stained
for VWF (green) after 4 days of laminar
flow of hMVECs and hiPSC-ECs
NCRM1. D, VWF positive cells were
quantified (n = 200/group). E,
Representative cross-sectional confocal
images stained for VWF (green) after
4 days of laminar flow and coculture of
hMVECs and hiPSC-ECs NCRM1 with
hkPSCs. F, VWF-positive cells were
quantified (n = 200/group). Values are
given as mean ± SEM of three to five
independent experiments. Nonpaired
two-tailed Student's t test was performed;
*P < .05, **P < .001, ***P < .0001. hiPSC-
ECs, human-induced pluripotent stem
cell-derived endothelial cells; hMVECs,
human microvascular ECs; VWF, von
Willebrand factor
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significant increase in VWF protein expression in hiPSC-ECs (Figure S3B,

C). However, confocal imaging of VWF staining revealed that lentiviral

KLF2OE in hiPSC-ECs did not affect WPB formation in hiPSC-ECs as

both mock and hiPSC-ECs KLF2OE cells show a similar level of punc-

tate VWF staining (Figure S3D,E). Finally, VWF transfection was

performed to investigate whether WPB immaturity in hiPSC-ECs

could be a result of a limited VWF protein presence in these cells.

Confocal data showed an increase in VWF staining intensity, however,

did not improve WPB formation in VWF-transfected hiPSC-ECs

(Figure S3F).

F IGURE 3 The shape and size of
WPBs is pH dependent. A, Block
diagram showing the domains of
propeptide (D1 and D2), and the regions
of the mature protein (D0-CK) involved
in dimerization. (i) N, N-terminus; C, C-
terminus. (ii) C-terminal dimerization in
ER. (iii) N-terminal intrachain disulfide
bonds form in the Golgi apparatus. (iv,v)

N-terminal interchain disulfide bonds
replace intrachain disulfide bonds and
furin cleavage liberates domains D1 and
D2 that remain associated with the
mature VWF peptide at the acidic pH of
the Golgi and WPB. Helical arrangement
of the multimeric VWF tubules found in
WPB. The N-terminal domains (D1-D2
and D'-D3) form a helix whereas A2-CK
fold into a dimeric bouquets, both
processes are pH regulated. (vi) The
sequences neighboring A1 are likely to
function as a flexible hinge allowing the
C-terminal part (A2-CK) to pack
between adjacent VWF tubules. Colors
of the domains as in (i). Representative
cross-sectional confocal images stained
for VWF (green) (n = 3). B, hMVECs
cultured in normal medium (EC-SFM). C,
hMVECs cultured in pH = 7.0 medium
(EC-SFM + HCl) containing 10 μM
nigericin 1 hour before fixation. D,
hMVECs cultured in medium (EC-SFM)
containing 10 μM monensin 1 hour
before fixation. CK, cysteine knot; EC-
SFM, endothelial cell serum-free
medium; ER, endoplasmic reticulum;
hMVECs, human microvascular ECs;
VWF, von Willebrand factor; WPBs,
Weibel-Palade bodies
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3.3 | VWF tubulation and WPB elongation are
dependent on low pHi

The formation of WPBs is dependent on VWF tubulation by intrachain

disulfide bond formation and association of the propeptide, after furin

cleavage,44 with the mature VWF peptide at the acidic pH of the Golgi,

TGN, and WPB (Figure 3A).14,16,20,45–48 Both dimeric bouquets forma-

tion and helical arrangement of VWF are pH regulated (Figure 3A).23,49

Given the requirement of an acidic intracellular environment for this pro-

cess, we questioned whether lack of elongated WPBs in hiPSC-ECs

F IGURE 4 High intracellular pH of hiPSC-EC, caused by low glycolysis, limits WPB formation. A, Representative cross-sectional confocal

images stained for VWF (green) of hiPSC-ECs NCRM1 under normal conditions and after 1-hour incubation with 10 μM monensin (n = 3). B, pHi
of hiPSC-ECs NCRM1 and hMVECs under normal conditions and after 24 hour incubation with acetic acid (10 mM) (n = 6). C, Representative
cross-sectional confocal images stained for VWF (green) hiPSC-ECs NCRM1 cultured in acetic acid (10 mM) containing medium. D, Glucose
uptake rate and, E, lactate release rate after 24 hours culture. F, Total intracellular concentrations of lactate and pyruvate and their 13C-enriched
fractions after incubation of cells in 13C6-D-glucose-containing culture medium for 24 hours. G, Western blot analyses of MYC and MYCN
protein expression in hMVECs, hiPSC-ECs NCRM1 and hiPSC-ECs L99. GAPDH was included as a positive control. Values are given as mean
± SEM of 3-6 independent experiments. One-way ANOVA and nonpaired two-tailed Student's t test were performed; *P < .05, **P < .001,
***P < .0001. ANOVA, analysis of variance; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hiPSC-ECs, human-induced pluripotent stem
cell-derived endothelial cells; hMVECs, human microvascular ECs; ns, nonsignificant; pHi, intracellular pH; VWF, von Willebrand factor; WPBs,
Weibel-Palade bodies

766 TIEMEIER ET AL.



could be due to an altered pHi regulation. The elongated “cigar” shape of

WPBs in hMVECs (Figure 3B) indeed disappeared after the cells were

exposed to nigericin, an antibiotic acting as an antiporter of H+ and K+

and thereby disturbing pHi maintenance, in medium of pH = 7.0

(Figure 3C).14 Similar results were obtained after 1-hour appliance of cul-

ture medium-containing monensin (10 μM), an ionophore that increases

pHi by forming lipophilic complexes with monovalent cations to induce

Na + influx and H+/K+ efflux, which results in alkalization of acidic intra-

cellular compartments such as the Golgi apparatus50 (Figure 3D). These

data suggest that an acidic pHi is indeed necessary for VWF tubulation,

which in turn drives WPB elongation.

3.4 | High pHi of hiPSC-ECs impairs WPB
formation

The remarkable resemblance of hMVECs WPB phenotype, after

increasing the pHi, to the hiPSC-ECs WPBs made us question

whether lowering the pHi of the hiPSC-ECs could induce WPB forma-

tion in these cells. Addition of monensin, which directly increases pHi,

to hiPSC-ECs cell culture medium did not result in a different appear-

ance of the WPBs, indicating that the pHi of hiPSC-ECs was already

too high to efficiently form WPBs (Figure 4A). By measuring the pHi

with the cell permeable pH indicator SNARF-1, we confirmed that pHi

in hiPSC-ECs is higher compared with hMVECs (Figure 4B). To stimulate

VWF tubulation in hiPSC-ECs, we lowered pHi using 10 mM acetic acid,

which was confirmed by pHi measurement (Figure 4B). After lowering

the pHi with acetic acid for 24 hours, mature elongated “cigar”-shaped

WPBs can be observed in the hiPSC-ECs (Figure 4C) and were positive

for VWF, Ang-2, and P-selectin (Figure S4A,B). This effect on the forma-

tion of WPB was independent of the amount of VWF protein, which

did not significantly change upon addition of the acid (Figure 4C,D).

Acetic acid addition resulted in an acidification of the culture medium to

pH = 7.1, causing limited stress to the cells, such as minimal increase in

focal adhesion junction, without a change in Ki-67 expression

(Figure 4E-H). However, hiPSC-EC treated with acetic acid showed a

F IGURE 5 MCT1, a lactate/proton transporter, is involved in WBP maturation. A, qPCR results of MCT1 expression of hiPSC-ECs NCRM1
and hMVECs. B, Simple Western Wes analysis of MCT1 protein expression in hMVECs and hiPSC-ECs NCRM1, L72, and L99. GAPDH was
included as a positive control. Blots are representative of three independent experiments. C, Quantification of Wes analysis of MCT1 protein
expression in hMVECs and hiPSC-ECs NCRM1, L72, and L99. GAPDH was included as a positive control. D, qPCR results of MCT1 expression of
hMVECs mock and lentiviral MCT1 transduced cells. E, Western blot analyses of MCT1 protein expression in hMVECs mock and after MCT1

transduction. GAPDH was included as a positive control. Blots are representative of three independent experiments. F, Quantification of western
blot analyses of MCT1 protein expression in hMVECs mock and MCT2 transduced cells. GAPDH was included as a positive control. G,
Representative cross-sectional confocal images stained for VWF (green) of hMVECs mock and lentiviral MCT1 transduced cells. Values are given
as mean ± SEM of three to four independent experiments. Nonpaired two-tailed Student's t test were performed; *P < .05, **P < .001,
***P < .0001. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hiPSC-ECs, human-induced pluripotent stem cell-derived endothelial cells;
hMVECs, human microvascular ECs; MCT1, monocarboxylate transporter member 1; VWF, von Willebrand factor; WPB, Weibel-Palade body
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significant increase in proliferation, normalizing the proliferation to the

level of primary ECs. In hMVEC, addition of acetic acid did not change

the proliferation (Figure 4F).

3.5 | Low rate of glycolysis could be causal
of a high pHi

To understand the mechanism causing an increased pHi and lack of

WPB maturation, we performed nuclear magnetic resonance (NMR)

analysis to determine the cellular release and uptake of metabolites.

hiPSC-ECs were found to have reduced glucose uptake and lactate

release, indicating lower glycolysis (Figure 4D,E). This was also reflected

in the total intracellular lactate concentration which was significantly

lower in hiPSC-ECs as compared with hMVECs (Figure 4F). Carrying

out 13C-glucose tracer experiments, we determined the intracellular

fate of glucose-derived metabolites.41,42 Of the total intracellular lac-

tate, the 13C-lactate fraction was lower in hiPSC-ECs (81.6% ± 1.3%)

compared with hMVECs (90.8% ± 0.7%), demonstrating a reduced

glycolytic flux toward lactate (Figure 4F). Although oxidative phosphor-

ylation of glucose is at least 20-fold more efficient than glycolysis in

producing adenosine triphosphate (ATP) per mole of glucose, less than

1% of pyruvate is oxidized through the tricarboxylic acid cycle (TCA)

cycle by ECs in vitro, while 99% is converted to lactate through

glycolysis.51–53 Both hiPSC-ECs and hMVECs were found to convert

most glucose into lactate; however hiPSC-ECs do this at a significant

lower rate (Figure 4D-F). Glycolysis uncoupled from glucose oxidation,

resulting in production of 2H+ from glycolytically derived ATP

hydrolysis,54,55 is a major cause of intracellular acidosis.56 Taken

together, this could partially explain the observed higher pHi in hiPSC-

ECs (Figure 4B).

3.6 | Dysregulation of glycolysis not caused
by disturbed MYC and MYCN expression

The regulation of glycolysis in (stem) cell development is regulated by

the balance between MYC and MYCN activity. Elevated glycolysis as

F IGURE 6 Schematic overview of WPB production and the metabolic regulation of intracellular pH (pHi) of hMVECs and hiPSC-ECs.
Formation of mature WBP in hiPSC-ECs is limited by the increased intracellular pH around the Golgi apparatus and TGN. This increase in pHi is
caused by reduced intracellular lactate accompanied by reduced H+, caused by reduced glycolysis and reduced uptake of lactate and H+ via
MCT1. This increased pHi limits intrachain disulfide bonds formation and association of the propeptide, after furin cleavage, with the mature
VWF peptide at the TGN and WPB. Both dimeric bouquets formation and helical arrangement of VWF are pH regulated. Eventually this reduces
the amount of WPB and limits the functionality of the endothelial cell. hiPSC-ECs, human-induced pluripotent stem cell-derived endothelial cells;
hMVECs, human microvascular ECs; MCT1, monocarboxylate transporter member 1; TGN, trans-Golgi network; VWF, von Willebrand factor;
WPB, Weibel-Palade body
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observed in hiPSCs requires elevated MYC and MYCN activity.57

Metabolic switching during mesodermal differentiation coincides with

a reduction in MYC and MYCN.57 Since ECs also mainly rely on glycol-

ysis, MYC expression has to be switched on again, which was indeed

observed in hiPSC-ECs at a similar level as in hMVECs (Figure 4G),

eliminating this balance in expression as a cause for the reduced

glycolysis.

3.7 | pHi-sensitive lactate/H+ transporter MCT1
downregulated in hiPSC-EC

Intracellular lactate and H+ concentration is not only determined by

glycolytic flux but also by the monocarboxylate transporter MCT1,

which serves as the main gate for lactate/H+ entry in ECs58,59 In addi-

tion to the reduced glycolysis as a cause for low intracellular lactate/

H+, we also observed a ~50% downregulation of MCT1 gene expres-

sion in hiPSC-ECs (Figure 5A). These results were confirmed at the pro-

tein level (Figure 5B,C). MCT1 is known to be directly regulated by pHi;

however, the alkalic pHi of iPSC-EC does not cause sufficient induction

of MCT1 to regulate H+ influx.60 To verify the involvement of the

MCT1 downregulation in disturbed tubulation of VWF, we down-

regulated MCT1 in hMVECs by transduction with a short-hairpin

MCT1 construct (shMCT1). This resulted in a ~60% decrease in MCT1

gene expression (Figure 5D) and protein (Figure 5E,F), comparable with

the downregulation in hiPSC-ECs. Confocal microscopy revealed similar

tubulation problems of the WPBs as increased round- and irregular-

shaped WPBs can be observed in shMCT1-hMVECs compared with

hMVECs mock (Figure 5G).

To conclude, the formation of mature WPB in hiPSC-ECs is lim-

ited by increased pHi caused by metabolic dysfunction, such as

reduced glycolysis and limited expression of the lactate/H+ trans-

porter MCT1 (Figure 6).

4 | DISCUSSION

Here we show that formation of mature WPB in hiPSC-ECs is limited

by increased pHi around the Golgi apparatus and TGN. This increase

in pHi is caused by reduced intracellular lactate accompanied by

reduced H+, as a result of reduced glycolytic flux and reduced cellular

uptake of lactate and H+ via the MCT1 (Figure 6). The resulting

increased pHi is known to limit intrachain disulfide bonds formation

and association of the propeptide, after furin cleavage,44 with the

mature VWF peptide at the TGN and WPB.14,16,20,45–48 Both dimeric

bouquets formation and helical arrangement of VWF are pH regu-

lated.23,49 The hiPSC-ECs WPB maturation can be rescued by acetic

acid supplementation, which directly lowered pHi.

Given the critical role of ECs in angiocrine signaling,61 and oxygen

and energy transport, the generation of functional hiPSC-ECs is a crucial

step in the field of stem cell-based disease modeling and regenerative

medicine. The current study shows that hiPSC-ECs express an immature

endothelial genotype and phenotype, which do not improve after

exposure to shear stress or KLF2 overexpression. Our data point to a

critical role for persisting altered cell metabolism and downstream

effects on pHi as the main culprit for WPB maturation failure. Indeed,

pluripotent stem cell fate decisions are made through regulation of met-

abolic flux, where a high rate of anaerobic glycolysis confers stemness.57

To allow for specification into mesodermal lineages, such as ECs, glycol-

ysis is switched to oxidative phosphorylation through reduction of MYC

and MYCN activity. Interestingly, by contrast, mature ECs are character-

ized by a high glycolytic flux.52 Our data suggest that this latter adapta-

tion does not fully develop in the EC differentiation protocol, despite

increased MYC expression necessary for enhanced glycolysis after MYC

and MYCN downregulation during mesoderm differentiation.

Another factor that may have contributed to WPB maturation

failure is the observed downregulation of the MCT1 in hiPSC-ECs.

MCTs 1-4 are known to facilitate transmembrane proton cotransport

of monocarboxylates such as lactate, pyruvate, acetoacetate, and

β-hydroxybutyrate across the cell membrane.62 Because MCT1 is

responsible for the import of lactate and H+,47 downregulation of

MCT1 in hiPSC-ECs could explain the lower uptake and intracellular

concentration of both protons (pHi) and lactate. Lactate is involved in

multiple regulatory functions of the cell, including transcriptional stim-

ulation of MCT1, thus coupling reduced glycolytic flux to MCT1

downregulation.62,63

Generally, the amount of structural and enzymatic components

will determine the size or number of organelles.64 For WPBs, it is

well established that the cargo protein VWF is the driver for WPB

formation.22 Gradual reduction in VWF cellular content by siRNA

correlated with a gradual decrease in the number of WPBs and, more

importantly, also shortening of WPB length.65,66 hiPSC-ECs were

found to have very low gene expression of VWF and limited amount

of VWF protein. Exposing hiPSC-ECs to shear stress did not result in

VWF upregulation, probably caused by the reduced glycocalyx sur-

face coat and consequently impaired shear sensing of hiPSC-ECs.34

Recent work on hiPSC-ECs in 3D models showed improved matura-

tion of hiPSC-ECs and differentiation into various types of ECs (ven-

ular, capillary, arteriolar, arterial) upon transplantation in mice;

however, VWF expression of these ECs in both 2D and 3D models

remained surprisingly low.1

Although direct upregulation of VWF by VWFOE or KLFOE resulted in

a slight increase in VWF protein in hiPSC-ECs, WPBs were still limited

and round. This underlines the involvement of a posttranscriptional modi-

fication problem caused by the metabolic immaturity of hiPSC-ECs.

Although we demonstrated that decreasing the pHi in hiPSC-ECs induced

WPB maturation without an increase in VWF gene expression, the low

amount of VWF protein potentially plays a role in the WPB formation.

Assessment of combinatory effects of both VWFOE to induce VWF pro-

duction and addition of acidic acid to restore WBP formation would be

of further interest to optimize the function of WPBs in hiPSC-ECs.

Apart from VWF, several other proteins that regulate endothelial

function can be recruited to the WPBs.11,18,20,25–27 The composition

of the WPB is essential to EC organotypic function; for example, in

lung ECs, WPB contain clotting factor VIII. The exact composition also

determines processes such as vessel stability, where Ang-2 derived
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from WPBs may dysregulate pericyte stabilization of ECs and induce

angiogenesis.67,68

5 | CONCLUSIONS

Although differentiation of hiPSCs into endothelial-like cells (hiPSC-

ECs) has been demonstrated before, hiPSC-ECs fail to express mature

WPBs. Maturation of WPB is a key requirement to generate func-

tional EC from iPSC, as WPBs are essential for angiogenesis, primary

and secondary hemostases. Our data show that such WPB maturation

failure can be rescued in cell culture by lowering the increased pHi by

adding acetic acid. Along the same lines, one can speculate about simi-

lar strategies that reduce pH or increase glycolytic flux in ECs in

organoid cultures to achieve tissue maturation.69
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