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Abstract

Vascular endothelial growth factor (VEGF) plays a dominant role in angiogenesis. While inhibitors of the VEGF pathway are
approved for the treatment of a number of tumor types, the effectiveness is limited and evasive resistance is common. One
mechanism of evasive resistance to inhibition of the VEGF pathway is upregulation of other pro-angiogenic factors such as
fibroblast growth factor (FGF) and epidermal growth factor (EGF). Numerous in vitro assays examine angiogenesis, but many
of these assays are performed in media or matrix with multiple growth factors or are driven by VEGF. In order to study
angiogenesis driven by other growth factors, we developed a basal medium to use on a co-culture cord formation system of
adipose derived stem cells (ADSCs) and endothelial colony forming cells (ECFCs). We found that cord formation driven by
different angiogenic factors led to unique phenotypes that could be differentiated and combination studies indicate
dominant phenotypes elicited by some growth factors. VEGF-driven cords were highly covered by smooth muscle actin, and
bFGF-driven cords had thicker nodes, while EGF-driven cords were highly branched. Multiparametric analysis indicated that
when combined EGF has a dominant phenotype. In addition, because this assay system is run in minimal medium, potential
proangiogenic molecules can be screened. Using this assay we identified an inhibitor that promoted cord formation, which
was translated into in vivo tumor models. Together this study illustrates the unique roles of multiple anti-angiogenic agents,
which may lead to improvements in therapeutic angiogenesis efforts and better rational for anti-angiogenic therapy.
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Introduction

Angiogenesis, the formation of new blood vessels from existing

vessels, is a complex multistep process involving numerous growth

factors. These steps include initiation, tip formation and sprouting,

migration, proliferation, lumen formation, anastamosis, and

maturation [1]. While numerous growth factors have been shown

to play a role in the angiogenic process, vascular endothelial

growth factor (VEGF) appears to have a dominant role [1].

Inhibitors targeting the VEGF pathway have had some success

in the clinic; however, the effects of anti-angiogenic therapy tend

to result in transitory improvements measured in months. These

treatments result in tumor stasis and shrinkage with some resulting

in increased survival. Inevitably, however, the tumors return to

growth and progression in many patients. A number of possible

evasive resistance pathways have been proposed [2]. One feasible

evasive resistance mechanism of anti-angiogenic therapies is the

induction of other pro-angiogenic factors to re-establish the tumor

vasculature. In fact, profiling of gene expression changes

associated with resistance to VEGF inhibitors in xenograft models,

showed that EGFR and FGFR pathways were upregulated in the

stroma [3]. bFGF has also been shown to drive revascularization

in the RIP-Tag2 model after acquiring resistance to anti-VEGFR2

therapy [4]. Targeting VEGF and bFGF with a dual inhibitor, has

subsequently been shown to inhibit tumor progression after

resistance to VEGF inhibition [4,5].

Numerous in vitro and in vivo assays have been developed to

examine the various steps in the angiogenic process including

sprouting and tip formation, migration, differentiation, prolifera-

tion, lumen formation, and tube or cord formation [6]. Many of
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these assays are driven by VEGF or have multiple growth factors

in the medium. Little is known about the distinct phenotypes and

roles of other angiogenic factors in driving angiogenesis. We have

developed a basal medium that allows the characterization of

other angiogenic growth factors on cord formation. We found that

growth factors such as HGF, EGF, and bFGF can induce cord

formation in this system. Interestingly, each of the growth factors

induces a unique phenotype that can be differentiated and growth

factor combinations indicate dominant growth factor phenotypes.

This co-culture system with minimal basal medium also allows for

the identification of unique pro-angiogenic drugs or factors and

translates into in vivo xenograft models.

Methods

ADSC and ECFC co-culture cord formation assay
Human adipose derived stem cells (ADSCs) and endothelial

colony forming cells (ECFCs) purchased from Lonza (Allendale,

NJ) were cultured as previously described [7]. ADSC and ECFC

co-culture assays were performed in basal medium (MCDB-131

medium with 30 mg/mL L-ascorbic acid 2-phosphate, 1 mM

dexamethasone, 50 mg/mL tobramycin, 10 mg/mL r-transferrin

AF, and 10 mg/mL insulin). ADSCs were plated in 96 well plates

at 40–50K cells per well and incubated overnight at 37uC, 5%

CO2. The next day, the media was removed and 4–5K ECFCs

were plated on the ADSC monolayer, incubated at 37uC, 5% CO2

for 3–6 hours to allow ECFC attachment before the addition of

growth factors and/or inhibitors (2–5X) to achieve the indicated

final concentrations. The differences in cell counts reflect

differences observed with different cell counters. For validation

experiments, a modified assay to increase pericyte association was

used whereby 15K ADSCs and 3K ECFCs were plated in a 384-

well plate. When indicated cell bound growth factors were

removed from the ADSC monolayer by a 60 minute treatment

with 500 mg/mL sodium heparin (Sigma) in basal medium prior to

ECFC addition. Co-cultures were grown for 3 days, at which time

they were fixed, stained, and imaged as described below.

Growth factors and inhibitors
Multiple doses of growth factors were used to determine the

optimal dose to use for subsequent studies (data not shown).

Vascular endothelial growth factor (VEGF; R&D Systems) was

used at 10–20 ng/mL, hepatocyte growth factor (HGF; R&D

Systems) at 100 ng/mL basic fibroblast growth factor (bFGF;

Invitrogen) at 50 ng/mL, and epidermal growth factor (EGF;

Invitrogen) at 20 ng/mL. To block VEGF and HGF signaling,

antibodies to VEGF (Bevacizumab; 10 mg/mL) and HGF (R&D

Systems; 10 mg/mL) were used. To examine whether additional

growth factors were dependent on each other to induce cords,

inhibitors to VEGFR2 (Ramucirumab), bFGF (bFGF antibody;

Invitrogen), or EGFR (Gefitinib) were used in basal, VEGF,

bFGF, and EGF driven cords. Finally, a TGF-b inhibitor

(LY2157299), an inactive control (LY596144), and a multikinase

inhibitor (SU11248, Sutent) were tested to examine increases in

cord or tumor vessels.

Fixation, staining, imaging, and quantification of the
cords
Following completion of the assay, the ADSC/ECFC co-culture

was fixed and permeabilized with either 70% ice cold ethanol or

80% ethanol (which gives equivalent staining; data not shown) for

10–20 minutes. Cells were stained essentially as previously

described [7]. Endothelial cells were detected with a sheep anti-

CD31 (PECAM-1; Sigma; 1:200) antibody, smooth muscle actin

(SMA) was detected with either a Cy3 conjugated mouse anti-

smooth muscle actin (Sigma; 1:200) or a mouse anti-human SMA

antibody (Sigma; 1:200), and nuclei was detected with Hoechst

33342 (Invitrogen; 1:1000). Secondary AlexaFluor 488 or 647

conjugated anti-sheep and anti-mouse antibodies were used for

detection (Invitrogen; 1:400).

Cord formation images were capture with either a Cellomics

Arrayscan VTI or an Acumen eX3 microplate cytometer. Images

taken on the Arrayscan were read at a 5X magnification and the

tube formation bio-application was used to detect CD31 staining.

Total tube area was calculated from 9 fields for each well with 3–4

wells for each treatment. SMA index was calculated from the

intensity of the SMA staining and related to the number of cords

as previously described [7]. Tiff images of the entire well were

collected with the Acumen eX3. The images were then analyzed

with a customized Image Pro algorithm to assess the nuclear area,

cord area, and SMA area. In addition, custom built Image J

software analysis was used to measure over 100 different

descriptors (Table S1) to differentiate and assess the different

growth factor dependent morphologies. Clustering of the different

descriptors were performed in an unsupervised manner as to not

place particular meaning on each individual parameter, but rather

to utilize these characteristics as unique phenotypes.

Analysis of growth factors secreted by the cord
formation assay
Basal medium, media collected from ADSC monocultures,

media collected from ADSC/ECFC co-cultures, and media

collected from cocultures treated with VEGF were analyzed for

growth factors using Luminex beads according to the manufac-

turers’ protocol (R&D Systems and Millipore).

Effects of TGF-b inhibition inA549 in vivo study
A549 NSCLC tumor cells (56106 cells) were mixed 1:1 with

Matrigel (BD Biosciences) and injected subcutaneously into the

flank of CD1 nu/nu male mice. Tumors were allowed to grow to

,150 mm3 (,7–10 days) prior to treatment. Animals were orally

treated by oral gavage with twice a day (BID) dosing of vehicle, a

TGF-b inhibitor (LY2157299; 75 mg/kg), an inactive control

(LY596144; 100 mg/kg), or a multi-tyrosine kinase inhibitor

targeting VEGF (Sutent, SU11248; 20 mg/kg) for 5 days prior to

fixation and staining. Tumors were fixed in Zn Tris, processed,

and embedded in paraffin. Four micron sections were cut and

stained with a CD31 antibody (PECAM; Pharmingen 550274) and

Alexa Fluor 488 conjugated secondary antibodies. Each tumor was

imaged at 106with an inverted fluorescence microscope looking

at multiple fields residing completely within the tumor that were

well-separated and non-overlapping. The number of fields imaged

ranged between 2 to 11 fields and depended upon the size of

tumor and amount of non-necrotic tissue present. The following

total number of fields was imaged for each group: non-treated (43),

LY2157299 (45), LY596144 (31), and Sutent (45). The field data

for total area of blood vessels (using CD31) as a ratio of total tissue

area (using Hoechst 33342) for individual tumors was averaged to

derive the individual tumor vessel density values. The individual

tumor values within a group were averaged to derive the group

vessel density values expressed with standard errors and P-values.

Four to eight animals were analyzed in each treatment group.

Statistical analysis
Results were expressed as means 6SEM. Statistical differences

were analyzed by ANOVA with a Tukey or Dunnett’s posthoc test

using JMP software.

Growth Factor Induced Vascular Phenotypes
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Results

Characterization of growth factors present in the ADSC/
ECFC co-culture system
Studies indicate that co-cultures of ADSCs and ECFCs lead to

robust cord formation with associated SMA positive pericyte-like

structures in response to VEGF (Figure 1A, Figure S1) [7,8].
This assay can be run in 96 and 384 well format with qualitative

analysis on either an ArrayScan or an Acumen ([7] and Figure
S2). Quantitative validation was performed on a similar assay ran

on the Acumen eX3 in a 384 well format (Z9 score = 0.68 or 0.70

and MSR =1.69 or 1.99 for tube area and SMA area analysis

respectively; Figure S2).

To examine the ability of other angiogenic growth factors to

induce cord formation we developed a basal cord formation media

which lacks serum and other growth factors typically found in

traditional assay systems [7,9,10]. To determine which factors

were endogenously produced in the ADSC/ECFC co-culture

system, Luminex profiling of multiple angiogenic growth factors

was examined. Compared to basal medium alone, ADSCs

secreted VEGF and HGF into the medium (Figure 1B). Co-

culturing ADSCs with ECFCs without exogenous growth factors

appeared to reduce the levels of VEGF secretion into the medium,

but did not alter the secretion of HGF (Figure 1B). Interestingly,
the addition of VEGF to ADSC monocultures did not change the

secretion of any of the factors we examined, however VEGF

treatment of the co-cultures increased accumulated secretion of

TGF-b and Ang1 at 96hrs and Ang2 at 48 and 96 hours

(Figure 1B). Additional angiogenic factors such as bFGF, PDGF,

and EGF were not secreted above basal levels at any of the time

points or culture conditions (data not shown).

To confirm the importance of HGF in basal cord formation,

antibodies targeting VEGF or HGF were tested (Figure 2).
Treatment of basal cords with an anti-VEGF antibody did not

reduce the cord formation or the associated SMA. Basal cords

were significantly reduced, however, when treated with an

antibody targeting HGF. SMA was still associated with the few

remaining cords causing the SMA index to increase (Figure 2).

Cord formation phenotypes driven by different
angiogenic factors
Most in vitro angiogenesis assays are dependent on VEGF.

However, multiple angiogenic factors have been described.

Because bFGF and EGF upregulation has been demonstrated in

resistance to inhibitors of the VEGF pathway [2–5] and are not

endogenously present within our co-culture system, we chose to

focus our studies on EGF and bFGF driven cords and how they

may differ from VEGF and HGF driven cords (Figure 3). VEGF

stimulation in the ADSC and ECFC co-culture system led to a

robust increase in total tube area, a greater branching index, and

increased length to width ratio which was inhibited by an anti-

VEGF antibody (Bevacizumab; Figure 3). Exogenous addition of

HGF, which was highly expressed in the basal system (Figure 1),
did not increase cord formation. If, however, a heparin wash prior

to plating ECFCs was performed, which may strip bound-HGF

from the basal system, HGF driven cords were seen (Figure S3).
Exogenous bFGF and EGF, two growth factors that had no

detectable expression in the basal system, were able to induce

cords in the ADSC/ECFC co-culture system (Figure 3). Both of

these angiogenic factors increased total tube area, branching, and

length to width ratio of the cords; but both had less SMA

associated with the cords (Figure 3). Qualitatively, bFGF cords

appeared to have thicker nodes and EGF thinner nodes compared

to VEGF driven cords. Interestingly, while bFGF-driven cords

were not affected by Bevacizumab, EGF driven cords had small

decreases in some of the readouts (Figure 3). Taken together

these results indicate that the in vitro basal medium ECFC/ADSC

cord formation assay responds to multiple pro-angiogenic factors

as observed in tumor models in vivo [4].

To determine which phenotypes were dominant, growth factor

combinations were used to induce cord formation (Figure 4).
Combining VEGF with HGF led to a phenotype that was similar

to the VEGF driven cords (Figure 4). Similarly, the combination

of bFGF and HGF had cords that phenotypically look like bFGF

cords (Figures 3 and 4). This was likely because (as shown with

the single growth factors) the endogenous levels of HGF secreted

by the system itself were already high. Interestingly, when VEGF

and bFGF were combined the phenotype was almost a hybrid of

each growth factor alone (Figures 3 and 4). These cords were

highly branched and had some SMA coverage similar to the

VEGF driven cords, but had large nodes indicative of bFGF-

driven cords (Figure 3). When VEGF was inhibited with

Bevacizumab, the phenotype looked more similar to bFGF driven

cords (Figures 3 and 4). When bFGF was combined with EGF,

the EGF phenotype appeared dominant as the large nodes and

lack of SMA associated with bFGF driven cords was not seen.

Instead the cords had some SMA and were long with very small

nodes (Figure 4). Combining HGF with EGF and bFGF had a

phenotype similar to EGF or the bFGF and EGF combo

(Figure 4). To further understand these vascular phenotypes

associated with the different growth factors driving cord formation,

an Image J algorithm was developed to measure 101 different

endothelial and pericyte descriptors (Table S1) from whole well

images of the various growth factor driven cords (Figure 5).

Basal, HGF, bFGF, EGF, and bFGF + HGF driven cord

phenotypes were able to differentiate from one another and other

treatments using three readouts: branch width, branch node quad

connection, and tube area (Figure 5). The five remaining growth

factor driven phenotypes could then be separated by four

additional parameters. bFGF + EGF and HGF+EGF+bFGF were

able to be differentiated from the rest based on the nuclear

intensity in the segment area, SMA area and branch node quad

connection (Figure 5). Finally, VEGF, VEGF+bFGF, and

VEGF+HGF phenotypes were able to be separated by looking

at SMA area, branch node SMA area, and standard deviation of

the nuclear intensity in the nuclei area (Figure 5). These results

also confirm the observations made with the ArrayScan that EGF

is the dominant phenotype when combined with bFGF, as the

combinations cluster more closely to EGF driven cords. This

analysis also indicates that while the addition of HGF to VEGF or

bFGF originally didn’t show a difference compared to VEGF or

bFGF alone, use of a multiparametric analysis can differentiate

phenotypes and indicates that the addition of HGF has subtle

effects on endothelial-pericyte network phenotypes.

To evaluate whether the phenotypes associated with different

growth factor driven cord formation is a direct effect of the growth

factors or some secondary signaling, we assessed the effects of

inhibition on cord formation. Inhibition of VEGFR-2 with IMC-

1121B (Ramucirumab; Ram) blocked basal (IC50=0.32 mg/ml),

VEGF (IC50= 0.96 mg/ml), and EGF (IC50= 0.14 mg/ml) driven

cords, but not bFGF driven cords (IC50.10 mg/ml) (Figure 6).
In contrast, inhibition of cord formation with an anti-bFGF

antibody uniquely affected FGF driven cords with

(IC50= 0.013 mg/ml) and a small molecule EGFR inhibitor

(Gefitinib) specifically inhibited EGF driven cords (IC50= 3.1 mM)

unless given at high concentrations (Figure 6). The IC50 values

for anti-bFGF antibody on VEGF and EGF driven cords were

greater than 10 mg/ml.

Growth Factor Induced Vascular Phenotypes
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Figure 1. Characterization of growth factors present in the ADSC/ECFC co-culture system. (A) Basal or VEGF driven co-cultures of ADSCs
and ECFCs were stained for cords (CD31; green), smooth muscle actin (SMA; red), and nuclei (Hoechst 33342; blue). (B) Media was collected from
ADSCs alone or ADSC/ECFC co-cultures in basal or VEGF driven conditions at 48 (blue bar) and 96 hrs (red bar). Examination of angiogenic growth

Growth Factor Induced Vascular Phenotypes
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Pro-angiogenic activity of small molecules
Development of a medium for the ECFC/ADSC cord

formation assay which lacks serum or growth factors allows testing

of potential pro-angiogenic small molecules without interference

from angiogenic growth factors. It is known that TGF-b inhibits

endothelial cell proliferation [11–13]. Therefore a TGF-b type 1

receptor inhibitor (LY2157299) was tested in the cord formation

assay. LY2157299 increased total tube area by 149% (Figure 7)

when tested in basal medium but only increased VEGF driven

cords by 37%. To assess whether these observations would be

translated in vivo, we tested LY2157299 in a xenograft model and

observed that the vessel area of A549 tumors significantly

increased (Figure 7C). In contrast, a structural analog of

LY215299 that served as an inactive control compound

(LY596144) did not increase vessel area and Sutent (SU11248),

a multi-targeted receptor tyrosine kinase targeting VEGFR,

decreased the vessel area (Figure 7C). A significant increase in

tumor vessel area with LY2157299 was also seen in the U87MG

glioblastoma tumor xenograft model (data not shown). These

results provide a qualitative correlation between these in vitro and

in vivo models of angiogenesis, an important aspect if considering

an in vitro system for phenotypic drug discovery [14].

Discussion

Neo-vascularization is a complex process with coordinated

cellular signaling between precursor and mature forms of

endothelial cells with stromal cells (fibroblasts, smooth muscle

cells, and pericytes) coupled with morphological changes including

endothelial tube formation, anastomosis, endothelial sprouting,

and endothelial vessel stabilization by pericyte recruitment/

differentiation. While vascular endothelial growth factor, VEGF,

is recognized as the dominant pro-angiogenic factor, other factors

such as fibroblast growth factor, epidermal growth factor,

hepatocyte growth factor, angiopoietins, thrombomodulin, notch

ligands, and transforming growth factor- b are involved as well.

Endothelial cord formation in co-cultures of mature endothelial

and smooth muscle cells are dependent on addition of VEGF,

bFGF, and EGF (16) but do not inform on pericyte differentiation.

Development of a basal media co-culture system of progenitor

endothelial and stromal cells provide an opportunity to study the

roles of multiple angiogenic factors on endothelial cord formation

and pericyte differentiation. We found that HGF, bFGF, EGF,

and VEGF can all drive cord formation in this system, but each

has a unique phenotype that can be differentiated using multi-

parametric analysis. In general, we find that VEGF has small

nodes with many branched and connected tubes and is associated

with high levels of SMA. In contrast, bFGF driven cords have

thick nodes that are not associated with SMA and EGF has thin

nodes with less branching and intermediate levels of SMA. When

growth factors were combined, we found that EGF drives a

dominate phenotype, while other growth factors have a mixed

phenotype when combined (ie VEGF + bFGF). Together these

results demonstrate the unique roles of different growth factors in

inducing angiogenesis and while different growth factors can

induce angiogenesis, the blood vessels that form may not be the

factors present in the collected media was measured using Luminex. VEGF, HGF, TGF-b, Ang1, and Ang2 had detectable levels above basal media,
while bFGF, EGF, and PDGF were not detected (data not shown). n = 3–4 per group with similar results found on two separate experiments. * = p,
0.05 vs. all other treatment groups. {=p,0.05 vs. basal media. Scale bars are 250 mm.
doi:10.1371/journal.pone.0106901.g001

Figure 2. The role of endogenous growth factors in basal cord formation. (A) Basal cords made with ADSCs and ECFCs without the addition
of growth factors were treated with IgG, or anti-VEGF or anti-HGF antibodies and stained for cords (CD31; green), smooth muscle actin (SMA; red),
and nuclei (Hoechst 33342; blue). (B) Basal cords treated with IgG, anti-VEGF, or anti-HGF were quantified on the ArrayScan and the total tube area
(left) and SMA index (right) are shown. * p,0.0001 vs basal. n = 3 per group. Scale bars are 250 mm.
doi:10.1371/journal.pone.0106901.g002

Growth Factor Induced Vascular Phenotypes
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same. In addition, we show that use of a basal medium allows one

to interrogate these individual roles of the growth factors and

allows for the identification of other proangiogenic factors and

drugs such as an inhibitor of TGF-b receptor.

Evaluation of growth factors in the ADSC and ECFC co-

cultures revealed expression of VEGF, HGF, TGF-b and Ang1 by

the feeder layer (ADSCs). Addition of ECFCs decreased the level

of VEGF in the medium. This may be a reflection of

internalization and degradation of the ligand by endothelial cells

[15]. High levels of HGF are secreted by ADSCs and are the main

driver of basal cord formation in our system as inhibition of HGF

by an antibody almost completely eliminates basal cord formation.

Addition of HGF to the system doesn’t induce more cord

formation, but this is likely due to saturation of the system by

Figure 3. Cord phenotypes driven by angiogenic growth factors. (A) ADSC and ECFC co-cultures were stimulated with angiogenic growth
factors; VEGF, HGF, bFGF, or EGF and stained for cords (CD31; green), smooth muscle actin (SMA; red), and nuclei (Hoechst 33342; blue). (B) To assess
whether the cord induction was dependent on VEGF, cords were treated with the different angiogenic factors plus an anti-VEGF antibody
(Bevacizumab; Bev). (C) ArrayScan quantification of total tube area, branching index, length to width ratio and SMA index are shown as an indication
of phenotypes associated with the VEGF, HGF, bFGF, or EGF driven cords. n = 3 per group. `=p,0.05 vs. BM. {=p,0.05 vs. VEGF. #=p,0.05 vs.
bFGF. +=p,0.05 vs. HGF. * = p,0.05 vs. EGF. Scale bars are 250 mm.
doi:10.1371/journal.pone.0106901.g003

Growth Factor Induced Vascular Phenotypes
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bound HGF, as a heparin wash removal of bound HGF prior to

addition of HGF leads to significant cord formation. Interestingly,

Ang1 is produced to some extent by ADSCs alone, but at the later

timepoints there is more Ang1 in the medium when ADSCs and

ECFCs are co-cultured. This increase in Ang1 is likely from

pericytes associated with the endothelial cells. Ang1 is secreted by

pericytes and previous studies have shown that pericyte association

with cords began on day 3 and increased with time [7]. Therefore,

there are likely only enough pericytes present at the 96 hr time

point to effectively increase the Ang1 concentration. Furthermore,

Figure 4. Phenotypes of angiogenic growth factor combinations. (A) ADSC and ECFC co-cultures were treated with combinations of
angiogenic growth factors (V = VEGF, H=HGF, F =bFGF, E = EGF) with or without anti-VEGF (Bevacizumab; Bev) and stained for cords (CD31; green),
smooth muscle actin (SMA; red), and nuclei (Hoechst 33342; blue). (B) ArrayScan quantifications of total tube area, branching index, length to width
ratio, and SMA index of samples treated with combinations of growth factors with and without bevacizumab. n = 3 per group. * = p,0.05 vs. V+H.
{=p,0.05 vs. V+F. `=p,0.05 vs. H+E. #=p,0.05 vs. F+E. +=p,0.05 vs. H+E+F. Scale bars are 250 mm.
doi:10.1371/journal.pone.0106901.g004

Growth Factor Induced Vascular Phenotypes
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Figure 5. Cluster analysis of phenotypes associated with angiogenic growth factors. (A) Whole-well Acumen images of ADSC and ECFC
co-cultures treated with angiogenic growth factors or combinations of growth factors following a heparin wash and stained for cords (endothelial
cells; CD31; green), smooth muscle actin (SMA; red), and nuclei (Hoechst 33342; blue). (B) Cluster analysis based on the top phenotypes from the 101
ImageJ descriptors (Table S1) differentiate the phenotypes of cords driven by angiogenic growth factors or growth factor combinations. The output
from statistics comparing the same populations in terms of all the dimensions is shown in Table S2. A p-value less than 0.05 indicate the means of the
two groups were significantly different in at least one dimension. Scale bars are 1000 um.
doi:10.1371/journal.pone.0106901.g005

Growth Factor Induced Vascular Phenotypes
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recent cell lots of ADSCs that do not produce as much SMA-

associated cells do not see a spike even at these later time points

(data not shown). Finally, the increase in Ang2 in co-cultures of

ADSCs and ECFCs with VEGF stimulation is in alignment with

the association between Ang2 and VEGF. Ang2 is secreted by

endothelial cells and increases in response to VEGF to induce

pericyte dissociation [16–18].

bFGF and EGF signaling have been shown to play a role in

revascularization of tumors after development of resistance to anti-

VEGF/VEGFR2 therapy [3–5]. Because these factors were not

endogenously present within our co-culture system, we examined

the effects of bFGF and EGF driven cord formation. We found

that similar to VEGF, both bFGF and EGF can induce cords, but

phenotypic differences were observed. These phenotypic differ-

ences could reflect differences in mitogenic, sprouting, and survival

potencies of the different growth factors. bFGF driven cords were

larger in caliber and lacked pericyte coverage. This is consistent

with a previous report examining the relationships between VEGF

and bFGF in tumor models designed to overexpress both growth

factors. Interestingly, pericyte association and maturation was

decreased when only bFGF was expressed after inhibition of

VEGF expression [19]. Previous reports have also shown that

bFGF induced ERK signaling antagonizes TGF-b induced

smooth muscle gene expression [20], which may explain the loss

of SMA association in bFGF driven cords. EGF driven cords

appeared thinner with increased length to width ratios. Based on

multiple phenotypic parameters, we were able to differentiate

cords driven by individual or multiple factors and were able to

establish that cords driven by some growth factors have dominant

phenotypes compared to others. This may illustrate an ability to

define blood vessels into different classes. Quantitative correlation

of the various endothelial-pericyte morphologies with the various

growth factors and combinations may lead to predictive biomark-

ers for inhibiting blood vessels driven by VEGF, bFGF, or EGF.

In addition to bFGF and EGF driving different phenotypic

cords, we were able to demonstrate that their ability to induce cord

formation is independent of VEGF. Numerous growth factors

have been shown to drive angiogenesis, but many of these induce

angiogenesis through upregulation of VEGF rather than a direct

effect. In our system, we stimulate cord formation with VEGF,

bFGF, or EGF but only the VEGF driven cords are dramatically

altered by inhibition of VEGF with bevacizumab (a VEGF

antibody). Even with growth factor combinations, only the VEGF

driven phenotypes appeared to be blocked by the addition of

bevacizumab. Similarly, inhibition of bFGF with an antibody only

blocked bFGF driven cords. Likewise, an EGFR inhibitor only

blocked EGF driven cords. This indicates that these angiogenic

growth factors act independent of one another, but can work

together to elicit particular angiogenic phenotypes. This also

highlights the redundancy in proangiogenic factors and the ability

of multiple growth factors to drive angiogenesis. This is

particularly important in response to inhibition of a particular

pathway, as what has been seen with bFGF driving angiogenesis in

response to inhibition of the VEGF pathway [4]. In contrast, we

observed some reductions of EGF driven cords with inhibition of

the ligand (bevacizumab) or the receptor (ramucirumab). Previous

studies have shown that the oncogenic properties of EGFR may be

mediated by up-regulation of VEGF, which may explain why we

see these effects [21].

In addition to the examination of phenotypic differences

between cords driven by various growth factors and the study of

dominant growth factor phenotypes in combination treatments,

this ADSC/ECFC co-culture system can be used to screen for pro-

angiogenic factors or drugs. To address whether this assay system

can be used to identify factors that can promote cord formation

and potentially be pro-angiogenic, we used a TGF-b inhibitor

(LY2157299) in the cord formation assay. TGF-b is known to

inhibit endothelial cell proliferation [11–13], so one would expect

to see increased cord formation with the addition of LY2147299.

When LY2157299 was added to VEGF-driven cords or cords in

optimized medium, an induction in cords was not apparent.

However, when LY2157299 was added into basal medium a

significant induction in cord formation was observed. This

indicates that some agents that may promote cord formation

may be masked in the presence of a milieu of growth factors. Thus,

because we have developed a basal medium without exogenously

added growth factors, this assay may aid in the identification of

new angiogenic factors or drugs that may be useful for driving

therapeutic angiogenesis. In addition, the basal medium allows for

the identification of other factors that may be combined or

inhibited with current anti-angiogenic therapies. This highlights

Figure 6. Cross-talk between angiogenic growth factors. Basal,
VEGF-, bFGF-, or EGF-driven cords were treated with a VEGFR-2
antibody (IMC-1121B; Ramucirumab; Ram), a bFGF antibody (anti-bFGF),
or an EGFR inhibitor (Gefitinib) and the percent inhibition of total tube
area from the ArrayScan was graphed. n = 3 per group.
doi:10.1371/journal.pone.0106901.g006
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Figure 7. Induction of cord formation with a TGF-b inhibitor. (A) Co-cultures of ADSCs and ECFCs were treated with a TGF-b inhibitor
(LY2157299) and stained for cords (CD31; green), smooth muscle actin (SMA; red), and nuclei (Hoechst 33342; blue). (B) ArrayScan quantifications of
total tube area following treatment with LY2157299 in basal medium (left) versus VEGF driven cords (right). n = 6 per group. (C) Mice harboring A549
tumor xenografts were treated with a TGF-b inhibitor (LY2157299), an inactive control (LY596144), or sunitinib (Sutent; SU11248) for 5 days. Tumors
were fixed, sectioned, stained for tumor vessels (CD31; green), and quantified using Image J. * = p,0.05 vs. control. n = 4–6 per treatment group.
Scale bars in A are 250 mm. Scale bars in B are 50 mm.
doi:10.1371/journal.pone.0106901.g007
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the need to perform these sorts of assays in as minimal of medium

as possible to support cord formation without the addition of

exogenous angiogenic factors.

In normal epithelial and endothelial cells TGF-b is antiprolif-

erative. However, in tumor cells, parts of the TGF-b signaling

pathway are mutated and TGF-b no longer controls the cells. Both

tumor and stromal cells have been shown to have increased TGF-

b production which is associated with increased tumor invasive-

ness [11–13]. Thus, while in the normal setting TGF-b is anti-

proliferative, it has been shown to be an effective anti-tumor

target. Despite the increases in tumor angiogenesis we observed

with the TGF-b inhibitor, this drug has been shown to elicit anti-

tumor effects (Yingling et al. manuscript in preparation). This may

reflect differential effects of the inhibitor on endothelial cells versus

tumor cells. In addition, previous studies have shown that the

number of tumor blood vessels does not necessarily correlate with

tumor growth [22–25]. Thus, an increase in tumor angiogenesis

does not necessarily mean the tumors will grow faster. In fact, this

is what we have observed with LY2147299 (Yingling et al.

manuscript in preparation).

Despite the evidence that numerous growth factors drive

angiogenesis, the majority of the in vitro studies examine a single

factor or are performed in media or matrix with numerous growth

factors. These studies limit one’s ability to understand the different

phenotypes driven by the growth factors and how combinations

may lead to a particular phenotype versus another. In addition,

without the use of a growth factor free medium, many

proangiogenic factors may be missed. It would be interesting to

relate these phenotypes with function in an in vivo setting to

determine whether these phenotypes are also associated with other

functional or physiological differences. This may lead to improve-

ments in therapeutic angiogenesis efforts and or better rational for

anti-angiogenic therapy in different pathological settings.

Supporting Information

Figure S1 Association of SMA-positive cells to endothe-
lial cords. Co-cultures of ADSCs and ECFCs were stained for

cords (CD31) and smooth muscle actin (SMA) and imaged with

the ArrayScan. High magnification images show a close

association of the SMA-positive pericyte-like structures with the

endothelial cords. Scale bars are 250 mm.

(TIF)

Figure S2 High throughput quantitative validation of

the assay. (A) Co-cultures of ADSCs and ECFCs were stained

for nuclei (Hoechst), cords (CD31), and smooth muscle actin

(SMA) and whole wells were imaged with the ArrayScan.

Grayscale images show the image of each marker and the black

and white image shows what was analyzed. (B) Quantitative

validation of Acumen eX3 images was performed in a 384 well

assay format. Maximum, minimum and concentration response

curves for total tube area and SMA area were used to calculate the

overall Z9 and minimum significant ratio (MSR) for each

parameter. Scale bars are 250 mm.

(TIF)

Figure S3 Induction of cords with HGF following

heparin wash. (A) To address whether HGF can induce cord

formation in the ADSC/ECFC co-culture assay, a heparin wash

was performed prior to addition of HGF. After 3 days, the cords

were fixed and stained for cords (CD31; green), smooth muscle

actin (SMA; red), and nuclei (Hoechst 33342; blue). (B) ArrayScan

quantification of heparin washed HGF induced total tube area

and inhibition with an anti-HGF antibody. * p,0.05 vs basal.

n = 3 per group. Scalebars are 250 mm.

(TIF)

Table S1 101 Image J descriptors.

(TIF)

Table S2 Statistical comparison from cluster analysis.

(TIF)

Acknowledgments

The authors would like to thank Jonathan Yingling and Kuldeep Neote for

helpful scientific discussions, Xioling Xia for technical assistance, and

Bronislaw Pytowski and Laura Benjamin for critical review of the

manuscript.

Author Contributions

Conceived and designed the experiments: BLF MS WHG LL RF MU JAL

DBM SC. Performed the experiments: BLF MS WHG LL RF JCH SC.

Analyzed the data: BLF MS WHG LL MU JCH DBM SC. Contributed

reagents/materials/analysis tools: BLF MS WHG LL MU JCH DBM SC.

Contributed to the writing of the manuscript: BLF WHG MU JAL SC.

References

1. Bergers G, Benjamin LE (2003) Tumorigenesis and the angiogenic switch. Nat
Rev Cancer 3: 401–410.

2. Bergers G, Hanahan D (2008) Modes of resistance to anti-angiogenic therapy.
Nat Rev Cancer 8: 592–603.

3. Cascone T, Herynk MH, Xu L, Du Z, Kadara H, et al. (2011) Upregulated
stromal EGFR and vascular remodeling in mouse xenograft models of
angiogenesis inhibitor-resistant human lung adenocarcinoma. J Clin Invest
121: 1313–1328.

4. Casanovas O, Hicklin DJ, Bergers G, Hanahan D (2005) Drug resistance by
evasion of antiangiogenic targeting of VEGF signaling in late-stage pancreatic
islet tumors. Cancer Cell 8: 299–309.

5. Allen E, Walters IB, Hanahan D (2011) Brivanib, a dual FGF/VEGF inhibitor,
is active both first and second line against mouse pancreatic neuroendocrine
tumors developing adaptive/evasive resistance to VEGF inhibition. Clin Cancer
Res 17: 5299–5310.

6. Staton CA, Reed MW, Brown NJ (2009) A critical analysis of current in vitro
and in vivo angiogenesis assays. Int J Exp Pathol 90: 195–221.

7. Falcon BL, O’Clair B, McClure D, Evans GF, Stewart J, et al. (2013)
Development and characterization of a high-throughput in vitro cord formation
model insensitive to VEGF inhibition. J Hematol Oncol 6: 31.

8. Merfeld-Clauss S, Gollahalli N, March KL, Traktuev DO (2010) Adipose tissue
progenitor cells directly interact with endothelial cells to induce vascular network
formation. Tissue Eng Part A 16: 2953–2966.

9. Chen Y, Wei T, Yan L, Lawrence F, Qian HR, et al. (2008) Developing and
applying a gene functional association network for anti-angiogenic kinase

inhibitor activity assessment in an angiogenesis co-culture model. BMC

Genomics 9: 264.

10. Lee S, Chen TT, Barber CL, Jordan MC, Murdock J, et al. (2007) Autocrine

VEGF signaling is required for vascular homeostasis. Cell 130: 691–703.

11. Goumans MJ, Valdimarsdottir G, Itoh S, Rosendahl A, Sideras P, et al. (2002)

Balancing the activation state of the endothelium via two distinct TGF-b type I

receptors. EMBO J 21: 1743–1753.

12. Muller G, Behrens J, Nussbaumer U, Bohlen P, Birchmeier W (1987) Inhibitory

action of transforming growth factor b on endothelial cells. Proc Natl Acad

Sci U S A 84: 5600–5604.

13. Takehara K, LeRoy EC, Grotendorst GR (1987) TGF-b inhibition of

endothelial cell proliferation: alteration of EGF binding and EGF-induced

growth-regulatory (competence) gene expression. Cell 49: 415–422.

14. Lee JA, Berg EL (2013) Neoclassic Drug Discovery: The Case for Lead

Generation Using Phenotypic and Functional Approaches. J Biomol Screen.

15. Gourlaouen M, Welti JC, Vasudev NS, Reynolds AR (2013) Essential role for

endocytosis in the growth factor-stimulated activation of ERK1/2 in endothelial

cells. J Biol Chem 288: 7467–7480.

16. Augustin HG, Koh GY, Thurston G, Alitalo K (2009) Control of vascular

morphogenesis and homeostasis through the angiopoietin-Tie system. Nat Rev

Mol Cell Biol 10: 165–177.

17. Daly C, Eichten A, Castanaro C, Pasnikowski E, Adler A, et al. (2013)

Angiopoietin-2 functions as a Tie2 agonist in tumor models, where it limits the

effects of VEGF inhibition. Cancer Res 73: 108–118.

Growth Factor Induced Vascular Phenotypes

PLOS ONE | www.plosone.org 11 September 2014 | Volume 9 | Issue 9 | e106901



18. Gerald D, Chintharlapalli S, Augustin HG, Benjamin LE (2013) Angiopoietin-2:

an attractive target for improved antiangiogenic tumor therapy. Cancer Res 73:

1649–1657.

19. Giavazzi R, Sennino B, Coltrini D, Garofalo A, Dossi R, et al. (2003) Distinct

role of fibroblast growth factor-2 and vascular endothelial growth factor on

tumor growth and angiogenesis. Am J Pathol 162: 1913–1926.

20. Kawai-Kowase K, Sato H, Oyama Y, Kanai H, Sato M, et al. (2004) Basic

fibroblast growth factor antagonizes transforming growth factor-b1-induced

smooth muscle gene expression through extracellular signal-regulated kinase 1/2

signaling pathway activation. Arterioscler Thromb Vasc Biol 24: 1384–1390.

21. Petit AM, Rak J, Hung MC, Rockwell P, Goldstein N, et al. (1997) Neutralizing

antibodies against epidermal growth factor and ErbB-2/neu receptor tyrosine

kinases down-regulate vascular endothelial growth factor production by tumor

cells in vitro and in vivo: angiogenic implications for signal transduction therapy
of solid tumors. Am J Pathol 151: 1523–1530.

22. Falcon BL, Pietras K, Chou J, Chen D, Sennino B, et al. (2011) Increased
vascular delivery and efficacy of chemotherapy after inhibition of platelet-
derived growth factor-B. Am J Pathol 178: 2920–2930.

23. Noguera-Troise I, Daly C, Papadopoulos NJ, Coetzee S, Boland P, et al. (2006)
Blockade of Dll4 inhibits tumour growth by promoting non-productive
angiogenesis. Nature 444: 1032–1037.

24. Ridgway J, Zhang G, Wu Y, Stawicki S, Liang WC, et al. (2006) Inhibition of
Dll4 signalling inhibits tumour growth by deregulating angiogenesis. Nature 444:
1083–1087.

25. Thurston G, Noguera-Troise I, Yancopoulos GD (2007) The Delta paradox:
DLL4 blockade leads to more tumour vessels but less tumour growth. Nat Rev
Cancer 7: 327–331.

Growth Factor Induced Vascular Phenotypes

PLOS ONE | www.plosone.org 12 September 2014 | Volume 9 | Issue 9 | e106901


