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Abstract

Stage Dependent Effect of VEGF and PDGF-ß

Automated Imaging and Quantitation

Angiogenesis, the formation of new vessels from pre-existing vessels in
the body, is an essential process during development, wound healing, and
reproduction. Under pathologic conditions, changes in the microenvironment stimulate new vessel production providing nutrients to the
diseased area, such as tumors. Anti-angiogenic therapies have shown
promise at slowing disease progression in certain clinical models, 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, using
standard of care compounds, such as sunitinib, in a three-day, kinetic stem
cell co-culture model of angiogenesis with a compact fluorescent imaging
instrument, we demonstrate the ability to measure anti-angiogenic effects
on both neo-vascularization and tube regression in an angiogenesis model
with established networks. Interestingly, these established networks
exhibited resistance to anti-VEGF antibody therapy. Smooth muscle actin
staining suggests that this is due to the differentiation of the mesenchymal
stem cells into a pericyte-like phenotype and protection of the established
networks from anti-angiogenic therapies. Ongoing studies are investigating
combination regimens to overcome resistance to therapy and restore antiVEGF antibody sensitivity.
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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 demonstrates the formation and refinement of tube-like
structures over time.
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Figure 5. Using biologic agents to investigate vascular disruption. A, Treatment with an anti-VEGF antibody
(1121B) displays a concentration-dependent inhibition of VEGF-mediated angiogenesis. B-C, Treatment with a nonimmune antibody (B) or an anti-PDGFR-ß antibody (2C5) (C) had no effect on tube-like structure formation. D-F,
ECFC are treated with 20ng/mL VEGF and allowed to develop for 96 hours prior to antibody addition. D, Anti-VEGF
antibody treatment induces a minimal amount of tube regression on established networks. E-F, Non-immune or
PDGFR-ß antibodies were unable to disrupt established networks.

Combination Regimen Overcomes Resistance

Formation of Endothelial Cells and Pericytes
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Stem Cell Co-culture Model
 Co-culture of mesenchymal stem-cells derived from adipose tissue (ADSC)
and endothelial colony forming cells (ECFC) derived from umbilical cord blood.

 Stimulation with VEGF promotes tube-like structure formation over the course
of 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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 Assay format facilitates complex in vitro angiogenic experimentation:
1) Neoangiogenic mode – Investigate ability of test agent to either

J

stimulate or inhibit growth factor-mediated vasculogenesis.
2) Established mode – Investigate ability of test agent to induce tube
regression on established angiogenic networks.
3) Pretreat mode – Determine effect of test agent pre-treatment on
vascular disruption by another test agent.
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Day 0 –
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Figure 3. Expression of angiogenic markers in both ECFC and ADSC. A, D, G, J, GFP expression in ECFC
demonstrate extensive network formation by day 5. B, Staining with PECAM marks endothelial network formed
by ECFC as seen in merged image (C). E-F, ECFC also express the angiopoietin receptor, Tie2. H, ADSC
differentiate into pericyte-like phenotype, expressing α-smooth muscle actin that is in close proximity to
angiogenic networks (I). K, ADSC also express PDGFR-ß that is similarly juxtaposed with the forming
angiogenic networks (L).

 Lentiviral GFP infection of ECFC enables:
1) Continuous monitoring of tube formation via GFP fluorescence.
2) Quantitation of drug effects while experiment is ongoing.
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Figure 6. Addition of a -secretase inhibitor enhances the ability of an anti-VEGF antibody to induce tube
regression. A-C, Co-cultures were pretreated with 10nM GSI or 20µg/mL anti-PDGFR-ß (2C5) antibody in
addition to 20ng/mL VEGF prior to anti-VEGF antibody (1121B) 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 or PDGFR-ß antibody. G-H, VEGF-developed networks (G) were treated at 96h with
10nM GSI in combination with 10µg/mL anti-VEGF antibody. H, 96h after treatment initiation, significant tube
regression is observed. I-J, Treatment with anti-VEGF antibody alone induces tube regression, but to a lesser
extent than the combination regimen. K-L, A PDGFR-ß antibody is not effective at restoring sensitivity to antiVEGF therapy. Scale bars, 800µm.
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Figure 1. Differentiation of ECFC into angiogenic networks. A, ADSC seeded on Day -1 are grown to
confluence prior to seeding of the ECFC. B, Lentivirally-infected ECFC expressing GFP are seeded on the
ADSC monolayer. After adhering, differentiation is initiated by VEGF addition in the presence or absence of
test agents. C, ECFC differentiate and refine over the next 3-5 days in culture to form large angiogenic
networks. Scale bars, 800µm.
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Combination regimens: Pretreatment with compounds inhibiting pericyte differentiation
maintain sensitivity to anti-VEGF therapy. In established networks, sensitivity to anti-VEGF
therapy can be restored upon GSI treatment.
Pharmacologic Intervention: Tube formation is inhibited by both small molecule inhibitors
and antibody treatments in the neoangiogenic mode. Once networks are established,
resistance develops and only certain agents are active to induce tube regression.
Mechanistic studies: The differentiation of the ECFC into tubes and the ADSC into a
pericyte-like phenotype enables mechanistic screening investigating agents affecting either
cell-type and their effects on the overall angiogenic process.
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Rapid tube-like structure formation: Co-culture of GFP-expressing ECFC with ADSC
develop angiogenic networks within 3-5 days after VEGF initiation.
•
•
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Figure 4. Vascular disruption using small molecule anti-angiogenic agents. A-C, Suramin, Sunitinib, and
Combretastatin inhibit neovascularization when added at the same time as VEGF. D-F, Vascular networks are treated
with VEGF and allowed to develop for 96 hours prior to addition of small molecule inhibitors. Addition of Suramin (D)
and Combretastatin (F) induce significant regression within 48h of treatment. Sunitinib (E) is a 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 48h post-treatment (H, J, L). Scale bars, 800µm.

Ex.: A test agent affecting pericyte-differentiation may have very little effect on tube formation,
but, when used in combination with a VEGF inhibitor may restore sensitivity and induce tube
regression of established networks.

ECFC differentiate into tubes expressing endothelial markers such as PECAM and Tie2.
ADSC differentiate into pericyte-like phenotype expressing α-smooth muscle actin and
PDGFR-ß.

Kinetic Advantage: Monitoring cultures over the course of the assay yields important
information regarding the rate and extent of inhibition or regression in the neoangiogenic
and established modes, respectively.
Automated Image Acquisition: Once the experiment is initiated, images are acquired
automatically throughout the experiment.
•
•

Automated angiogenesis algorithm facilitates quantitation of pharmacologic effects on tubelike structure formation.
Exporting images and movies provides phenotypic validation of quantitative pharmacologic
response.

