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Abstract

Automated Imaging and Quantitation
HUVEC/NHDF

Angiogenesis is a multi-step, complex process regulated by growth factors, enzymes, and
extracellular matrix molecules. In vivo, the angiogenic process involves multiple cell types
acting in concert to cause endothelial cell proliferation, migration, differentiation, and,
ultimately, micro-vascular arrays. Under pathologic conditions, changes in the microenvironment stimulate new vessel production. Anti-angiogenic therapies have shown
promise at slowing disease, such as solid tumors, yet have proven transitory due to either
inherent or acquired resistance. Advancement of in vitro angiogenesis models to study drug
resistance and more complex pharmacologic paradigms, i.e. combination regimens, are
paramount to developing the next generation therapeutics. Here, we investigate two
different in vitro models of angiogenesis. The first model uses co-cultures of human
umbilical vein endothelial cells (HUVEC) with normal human dermal fibroblasts (NHDF) and
the other uses co-cultures of endothelial colony forming cells (ECFC) with adipose-derived
stromal cells (ADSC). Both models form networks that phenotypically mimic in vivo
microvasculature. When HUVEC are seeded with NHDF, the HUVEC recapitulate the major
phases of the angiogenic process, initially proliferating and migrating into endothelial
clusters followed by differentiation and anastomosis into complex networks over the 10-14
day assay. Co-cultures of ECFC with ADSC develop angiogenic networks over a much
shorter, 4-day time course. Cell proliferation is not a significant factor in the ECFC/ADSC
model. However, the stromal cells in this model do differentiate into pericytes as
demonstrated by the expression of smooth muscle actin and PDGFR-β. As is the case in in
vivo networks, pericytes have a supportive and trophic role in maintaining and protecting
established microvasculature networks. Data will be presented that highlight the vascular
nature of these models, the ability to investigate multiple angiogenic pathways, and
demonstrate the use of combination regimens to overcome resistance and restore antiVEGF antibody sensitivity. Taken together, this study characterizes two translatable human
models to study mechanism of action of pro- and anti-angiogenic factors and therapeutic
agents in vitro.
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Endothelial Cell Proliferation Differences
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Figure 4. HUVEC proliferate, while ECFC do not, in the early stages of the assay. A, Treatment with
mycophenolic acid on Day 0 inhibits tube formation in a concentration-dependent manner. B, The MPA effect
is dependent on the day of addition. C, ECFC differentiation is not sensitive to MPA treatment.

Figure 2. Using IncuCyte to image and quantiate angiogenic responses. A, IncuCyte FLR fits inside a
standard incubator and contains both phase and fluorescent optics optimized for imaging cells and GFP
fluorescence in media. B, The IncuCyte supports multiple vessel formats and the images can be exported in
single image or movie formats. C, Automated image acquisition in both phase and fluorescence enables
monitoring of network formation over time. D, Segmentation analysis of angiogenic networks using the
automated Angiogenesis Analysis Module. E, Quantitation of the VEGF concentration response in the
HUVEC/NHDF model demonstrates the formation of tubes over the 14 day assay period. F, Quantitation of
the VEGF concentration response in the ECFC/ADSC model demonstrates tube formation in 4 days.
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Imaging in FLR enables:
1) Continuous monitoring of tube formation via GFP fluorescence.
2) User control of drug treatment timing.
3) Quantitation of drug effects while experiment is ongoing.
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Ang-2 Signaling Alters Angiogenesis
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Figure 5. Vascular disruption using small molecule anti-angiogenic agents. A-C, Suramin and Sunitinib,
inhibit neovascularization when added at the same time as VEGF. A, Suramin inhibits VEGF-mediated tube
formation of HUVEC in a concentration dependent manner. B-C, Similarly, Suramin and Sunitinib inhibit
VEGF-mediated tube formation of ECFC in the ECFC/ADSC assay format. D-F, Vascular networks are
treated with VEGF and allowed to develop for ~160 hours (HUVEC/NHDF) or ~96 hours (ECFC/ADSC) prior
to addition of small molecule inhibitors. D, Addition of 20µM Suramin disrupts HUVEC angiogenic networks
and induces HUVEC clustering (compare G and H). E, Interestingly, Suramin seems less potent in inducing
regression of the ECFC-formed tubes. Sunitinib (F) is an even less potent inducer of tube regression, with
large effects only observed at the highest concentrations. G-L, Representative images of small molecule
inhibitors shown pre- (G, I, and K) and post-treatment (H, J, L). Scale bars, 800µm.
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Figure 8. Angiopoietin-2 inhibits ECFC tube formation and induces regression of established
networks. A, Ang-2 addition at the same time as VEGF resulted in a concentration-dependent inhibition of
tube formation. The inclusion of 16µg/mL Ang-2 completely suppressed VEGF-mediated angiogenesis. B,
Angiogenic networks were allowed to develop in the presence of 20ng/mL VEGF for 96 hours. At 96 hours,
Ang-2 was included at the indicated concentration. Inclusion of either 8 or 16µg/mL Ang-2 induced regression
of established networks in the continued presence of VEGF. Minimal effects were observed at lower
concentrations of Ang-2.
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Angiogenesis Phases
1. Proliferation
2. Migration
3. Differentiation
4. Anastomosis










Assay Reproducibility
1. Mean ± SD (mm/mm2)
2. Average CV (%)
3. Average Z’

Summary of 17 96-well Plates
9.8 ± 1.1
12.0
0.50

Summary of 10 96-well Plates
13.0 ± 0.67
5.20
0.80

Pericyte Biology
1. Ang-2 Signaling
2. α-Smooth Muscle Actin
3. PDGFR-β
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Figure 1. Differentiation of Endothelial Cells into angiogenic networks. A, Lentivirally-infected HUVEC expressing
GFP in co-culture with NHDF differentiate into angiogenic networks by day 10. Inset, HUVEC on Day 1 migrate into
clusters that will eventually differentiate into tubes. B, Lentivirally-infected ECFC expressing GFP differentiate and refine
into angiogenic networks over 3-5 days in culture. Inset, ECFC begin differentiating more rapidly. Scale bars, 800µm.
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Co-culture of mesenchymal stem-cells derived from adipose tissue (ADSC) and
endothelial colony forming cells (ECFC) derived from cord blood.
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Figure 7. Addition of a -secretase inhibitor enhances the ability of an anti-VEGF antibody to induce
ECFC regression. A-C, ECFC/ADSC co-cultures were pretreated with 10nM GSI in addition to 20ng/mL
VEGF prior to anti-VEGF antibody addition. At 96h, anti-VEGF antibody was added at the indicated
concentrations. D-F, ECFC are treated with 20ng/mL VEGF and allowed to develop for 96 hours prior to test
agent addition. At 96h, anti-VEGF antibody was added at the indicated concentrations in the presence or
absence of GSI. G-H, VEGF-developed networks (G) were treated at 96h with 10nM GSI in combination with
20µg/mL anti-VEGF antibody. H, 96h after treatment initiation, significant tube regression is observed. I-J,
Treatment with 10µg/mL anti-VEGF antibody with 10nM GSI induces tube regression, but to a lesser extent
than 20µg/mL anti-VEGF. K-L, GSI treatment alone is not effective at inducing regression of VEGFestablished networks.. Scale bars, 800µm.

Anti-VEGF effects are Stage and Cell Dependent

Tie-2

Stimulation with VEGF promotes tube-like structure formation over 3-5 days.
1) Initial differentiation and extension of ECFC.
2) Connections between ECFC form smaller networks.
3) Further refinement and anastomosis define larger angiogenic networks.
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CD-31

Tube-like structures develop over 8-12 days.
1) Initial proliferation and migration of HUVEC
2) Differentiation of HUVEC into tubes
3) Anastomosis and refinement to develop large angiogenic networks.
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ECFC/ADSC
Human model of HUVEC and NHDF that reflects all phases of angiogenesis
process.
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Assay formats facilitate complex in vitro angiogenic experimentation:
1) Neoangiogenic mode – Investigate ability of test agent to either
stimulate or inhibit growth factor-mediated vasculogenesis.
2) Established mode – Investigate ability of test agent to induce tube
regression on established angiogenic networks.
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Co-culture Models

96-well format allows for increased throughput
1) Up to 6 microplates in a single IncuCyte.
2) Acquisition/Analysis is automated.
3) Tiled Field of View acquisition modes images ~50% of well.
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Expression of Vascular Markers

Assay Highlights:

Combination Regimen Overcomes Resistance

Figure 3. Expression of angiogenic markers in both the HUVEC/NHDF and ECFC/ADSC models. A-I,
Expression of GFP in HUVEC (A, D, G) demonstrate complex network formation on Day 14. HUVEC express
PECAM (B) and Tie-2 (E), indicative of vascular tubes. The co-culture does not express α-smooth muscle actin
(SMA), however, indicating the lack of pericyte biology (H). J-U, GFP expression in ECFC (J, M, P, S)
demonstrates extensive network formation by day 5. Staining with PECAM and Tie-2 (K, N) marks endothelial
networks formed by ECFC as seen in merged image (L and O, respectively). Q, ADSC differentiate into pericytelike phenotype, expressing α-smooth muscle actin that is in close proximity to angiogenic networks (R). T, ADSC
also express PDGFR-ß that is similarly juxtaposed with the forming angiogenic networks (U). Scale bars, 300µm.

Figure 6. Using biologic agents to investigate vascular disruption. A, Treatment with an anti-VEGF
antibody displays a concentration-dependent inhibition of VEGF-mediated angiogenesis in the HUVEC/NHDF
model. Complete inhibition was reached at a concentration of 4µg/mL anti-VEGF antibody. B, Similarly, an
anti-VEGF antibody neutralized the VEGF-mediated angiogenesis present in the ECFC/ADSC model.
Treatment with 5µg/mL anti-VEGF effectively reduced tube formation to similar levels as the no growth factor
control. C, Addition of either 2 or 4µg/mL anti-VEGF on Day 12 of the HUVEC/NHDF assay induced
regression of the established networks. D, ECFC-established networks in the presence of ADSC are more
resistant to anti-VEGF therapy. Networks established for 96 hours in the presence of 20ng/mL VEGF were
treated with increasing concentrations of anti-VEGF antibody. Concentrations as high as 25µg/mL did not
induce tube regression, but simply neutralized the VEGF-stabilization upon media addition.
E-H,
Representative images of HUVEC (E and F) and ECFC (G and H) networks shown at the time point just prior
to anti-VEGF addition (E and G) and either 120 hours (F) or 72 hours (H) after anti-VEGF introduction. AntiVEGF therapy induced tube regression of HUVEC, but only minimally in ECFC. Scale bars, 800µm.

