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¢ Abstract

The successful progression to the clinic of angiogenesis inhibitors for cancer treatment
has spurred interest in developing new classes of anti-angiogenic compounds. The
resulting surge in available candidate therapeutics highlights the need for robust, high-
throughput angiogenesis screening systems that adequately capture the complexity of
new vessel formation while providing quantitative evaluation of the potency of these
agents. Available in vitro angiogenesis assays are either cumbersome, impeding adapta-
tion to high-throughput screening formats, or inadequately model the complex
multistep process of new vessel formation. We therefore developed an organotypic
endothelial-mural cell co-culture assay system that reflects several facets of angiogenesis
while remaining compatible with high-throughput/high-content image screening.
Co-culture of primary human endothelial cells (EC) and vascular smooth muscle
cells (VSMC) results in assembly of a network of tubular endothelial structures envel-
oped with vascular basement membrane proteins, thus, comprising the three main
components of blood vessels. Initially, EC are dependent on vSMC-derived VEGF
and sensitive to clinical anti-angiogenic therapeutics. A subsequent phenotypic VEGF-
switch renders EC networks resistant to anti-VEGF therapeutics, demarcating a mature
vascular phenotype. Conversely, mature EC networks remain sensitive to vascular dis-
rupting agents. Therefore, candidate anti-angiogenic compounds can be interrogated
for their relative potency on immature and mature networks and classified as either
vascular normalizing or vascular disrupting agents. Here, we demonstrate that the
EC-vSMC co-culture assay represents a robust high-content imaging high-throughput
screening system for identification of novel anti-angiogenic agents. A pilot high-
throughput screening campaign was used to define informative imaging parameters
and develop a follow-up dose-response scheme for hit characterization. High-throughput
screening using the EC-vSMC co-culture assay establishes a new platform to screen for
novel anti-angiogenic compounds for cancer therapy.
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INHIBITING angiogenesis is a validated therapeutic modality for cancer (1). Hence,
new agents that potently inhibit pathological angiogenesis are a critical component
of future combination cancer therapies (2). The identification of candidate therapeu-
tics relies on current in vitro angiogenesis assays that measure effects on endothelial
cell migration, proliferation, apoptosis and tube formation, and in vivo models such
as the chick chorioallantoic membrane assay, corneal neovascularization assay, and
Matrigel plug assays (3—-5). Current in vitro angiogenesis assays are generally focused
on specific behaviors of monocultured endothelial cells (EC) (e.g., migration, prolif-
eration) and fail to model heterotypic perivascular interactions, whereas in vivo sys-
tems are not compatible with high-throughput screening. More complex endothelial
tube formation in vitro assays, such as endothelial culture on Matrigel or in 3D col-

lagen matrices, are cumbersome and not sufficiently robust for high-throughput
screening. To address this, we have developed a microtiter format in vitro assay that
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encompasses the three main components of blood vessels: EC,
mural cells, and the basement membrane. Co-culture of pri-
mary human umbilical cord endothelial cells (HUVEC) and
pulmonary artery-derived vascular smooth muscle cells
(PA-vSMC) results in formation of an organotypic capillary
network recapitulating many facets of in vivo angiogenesis
including morphology, pathfinding migration, loss of endo-
thelial cell proliferation, basement membrane deposition, and
quiescence. During network formation, EC are completely de-
pendent on vSMC-derived VEGE. Inhibition of VEGF-signal-
ing [by treatment with anti-VEGF antibody, (bevacizumab),
VEGEF receptor-targeting small molecule tyrosine kinase inhi-
bitors, or RNA interference of VEGF expression in vSMC]
potently blocks capillary-like network formation (6-9).
However, once formed, EC networks acquire resistance to
anti-VEGF therapeutics reflecting a phenotypic VEGF-switch
characteristic of blood vessel maturation. This biphasic sensi-
tivity profile can be utilized to classify potential anti-angio-
genic therapeutics as normalizing agents (e.g. bevacizumab)
or vascular disruptive agents (e.g. combretstatin) (8). Further,
we have shown that image analysis of capillary-like network
formation can be used to conduct quantitative structure-activ-
ity relationship analysis of tubulin-inhibitor natural com-
pound derivatives (unpublished results). Here, we evaluate the
biphasic co-culture assay as an automated high-throughput
image-acquisition approach for anti-angiogenic compound
discovery. Using a pilot HTS screening campaign, we evalu-
ated image analysis parameters and assessed the robustness of
the biphasic approach. We demonstrate that the HTS co-cul-
ture assay represents a novel organotypic assay approach suita-
ble for large scale high-throughput screening.

MATERIAL AND METHODS

Compounds

PTK787/ZK (10) and CHIR258 (11) were kindly pro-
vided by Novartis (Oncology Research, Novartis Institutes for
BioMedical Research). CK246 was kindly provided by Profes-
sor Karl-Heinz Altmann (Department of Chemistry and
Applied Biosciences, Institute of Pharmaceutical Sciences,
ETH Zurich, Zurich Switzerland) (12). Velcade was kindly
provided by Prof. Bjern Tore Gjertsen, Haukeland University
Hospital, Norway (13). Flavopiridol was kindly provided by
the NCI, National Institutes of Health. All other chemicals
were purchased from commercial sources. 5-Aza-2’-Deoxycy-
tidine, Bapta-AM, Doxorubicin, JAK3 Inhibitor VI, JNK
Inhibitor VIII, Kenpaullone, KN-62, Resveratrol, W-13 HCI,
and W-7 HCL were purchased from Calbiochem (San Diego,
CA). Genistein, Rapamycin, Thapsigargin (THAPS), and
U0126 were purchased from LC Laboratories. (Woburn, MA,);
Caffeine, Hydrocortisone, Nicotinamid, Paclitaxel, STO-609,
12-O-tetradecanoylphorbol-13-acetate (TPA), Trichostatin A
(TSA), and Vinblastine were purchased from Sigma-Aldrich
(St. Louis). D000 was purchased from Labotest (Nie-
derschoena, Germany); Stock solutions of the test compounds
were deposited onto 96-well mother plates, transferred to
multiple replica plates, and frozen at —80°C.

Cell Culture

HUVEC and PA-vSMC were purchased from Lonza
(C2517A, CC2581). To simplify imaging, early passage
HUVEC cells were infected with retrovirus carrying a fluores-
cent-expressing construct. HUVEC cells used in screening
experiments were infected with a dsTomato construct, whereas
a GFP construct was used for the experiments testing the use
of propidium iodide staining. Cells were maintained in culture
in the supplier’s recommended complete medium (EGM-2,
SmGM-2) at 37°C, 5% CO,. The growth medium was chan-
ged every third day, and cells were passaged before reaching
confluence. The maximum passage number used for experi-
ments was eight (HUVEC) and 10 (PA-vSMC).

EC-mural Cell Co-culture Assay

Separated cultures of PA-vSMC and HUVEC were trypsi-
nated, counted and mixed in a falcon-tube, and centrifuged at
200g for 5 min. To seed the co-cultures, the cell pellet was
resuspended in the desired amount of EGM-2 before distri-
buting to the wells of a 96-well plate. The plate was then
centrifuged briefly at 200g¢ to achieve an even distribution of
cells and cultured for 72 h at 37°C, 5% CO, to allow network
formation. Cell numbers and culture volume were as follows
(per well): 96-well plates: 5 X 10* PA-vSMC, 10-15 X 10°
HUVEC, 200 ul EGM-2.

Compound Treatment

Addition of compounds was performed as follows: Con-
centrated stock solutions were diluted to 2X concentrations in
a 96-well plate containing 100 ul EGM-2 per well and mixed
thoroughly; 100 ul medium was removed from seeded co-cul-
tures and substituted with 100 ul EGM-2 containing 2X com-
pound concentrations. DMSO concentrations were kept at
0.25 %.

Microscopy and High-content Imaging

For quantitative analysis of the co-cultures, a BD Pathway
855 bioimaging system (BD Biosciences, San Jose, CA) was
used for automated high-throughput-imaging. Statistical anal-
ysis of acquired images was done with BD Image Data
Explorer software. Images demonstrating network formation
were acquired as 5 X 5 montages with a 10X objective
(Fig. 1). To decrease disk usage and acquisition times, images
from screening experiments and dose-response experiments
were acquired as 2 X 2 montages using a 10X objective. Filters
used: Propidium ITodide: excitation filter 555/28 and emission
filter 645/75, Hoechst: excitation filter 380/10 and emission fil-
ter 435LP, dsTomato HUVEC cells: excitation filter 548/20 and
emission filter 570LP, GFP HUVEC cells: excitation filter 488/
10 and emission filter 520/35. Background subtraction, noise
reduction (rolling ball 25 X 25), and image thresholding were
performed using the AttoVision v1.6.1 software supplied by
BD Biosciences. Statistics on tube branch lengths per region of
interest were obtained using the “Tube Formation” image
analysis module of AttoVision v1.6.1.

42 A Novel Imaging-based High-throughput Screening Approach to Anti-angiogenic Drug Discovery
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Figure 1. Parameter evaluation. (a) Twelve EC-vSMC co-cultures were seeded in a 96-well plate and networks were allowed to develop
without any interference. Images were acquired for every third day as 5X 5 montages with a X10 objective and quantified with the parame-
ter tube total length (BD Attovision software). Once the network is formed at day 3, this parameter reflects the stability of the network (day
3—12), and inhibition of network formation due to drug treatment can be measured. (b) Images from a developing network acquired every
third day during a 12-day period showing fluorescent EC (gray). Individual seeded EC (day 0), the EC gradually interact to generate a capil-
lary-like network (day 3). The generated network is remodeled and matures over time as the branches become more even and defined
(day 9). The final network is stable and can be kept alive over long periods of time (Day 12). vSMC are not visible in the images but gener-

ate a confluent layer beneath the fluorescent EC.

dsTomato/GFP-Expression

Expression of proteins in cells was performed by transfec-
tion of a 293 T packaging cell line with a retroviral expression
vector containing the DNA of interest (14). Virus was har-
vested 24-48 h after transfection in medium suited for the
target cells. Infection was performed by filtering the virus con-
taining medium, addition of protamine sulfate, and transfer-
ring of the virus containing medium to the target cells that
were incubated further for 24 h. Infection was ended by chan-
ging the medium. Protocol will be given out by request. GFP
was expressed from pCGFP (15). tdTomato was expressed
from pCtdTomato, a derivative of pCGFP with the GFP
replaced by tdTomato (16).
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Hoechst and Propidium lodide Staining

Co-cultures were stained with 1 ug/ml Propidium Iodide
(dead cells) and/or 10 ug/ml Hoechst 33,342 (nuclei) in EGM-
2 for 30 min at 37°C, 5% CO,, and imaged as described. To
avoid difficulties with separating propidium iodide fluores-
cence from tdTomato fluorescence, these experiments were
conducted with GFP-expressing HUVEC cells.

IC5o Calculations

ICso values were calculated from a nine-point dose-
response curve drawn from two replicates using the log[inhi-
bitor] versus response function in Prism Graphpad 5.
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Statistics

Nine DMSO-treated co-cultures were included on each
of the replicate plates. Threshold values corresponding to three
standard deviations were calculated based on the mean tube
total length from these DMSO-controls. In the screen, wells
producing tube total length values outside the threshold values
were defined as a hit. In order for a compound to be included
in follow-up dose-response experiments two out of three repli-
cates had to be scored as a hit.

Standardization

Values from replicate plates with treated co-cultures were
standardized for direct comparison in the same plot using the
formula:

(Tube total length single well — Mean whole plate)
St Dev Whole plate

Z-factor Calculation

A 96-well plate containing 84 DMSO-treated (0.25 %)
and 12 CHIR258 (30 nM) co-cultures was incubated for 3
days and imaged as 2 X 2 montages. Average total tube lengths
and standard deviations were quantified for the two treatment
groups, and noise/signal ratio calculations were performed
using the formula:

(3 X (SDNegCtrls + SDPosCtrls ))

AVgN egCtrls AVgposCtrls

REsurrs

Measuring Cellular Networks

The co-culture assay entails live image analysis of fluores-
cent protein-expressing primary human EC that form tubular
networks within 72 h postseeding (6). Unless otherwise speci-
fied, the EC used in this study were transduced with a tdTo-
mato retroviral expression construct to ensure stable expres-
sion of the fluorescent marker.

The EC networks form over a period of 3 days. At day 0
and day 1, the EC are elongated and display extensive migra-
tory activity (data not shown). As they begin to integrate into
a proper network (Day 3, Fig. 1b), the EC interdigitate to gen-
erate tubes with uniform diameter (6). The EC do not prolif-
erate when co-cultured with vSMC, so the networks do not
grow in size. However, the connectivity increases until the
network stabilizes, and once formed, the network can be kept
alive for long periods (Figs. la and 1b). Although early
networks are susceptible to anti-VEGF therapeutics, stable net-
works become resistant to anti-VEGF therapeutics (Evensen
et al., submitted).

Ideally, the parameters used to quantify EC networks
should reflect the stability of a generated network and also be
able to identify any inhibited phenotype. To investigate the
stability of the parameters available in the BD Attovision
v1.6.1 software, 12 untreated co-cultures were seeded in a
96-well plate and monitored over a period of 12 days. The

most stable imaging parameter was found to be tube total
length (Fig. la), which estimates the total length of cellular
tubes within the field of view. Developed networks, with their
extensive interconnections, have longer total tube lengths than
inhibited phenotypes (Figs. 2¢, 2f, and 2g).

The tube total length parameter is calculated on the basis
of a segmentation mask-defined preanalysis that divides the
image into regions that are part of the cellular network and
regions that are considered to be background (Figs. 2b and
2e). The segmentation mask can be used to define both the
tube bodies (Figs 2b and 2e) and to generate a one-pixel-wide
skeleton representation of the network structure (Figs. 2c and
2f). The tube total length parameter corresponds to the total
number of pixels in this skeletonised image. To optimize
images during analysis, noise was reduced by background sub-
traction and a 25X 25 pixel sized rolling ball filter. A further
size-based filter was included to exclude any objects under
8000 pixels in size from the analysis.

The Z-factor for tube total length was calculated from 84
individual DMSO treated co-cultures (negative control) and
12 co-cultures treated with the VEGFR2 tyrosine kinase inhib-
itor CHIR258 (positive control) in a 96-well plate and imaged
as 2X 2 montages with a 10X objective at day 3 (Fig. 2).
CHIR258 generates rounded-up, single viable EC morphology
phenotype representative of nontoxic anti-angiogenic com-
pounds (Fig. 2d) (11). Following image analysis and quantifi-
cation of tube total length, a Z-factor of 0.68 was calculated,
indicating that the co-culture assay is highly suitable for large-
scale HTS campaigns.

Identification of Screening Hits

Two small molecule tyrosine kinase inhibitors PTK787/
ZK and CHIR258 were used as model anti-angiogenic com-
pounds to demonstrate hit identification. PTK787/ZK and
CHIR258 inhibit autophosphorylation of VEGFR-2 and both
were used to show that compounds with similar targets give
similar phenotypes (10). Based on four DMSO (vehicle con-
trol) treated replicates, the average and standard deviation of
the tube total length was calculated (Fig. 3a, blue line). Quan-
tification of PTK787/ZK (100 nM) and CHIR258 (100 nM)
treated co-cultures showed consistent inhibition to levels
greater than three standard deviations from the DMSO con-
trols (Fig. 3a, red line), delineating the inhibited phenotype
(Fig. 3b, lower panel). Hits for the co-culture imaged-based
high-throughput screen were thus defined as wells producing
tube total length values exceeding three standard deviations
from the mean of the DMSO control.

Compounds that have a nonspecific cytotoxic effect could
be a significant source of false positives in a high-throughput
screen. We demonstrated (Fig. 3c) that a simple viability
marker such as propidium iodide (which is only able to enter
cells with a disrupted plasma membrane) could be used to
identify co-cultures with extensive cytotoxicity and exclude
them from follow-up dose-response experiments. Both pro-
teosomal inhibition by bortezimid (Velcade) at 200nM and
anti-VEGF treatment with PTK787/ZK (100 nM) result in
inhibition of network formation. However, the Velcade causes

44 A Novel Imaging-based High-throughput Screening Approach to Anti-angiogenic Drug Discovery
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Figure 2. Image segmentation and quantification. For Z-factor calculation, 84 DMSO (0.25 %) and 12 CHIR258 (30 nM) treated co-cultures
were seeded in a 96-well plate. Panel a—c represents the DMSO treated co-cultures (negative control) and panel d-f represents the CHIR258
treated co-cultures (positive control). (a, d) 2X 2 montage images (X10 objective) of fluorescent EC (gray) in co-culture with vSMC were
acquired at day 3. (b, e) Fluorescent cells are recognized by thresholding and rolling ball filtering (RB 25X 25) to produce a binary segmenta-
tion mask. Analysis of the segmentation mask produces an outline of the tube bodies with unconnected segments given a unique color. (c, f)
Skeletonization of the segmentation mask produces a one pixel-wide representation of the EC structures with the skeleton located along the
centres of the tube body structures. The skeletonised version of the EC structures are measured in pixels and developed networks (c) score
higher because they have larger tube total length values than inhibited phenotypes (f). (g) The Z-factor is 0.68 for the parameter tube total
length, (see Material and Methods) and positive controls (known inhibitors of network formation) have significantly shorter tube total lengths

than negative controls. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

significant PI uptake indicating that it has cytotoxic effects. In
contrast, the inhibitory effect of PTK787/ZK is not due to cy-
totoxicity. Because PI-staining overlaps with tdTomato (RFP)
emission, these experiments were performed in combination
with GFP-expressing EC.

Proof of Principle: High-throughput Screening

To evaluate consistency in screening hit identification, a
double-blinded pilot screen was conducted using a prear-
rayed compound plate comprising randomly distributed
small molecule VEGFR2 tyrosine kinase inhibitors, PTK787/
ZK (200 nM and 50 nM) and CHIR258 (200 nM and
50 nM), and two vascular disruptive agents, combretastatin
CA-4 (100 nM and 20 nM) (17-19), an inhibitor of micro-
tubule polymerization, and CK246 (100 nM and 20 nM), an
epothilone analog functioning as a microtubule stabilizer
(12), among DMSO control wells. Two 96-well plates
seeded with EC-vSMC co-cultures were treated with the
compound plate that also contained nine DMSO controls

Cytometry Part A o 77A:41-51, 2010

for calculation of a threshold value (Fig. 4a, red lines). After
a 72 h incubation, the two screening plates were analyzed to
identify active compounds. Plate 1 identified 26 wells and
plate 2 identified 28 wells with tube total lengths below the
threshold value. Unblinding the compound plate layout
showed that 29 wells contained an active compound corre-
sponding to a correct hit identification of over 90%; one
false positive well was identified (0.05%) (Fig. 4b). Stand-
ardization of the data for direct comparison of the two
plates show that the negative value distrubutions overlap,
indicating that the co-culture assay consistently identifies
inhibited phenotypes (Fig. 4c). Images from treated co-cul-
tures show severely inhibited phenotypes that is clearly dis-
tinguishable from developing networks (Fig. 4d)

High-throughput Screening of a Small Molecule
Compound Library

A blinded image-based co-culture HTS screen was per-
formed using a subcollection of commercially available small
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Figure 3. Identification of screening hits. (a) Co-cultures treated with 0.25% DMSO, 100 nM PTK787/ZK and 100 nM CHIR258 were imaged
as 2X 2 montages at day 3 postseeding with a X10 objective and quantified. Average tube total length for the four DMSO treated co-cul-
tures (blue line) was the basis for calculation of the threshold value of three standard deviations away from the mean of DMSO treatment
(red line). Both anti-VEGF therapeutics produced tube total length values exceeding three standard deviations from the mean of the DMSO
control and would therefore be considered as hits. (b) A vehicle treated co-culture results in a developing network (upper panel, day 3),
whereas anti-VEGF therapeutics inhibits network formation and results in a classical rounded-up, single cell morphology (Day 3, lower
panel). (¢) As a demonstration of identification of toxic compound effects co-cultures with GFP-expressing EC were stained with Hoechst
and propidioum iodide (PI). Significant Pl staining is observable with proteasome inhibitor Velcade treatment at high doses (200 nM), illus-
trating the staining profile of toxic compounds. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

molecule compounds previously used for chemical genetic
studies (20). Compound screening plates comprised prear-
rayed DMSO-dissolved agents that were added directly to
seeded co-cultures. Both the identity and location of the active
agents versus multiple DMSO vehicles were blinded. Three
identical co-culture HTS assays were conducted such that each
compound screening plate well was assayed in triplicate. After
incubation for 72 h to allow EC network formation, wells were
imaged automatically as 2 X 2 montages with a 10X objective
and tube total length was quantified for each image (Fig. 5a).
At least two of three replicates had to show effects on tube
total length greater than three standard deviations from the
mean control wells to qualify as a primary screening hit.
Figure 5b shows the overlaid standardized screening data from
all three plates to illustrate the consistency of the assay screen-
ing hits. Overall, the replicates showed very good consistency

with the identical 27 wells being indentified as screening hits
in each assay plate.

Dose-response Experiments with Screening Hits

The primary pilot screening campaign was performed
double-blinded and revealing compound identity showed the
most potent agents comprised three major classes. The three
compound classes included the microtubule-interfering agents
vinblastine and paclitaxol, the histone deacetylase- (HDAC)
inhibitor trichostatin A (TSA), and finally the Ca*"-homeo-
stasis interfering agent THAPS. Two other agents associated
with Ca“—signaling, BAPTA and W13, were included to fur-
ther investigate the importance of this process as they have
opposite effects to THAPS. Thus, in total six compounds were
further investigated in dose-response experiments to confirm
their activity.

46 A Novel Imaging-based High-throughput Screening Approach to Anti-angiogenic Drug Discovery
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Figure 4. Proof-of-concept: High-throughput screening. Four compounds, two anti-VEGF therapeutics and two vascular disruptive agents
were distributed (double-blind) on a 96-well compound plate and two replicate plates with freshly seeded co-cultures were treated with
nontoxic concentrations. (a) Nine co-cultures known to be treated with 0.25% DMSO were the basis for calculation of the threshold value
of three standard deviations away from the DMSO-mean (red line). (a, b) Plate 1 and plate 2 identified 26 and 28 wells producing tube total
lengths below the threshold value, respectively. On the two replicate plates only one false positive was produced. (¢) Standardization of
the screening data for direct comparison show overlapping results in the negative area emphasizing the consistency in hit identification.
(d) The inhibited phenotypes produced by the individual compounds are easily distinguished from the developing DMSO-treated networks
and score as significantly shorter networks when measured by the parameter tube total length. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

tions and is a potent anti-angiogenic agent in the in vivo chick
embryo chorioallantoic membrane (CAM) assay (22).
Congruent with this, we observe a dose-dependent inhibition
of capillary-like network formation (IC50 = 0.26 nM) in the
EC-vSMC co-culture assay (Fig. 6a). Vinblastine-treated co-
cultures yield cultures with rounded, unconnected, unicellular
EC. Paclitaxel, a taxane, binds and stabilizes microtubule

Microtubule-inhibitor compounds: Vinblastine and pacli-
taxel. Vinblastine, a member of the vinca alkaloids
compound class, is an antimitotic drug with high affinity for
tubulin (21). Upon binding tubulin, vinblastine inhibits
microtubule formation, thereby arresting cells in the M phase
of the cell cycle and inhibiting cell division. Vinblastine blocks
formation of the endothelial tubes at picomolar concentra-
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Figure 5. High-throughput screening of a small molecule compound library. A pilot image-based high-throughput screening using the
in vitro EC-vSMC co-culture assay was performed blindly with a subcollection of commercial available small molecule compounds. (a)
Tube total lengths were quantified for each well and the profile for one of three replicate plates is shown. Several wells produce tube total
lengths outside the area of three standard deviations away from the DMSO-mean. (b) Overlaid standardized screening data from the three
replicate plates illustrate the consistency of the hit identification as the curves overlap in the negative area. [Color figure can be viewed in

the online issue, which is available at www.interscience.wiley.com.]

bundles (23). Paclitaxel exhibits similar inhibitory effects
(IC50 = 1.3 nM) on network formation as vinblastine (Fig.
6b).

HDAC inhibitor TSA. The HDAC-inhibitor TSA blocks class
I and I HDAC: leading to alterations in chromatin structure
that modulate gene expression (24). TSA has been shown to
inhibit hypoxia- and VEGF induced angiogenesis (25-27).
In vivo, it is a potent inhibitor of angiogenesis as it reduces
neo-vessel formation in the CAM-assay and inhibits bFGF-
induced angiogenesis in the Matrigel-plug assay in mice. In
the primary screen performed with the EC-vSMC co-culture,
TSA supported the inhibiting effects reported, although at
very high concentrations (20 uM). Dose-response experiments
showed that the IC50 value was 1.5 uM and maximum block-
ing effect was first observed at 5 uM (Fig. 6¢).

Ca’*-homeostasis interfering agents. Ca’*-homeostasis
interfering agents were identified in the primary screen.
THAPS is an inhibitor of the Ca®"-dependent ATPase pump
that concentrates calcium in the sarcoplasmic and endoplas-
mic reticulum. By blocking this ATPase pump, THAPS treat-
ment raises cytosolic Ca’" concentrations (28). In the EC-
vSMC co-culture assay, THAPS in the concentration range
tested showed an inhibitory effect (IC50 5.7 uM, Fig. 6e). In
contrast, BAPTA, a Ca’>"-chelator, only showed inhibitory
effects above 10 uM suggesting that depleting Ca*>" in the
medium does not have a substantial effect at subtoxic
concentrations (Fig. 6f). Cytoplasmic Ca** is sequestered by
Ca’"-binding proteins, including calmodulin, that alter con-
formation and interact with specific target proteins, such as
Ca’"/calmodulin-dependent ~protein kinases (29). The
calmodulin inhibitor W13 did not affect network formation
indicating that calmodulin-dependent signaling is
required for endothelial network formation (Fig. 6d).

not
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Together, these results confirm the inhibitory effects of
vinblastine, paclitaxel, TSA, and THAPS found in the primary
pilot high-throughput screening campaign. This demonstrates
that the EC-vSMC in vitro angiogenesis co-culture assay is a
reliable high-throughput screening platform to screen for
novel anti-angiogenic agents.

DISCUSSION

Image Analysis Parameters for a
High-throughput Screen

The live cell imaging-based high-throughput screening
approach using the EC-vSMC co-culture assay robustly
generates automated universal format (TIFF) images of en-
dothelial cellular networks suitable for processing by any
image analysis software. To obtain reliable, quantitative
data, a primary imaging parameter must be used that accu-
rately reflects the temporal acquisition of a stable endothe-
lial network (8). We evaluated several imaging algorithms
available in the Attovision v1.6.1 software package (Becton-
Dickinson) that were designed to measure features of a
branching network. The most reliable parameter was tube
total length (field summary), which quantifies (in pixels)
the total length of all tubes in the image field. This param-
eter is suitable as inhibited or disrupted networks comprise
unconnected, rounded-up EC and thus, will score as
“shorter” than fully developed networks (Fig. 2). Several
other parameters were evaluated including tube average
length, number of branch points, and tube max length.
However, although the number of branch points is a highly
suitable parameter to quantify networks, it did not reflect
true endothelial network branch points. Figure 2 illustrates
two stages in the image analysis: initial thresholding pro-
duces a segmented image where the fluorescent protein-
expressing EC are distinguished from the background.
The segmented image is then trimmed to a single pixel
wide skeleton that represents all of the branches of the
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Figure 6. Dose-response experiments with identified hits. Six compounds were followed up in dose-response experiments based on the
hits in the screen. (a) Vinblastine and paclitaxol are well known vascular disruptive agents and display very potent dose-dependent inhibi-
tory effects in the nanomolar range verifying their anti-angiogenic effect in this assay. (b) The HDAC-inhibitor TSA was tolerated up to 1
uM but higher doses showed a sharp inhibitory effect. (¢) The initial screen identified three Ca?*-homoeostasis regulating compounds:
THAPS, a compound that leads to raised cytoplasmic Ca?*, showed strong inhibitory effects at all doses tested whereas BAPTA, a
Ca?"-chelating agent had little effect except at very high doses. W13, a calmodulin inhibitor, did not exert any effect on network formation.

network. As shown in 2¢, the algorithm used in the Attovi-
sion software package produces spurious circular structures
within the skeletonized network that interfere with calcula-
tion of the correct number of branch points.
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The Z-factor for the parameter tube total length is 0.68
and thus, meets the standards for high-throughput screening
(30). The value of the Z-factor is dependent on the number of
EC seeded in each well. For calculation of the Z-factor, 15,000
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EC/well were used which ensure a dense network and lower
variation in tube total length between individual wells. The
screening data obtained with 10,000 EC/well gave lower net-
work density and a Z-factor at 0.2 (data not shown). Ideally
the Z-factor should be >0.5; however, considering the differ-
ences between inhibited co-cultures and uninhibited co-cul-
tures with developing tubes, the two extreme phenotypes are
clearly distinguishable. By visual inspection, all inhibited phe-
notypes can easily be identified, and Figures 3 and 4 clearly
demonstrate that hits are reliably identified by computer soft-
ware. This is further emphasized by the low level of false posi-
tives (one false positive were scored as a hit) in the proof of
principle screen (Fig. 4b). In both screens performed in this
study, the overall similarity between the graphs of standar-
dized data (Figs. 4b and 5b) emphasizes how consistently the
tube total length parameter identifies inhibited phenotypes.
Nevertheless, future screens will be performed with the condi-
tions giving the best z-score value.

Dose-response Experiments

Previous findings demonstrate that EC in co-culture with
vSMC do not proliferate (8,31). It is therefore somewhat
unexpected that vinblastine and paclitaxel have such potent
inhibitory effects as they are primarily used as antimitotic
drugs in cancer treatment. However, their modes of action
might explain their strong inhibitory effect: vinblastine inhi-
bits microtubule assembly by binding to tubulin subunits,
whereas paclitaxel hyperstabilizes the structure of microtu-
bules and prevents them from disintegration (23,32). As a
result both drugs, in addition to being anti-proliferative, affect
cell motility and morphological changes that are dependent
on microtubule dynamics (33). Hence, the inhibitory effect on
network formation is likely due to impaired elongation and
migration characteristic of pathfinding EC during angiogen-
esis. Our findings confirm the reported anti-angiogenic effects
of vinblastine and paclitaxel observed in other in vitro and
in vivo angiogenesis assays (22,34).

TSA is a selective inhibitor of histone deacetylase classes I
and II but not class III. TSA alters gene expression by inhibi-
ting the removal of acetyl groups from histones, hence chan-
ging the ability of DNA transcription factors to interact with
DNA and altering DNA transcription (24). Gene transcription
profiles have been shown to change in both EC and vSMC
when co-cultured (35). Thus, identification of this compound
in the primary screen likely reflects alteration of the EC gene
expression changes requisite for network formation, albeit
only at relatively high concentrations. In addition, it has been
shown that TSA reduces hypoxia-induced migration and ad-
herence of bovine aortic endothelial cells to diverse extracellu-
lar matrix proteins, among them collagen Type IV and fibro-
nectin (26). Therefore, TSA might also modulate the interac-
tion between EC and basement membrane proteins (e.g.
collagen IV, XVIII, fibronectin), (8) deposited during network
formation and inhibit haptotactic endothelial cell migration
(Fig. 6¢).

Ca®"-homeostasis is important for numerous EC func-
tions including proliferation, invasion, and differentiation

(36), and perturbations of the fine-tuning of Ca’*-levels
results in altered cell signaling. For example, THAPS potently
inhibited angiogenesis in the rat aorta assay in a dose-depend-
ent manner via inhibition of proliferation and migration of
EC (28). THAPS identified in the primary screen, as shown in
the dose-response experiments, exhibits effects at the lowest
dose tested (1.5 uM) and ideally, it should be tested in much
lower concentrations. In fact, it has been shown that doses
lower than 10 nM were able to potently inhibit migration and
proliferation of vSMC in vitro monocultures (37,38), suggest-
ing that the observed effects on EC networks could be attribu-
ted to effects on vSMC functions. Nevertheless, the result
shows that increasing calcium in the cytosol efficiently inhibits
network formation. The opposite effect, Ca®*-depletion, was
also tested by addition of BAPTA that chelates exogenous
Ca”". However, an IC50 value at 45 uM indicates that Ca®" in
the medium is not important for network formation. The
calmodulin inhibitor W13 also did not have any effect on
network formation. Together, these results suggest that intra-
cellular Ca®"-levels must be kept below a threshold level to
maintain the ability of network formation.

In conclusion, we show here that the organotypic endo-
thelial-mural co-culture capillary-like network approach
represents a robust new platform for live cell high-content
imaging high-throughput screening for novel anti-angiogenic
agents. Via a pilot HTS small molecule compound screening
campaign, we demonstrate that informative imaging parame-
ters facilitate the identification of known and novel angiogenic
modulators. The screening system interrogates endothelial
network formation in a native context comprising the three
main components of blood vessels: EC, mural cells, and the
basement membrane deposited as a result of the heterotypic
cell-cell interaction. The screening system affords the opportu-
nity to conduct HTS campaign on networks modeling both
immature and mature vasculature.
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