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ABSTRACT
In vitro angiogenesis models are crucial to the study of blood vessel 
growth. Here, we report that an assay-ready, pre-mixed co-culture of 
human telomerase-immortalized (hTERT) human aortic endothelial 
cells that express green fluorescent protein (TeloHAEC-GFP) and 
hTERT mesenchymal stem cells (ACS52telo) produce a vascular 
network reminiscent of in vivo angiogenesis.

INTRODUCTION
Angiogenesis is a multi-step, physiological process; it is also involved 
in a large number of disease states such as tumor formation and 
metastasis, diabetic retinopathy, obesity, and cardiovascular disease. 
Angiogenesis co-culture models of endothelial cells and supporting 
stromal cells provide a useful tool to examine this process. The 
arteriole-like tubules formed in co-culture assays more closely 
resemble the physiologically relevant and heterogeneous architecture 
of capillaries than those formed on a gel matrix1. However, current 
in vitro co-culture models utilizing primary cells suffer from donor 
variability, limited number of cells per lot, and the short lifespan of 
primary cells. These detractors limit the usefulness and consistency of 
primary cell-based models. In addition, the necessary steps of coating 
dishes with growth-promoting gel matrices or staining the cultures 
for data collection further constrain the utility of this system2.

This protocol describes an in vitro co-culture reporter cell model 
system using a convenient, ready-to-use mixture of hTERT-
immortalized cell lines for high-throughput screening applications. 
The mesenchymal stem cell component of the mixture secretes 
extracellular matrix and growth factors to supplement the complete 
Angiogenesis Medium and support the formation of endothelial 
tubular networks, while the GFP-labeled cells enable stain-free, live 
imaging of the endothelial tubules.

MATERIALS AND METHODS

The Angio-Ready™ Angiogenesis Assay System 
(see Appendix 1 for ATCC® Numbers and kit 
formats) contains all of the reagents required 
to run the assay, including Angio-Ready Cells, 
Angio-Ready Angiogenesis Medium, and 
recombinant human vascular endothelial 
growth factor (rhVEGF). The 96 well assay 
plate was prepared according to the manufacturer’s instructions (see 
Appendix 2 for flow diagram; refer to the Angio-Ready protocol, which 
is included with the product and can be found at www.atcc.org, for 
using the assay with other multiwell configurations). Briefly, the Angio-
Ready cells were thawed, transferred into another tube containing 
complete Angiogenesis Medium (5 ng/mL final concentration rhVEGF 
Supplement in Angiogenesis Medium; the rhVEGF concentration may 
be adjusted to fit specific applications), spun down, and resuspended 
into 15 mL of complete Angiogenesis Medium by gently pipetting up 
and down. The cell suspension was then immediately transferred to a 
50 mL reagent reservoir. A multichannel pipet was used to pipet 150 
μL of the cell suspension to each well of a flat bottom, Costar® 96 Well 
Clear Tissue Culture-Treated Multiple Well Plate (Corning). The 96 well 
plate was then placed in a 5% CO2, 37°C incubator. For the rhVEGF 
concentration-dependent experiments, the indicated concentrations 
of rhVEGF Supplement were added to the supplied Angiogenesis 
Medium. For the inhibitor studies, the compounds were added to the 
complete Angiogenesis Medium. Compound treatment with rhVEGF, 
ramucirumab (Eli Lilly), suramin (Sigma-Aldrich), or sunitinib (Sigma-
Aldrich) began after 12 hours. Fresh media containing the appropriate 
treatments was replaced every 2-3 days. End point images were taken by 
an Eclipse Ti camera (Nikon), while live images were taken by an IncuCyte 
ZOOM® live cell imaging system (Essen BioScience) or an ArrayScan VTI 
(Thermo Fisher). The tubular lengths were then calculated using ImageJ 
software (National Institutes of Health). Differentiating ACS52telo were 
identified using an antibody directed against α-smooth muscle actin 
(α-SMA; Sigma) and Alexa Fluor™ 594-conjugated secondary antibody 
(Thermo Fisher Scientific).
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Figure 1. Establishment of TeloHAEC-GFP and ACS52telo co-culture angiogenesis assay. TeloHAEC-GFPs co-cultured with ACS52telo for 7 days 
in the optimized Angiogenesis Medium displayed A) a long branching organization and B) exhibited immunoreactivity to an α-SMA antibody, 
which C) co-localized with the TeloHAEC-GFPs. D) Phase contrast microscopy indicated the 3-D structure of the tubules. Scale bars = 40 μm 
(40X magnification).
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Figure 2. The TeloHAEC-GFP and ACS52telo co-culture angiogenesis assay system is sensitive to pro- and anti-angiogenic compounds. 
TeloHAEC-GFP cells were co-cultured with ACS52telo as in Figure 1 and treated for 7 days with VEGF, suramin, or sunitinib at the indicated 
concentrations. A), C), and E) indicate GFP epifluorescence. B), D), and F) indicate quantitation of the tubule lengths. Scale bars = 100 μm 
(10X magnification).
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RESULTS
A convenient, single-use, assay-ready angiogenesis screening system 
was developed, consisting of an hTERT-immortalized, GFP-expressing 
teloHAEC cell line co-cultured with an hTERT-immortalized, 
extracellular matrix- and growth factor-secreting ACS52telo in a 
complete Angiogenesis Medium (Appendix 2). The GFP expression 
allowed for stain-free data collection and live cell imaging, while the 
ACS52telo and optimized Angiogenesis Medium provided an optimal 
environment for vascular tubular formation. Further, because the 
system uses immortalized cells instead of primary cells, it provided 
consistent results between different lots over multiple experiments. 
Furthermore, the Angio-Ready Angiogenesis Assay System represents 
exceptional savings of expertise, time, and resources over other 
angiogenesis assays. The initial culturing of the cell mixture does not 
require coating the plates with a gel matrix and data collection can 
occur without simple or immunological staining.  

To illustrate the facility of the Angio-Ready Angiogenesis Assay 
System we examined its ability to form vascular structures. It was 
observed that the teloHAEC-GFP cells formed tubular structures 
reminiscent of blood vessels in less than 7 days (Figure 1). Further, 
the ACS52telo cells surrounding the tubular structures exhibited 
upregulated α-SMA expression, a marker of smooth muscle cells, 
suggesting that this assay system is close to the in vivo situation and 
the results obtained are a more reliable prediction for physiological 
responses to therapeutics in clinical trials. Moreover, this culture 
system responded positively to increasing concentrations of the 
angiogenesis agonist rhVEGF (EC50=4.668 ng/mL) and negatively to 
the angiogenesis inhibitors suramin (IC50=11.27 μM) and sunitinib 
(IC50=0.0625 μM) (Figure 2) in a dose responsive manner. Finally, 
three different lots of the Angio-Ready cells exhibited consistent 
reductions in tubular growth when treated with the VEGF receptor 
antagonist ramucirumab (Figure 3). Therefore, the co-culture models 
developed by using hTERT-immortalized cell lines described in this 
report provide an assay-ready, consistent, and robust in vitro system 
for vascular biology, drug screening, and tissue engineering studies.
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Figure 3. The teloHAEC-GFP and ACS52telo co-culture demonstrates 
consistent lot-to-lot performance. Three different lots of TeloHAEC-
GFPs co-cultured with ACS52telo for 7 days in the complete 
Angiogenesis Medium displayed similar concentration-dependent 
inhibition of tubular growth by ramucirumab.

CONCLUSION
The ATCC Angio-Ready cell mixture cultured in complete Angio-Ready 
Angiogenesis media formed vascular tubules that are reminiscent 
of the in vivo situation. The system is extremely user-friendly, as it 
contains all of the biological components needed for angiogenesis 
to occur, it is configured for a 96 well plate, and the data collection 
can occur in three to seven days. The assay system is also matrix-free 
and stain-free, saving time and resources compared to alternative 
angiogenesis assays. Thus, the Angio-Ready Angiogenesis Assay 
System is a ready-to-use, time-saving, high-throughput model 
for investigating angiogenesis in cancer, toxicology, diabetes, 
cardiovascular disease, and other pathologies.
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Appendix 1. Materials included in the Angio-Ready™ Angiogenesis 
Assay System. 

Angio-Ready™ Angiogenesis Assay System Components ATCC® No. 

Angio-Ready™ Angiogenesis Assay System (cells, media, and 
supplement for two 96 well plates) ACS-2001-2™

Two 1 mL vials Angio-Ready™ Cells

200 mL bottle Angio-Ready™ Angiogenesis Medium 

1 mL vial rhVEGF

Angio-Ready™ Angiogenesis Assay System (cells, media, and 
supplement for ten 96 well plates) ACS-2001-10™

Ten 1 mL vials Angio-Ready™ Cells

Five 200 mL bottles Angio-Ready™ Angiogenesis Medium 

Five 1 mL vials rhVEGF

Available separately

200 mL bottle Angio-Ready™ Angiogenesis Medium with 1 mL 
vial rhVEGF Supplement (media and supplement for two 96 
well plates)
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Appendix 2. Assay Overview

Thaw and prepare 
complete Angiogenesis 
Medium

Wash, centrifuge, 
and resuspend cells 
in 15 mL complete 
Angiogenesis Medium

Pipette 150 μL of 
cell suspension into 
each well

Screening can begin 
18 hrs post-seeding

Thaw pre-mixed 
Angio-Ready Cells


