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Sustained angiogenesis is essential for tumor growth as it provides the tumor with a network of blood vessels that supply
both oxygen and essential nutrients. Limiting tumor-associated angiogenesis is a proven strategy for the treatment of
human cancer. To date, the rapid detection and quantitation of tumor-associated endothelial cell (TAEC) proliferation has
been challenging, largely due to the low frequency of endothelial cells (ECs) within the tumor microenvironment. In this
report, we address this problem using a new multiparametric flow cytometry method capable of rapid and precise
quantitation of proliferation by measuring bromodeoxyuridine (BrdUrd) uptake in mouse TAECs from established human
tumor xenografts. We determined the basal proliferation labeling index of TAECs in two human tumor xenografts
representing two distinct histologies, COLO 205 (colorectal cancer) and U-87 (glioblastoma). We then investigated the
effects of two large-molecule antiangiogenic agents targeting different biochemical pathways. Blocking angiopoietin-
Tie2 signaling with the peptide-Fc fusion protein, trebananib (AMG 386), inhibited proliferation of TAECs, whereas
blocking Dll4-Notch signaling with an anti-Dll4-specific antibody induced hyperproliferation of TAECs. These pharma-
codynamic studies highlight the sensitivity and utility of this flow cytometry-based method and demonstrate the value of
this assay to rapidly assess the in vivo proliferative effects of angiogenesis-targeted agents on both the tumor and the
associated vasculature.
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In healthy human adult tissues, endothelial cells (ECs) are in
a non-proliferative differentiated state, with the exception of
female reproductive organs. In contrast, under pathological
conditions such as cancer, ECs proliferate to support tumor
growth. Sustained vascular stimuli represent a hallmark of
cancer and are necessary to support new vessel formation
required for tumor growth and metastasis.1–3 Vascular endo-
thelial growth factor (VEGF)-A and its receptor are essential
regulators of angiogenesis, whereby VEGF stimulates sprout-
ing and proliferation of ECs.4 A number of large- and small-
molecule drugs that target the VEGF-signaling pathway are
effective at inhibiting tumor angiogenesis and have been
approved for the treatment of several types of human
cancer.4,5

Additional signaling pathways are also required for tumor
angiogenesis, including the angiopoietin–Tie2 and delta-like

ligand 4 (Dll4)–Notch axes, which are both known to cooperate
with VEGF to promote tumor angiogenesis.5,6 Trebananib
(AMG 386), an investigational peptide-Fc fusion protein that
prevents binding of angiopoietins 1 and 2 (ang-1 and ang-2)
to their receptor Tie2, inhibits angiogenesis, growth of tumor
xenografts, and proliferation of tumor endothelial cells.7–12

In contrast, several studies have shown that administration of
an anti-Dll4-specific antibody stimulates the proliferation of
endothelial tip cells and increases vascular density in human
tumor xenografts.13–17 However, this is believed to contribute
to tumor starvation and suppression of tumor growth as
inhibition of Dll4-Notch signaling results in the formation of
nonfunctional immature vessels leading to poor tumor
perfusion.

Previous reports have described methods to isolate, culture,
and analyze ECs and TAECs from both normal and diseased
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tissues using both imaging- and flow cytometry-based
techniques.5,18–26 These methods typically use one or more
antibodies directed against EC-specific markers such as CD31
(also known as PECAM1), which is highly expressed on the
extracellular surface of ECs. In this report, we present a
complete description and further improvements of a flow
cytometric method used to establish a proliferation labeling
index for TAECs contained in dissociated human tumor
xenografts.7 By combining anti-CD31 and anti-CD45 (leukocyte
marker) antibody staining, we successfully distinguish TAECs
(stain CD31high/CD45low) from tumor-associated macro-
phages (stain CD31low/CD45high). We show that TAECs
represent only a minor fraction (r2%) of the total cell
population in COLO 205 and U-87 tumor xenografts.
Cellular uptake and DNA incorporation of a synthetic
nucleoside analog of thymidine, BrdUrd, is used to enume-
rate the percentage of actively proliferating cells. Using this
technique, we establish the mean basal proliferation labeling
indices for TAECs from COLO 205 and U-87 tumor xeno-
grafts. We demonstrate that sorted CD31high/CD45neg cells
from COLO 205 tumor xenografts maintain an EC pheno-
type in culture: specifically, CD31 expression and uptake of
fluorescently labeled acetylated low-density lipoprotein
(Ac-LDL).22 Further refinement of our methods allows us
to simultaneously monitor proliferation of both pure TAEC
and U-87-GFP tumor cell populations from the same
xenograft sample. We characterize the in vivo effects of two
antiangiogenic agents on TAEC proliferation, highlighting
the usefulness of our method for cancer drug discovery.
Notably, our studies demonstrate that trebananib and an
anti-Dll4 neutralizing antibody have distinct and opposing
effects on TAEC proliferation in human tumor xenografts.

MATERIALS AND METHODS
Cell Lines
Cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA) unless otherwise specified.
Cell lines were grown under recommended conditions. U-87
MG cells obtained from ATCC are referred to as U-87 cells.
Lentiviral vector-mediated gene expression of green fluo-
rescent protein (GFP) was used to establish U-87-GFP cells at
Amgen Inc. (Thousand Oaks, CA). Human umbilical vein
endothelial cells (HUVEC) and EGM-2 culture media were
obtained from Lonza (Walkersville, MD). Sorted CD31high/
CD45neg cells were isolated from established COLO 205 tumor
xenograft tissue and grown on collagen-1-coated Falcon
plates (Thermo Fisher Scientific, Waltham, MA) in EGM-2
culture media.

Human Tumor Xenograft Models and Large Molecule
Reagents
All experimental procedures were conducted in accordance
with Institutional Animal Care and Use Committee and
US Department of Agriculture regulations. The laboratory
housing the cages met the standards of the Association for

Assessment and Accreditation of Laboratory Animal Care
specifications. Eight- to ten-week-old female athymic nude
mice were housed in sterilized filter-capped cages and
maintained under aseptic and pathogen-free conditions. All
animals were purchased from Charles River Laboratories
(Wilmington, MA). Tumor cell suspensions (2� 106 COLO
205 tumor cells in 0.2ml RPMI (Life Technologies, Carlsbad,
CA) and matrigel (BD Biosciences, San Jose, CA) at 2-to-1
volume of matrigel-to-cells; 5� 106 U-87 or U-87-GFP cells
in 0.1ml of MEM high glucose media (Life Technologies))
were implanted subcutaneously (s.c.) in the flank of mice.
Trebananib (ang-1 and -2 –neutralizing peptibody),7–11 an
anti-Dll4 monoclonal antibody, human IgG, and human Fc
were made by Amgen. Single-dose treatment with trebananib,
an anti-Dll4 antibody, or vehicle (PBS (Life Technologies),
human IgG or Fc) was performed with well-established
tumors (volume B500mm3). Large-molecule agents or
vehicle were administered by intraperitoneal (i.p.) or s.c.
injection.

Tissue Collection and Dissociation
Eighteen hours before tissue collection, mice were implanted
s.c. with osmotic minipumps (Alza, Model 2001D, Cupertino,
CA) with a flow rate of 8ml per hour containing 3.3mg/ml
BrdUrd (Life Technologies). Heparin (150 units, VWR,
Radnor, PA) was administered i.p. to mice 10min before
tissue collection. Tissue samples were immediately minced
and incubated in 10ml of digestion medium (Hank’s
Balanced Salt Solution (Life Technologies), 2% BSA (ICN,
Costa Mesa, CA), 0.2mg/ml collagenase IV and 0.1mg/ml of
collagenase XI (Sigma-Aldrich, St. Louis, MO), 2.5 units/ml
DNase I (Roche Diagnostics, Indianapolis, IN), and 0.5�
dispase (Life Technologies)) and incubated at 37 1C for
30min, using an inverted 50ml conical tube (Falcon) with a
sterile small magnetic stir bar under continuous mixing on a
stir plate. Tumor suspensions were further processed using an
automated mechanical dissociation system (gentleMACS,
Miltenyi, Auburn, CA). The resulting cell suspension was
centrifuged at 2000 r.p.m. for 5min. All subsequent cen-
trifugations were performed at this speed and for this dura-
tion. Cell pellets were washed with 5ml of room temperature
Versene (Life Technologies). The final single-cell suspension
was passed through a 100-micron mesh screen (Falcon),
centrifuged, resuspended in cell surface staining buffer
(CSSB; 1% BSA in 1� PBS) and stored on ice before
staining. The spleen tissue samples were fixed in 90% ice-cold
methanol (Sigma-Aldrich) and processed for BrdUrd analysis
as previously described.27

Antibodies for Flow Cytometry
Rat anti-mouse antibodies were obtained from BD Bio-
sciences. Rat anti-mouse antibodies include anti-CD45-FITC
(cat 557355), anti-CD45-PerCP (cat 561047), anti-CD31-PE
(cat 553373), anti-Flk-1-PE (cat 555308), anti-IgG2b Isotype-
FITC (cat 553988), anti-IgG2a Isotype-PerCP (cat 552991),
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and anti-IgG2a Isotype-PE (cat 553930). Rat anti-mouse
anti-CD45-PerCP antibody was substituted for anti-CD45-
FITC for studies using a U-87-GFP tumor xenograft model.
Mouse anti-BrdUrd-alexa-647 antibodies (cat A21305, cat
B35140) were obtained from Life Technologies.

Cell Surface, BrdUrd, and DNA Staining
Approximately 1� 106 cells were stained with an anti-CD45
and anti-CD31 antibody cocktail (2.5 mg/ml each antibody)
in CSSB on ice for 1 h. Cells were then centrifuged at
2000 r.p.m. for 5min and washed twice with cold CSSB. Cells
were fixed in 100 ml BD Cytofix/Cytoperm buffer (BD Bios-
ciences) and incubated on ice for 30min. Cells were washed
in Perm/Wash buffer (BD Biosciences) and retreated with
100 ml Cytofix/Cytoperm buffer for an additional 5min. Cells
were resuspended in 100 ml DNase I (BD Biosciences) at a
concentration of 30 mg/well at 37 1C for 1 h, washed and
resuspended in 100 ml Perm/Wash buffer containing anti-
BrdUrd-alexa-647 antibody at a final concentration of 3mg/ml
and incubated at room temperature for 1 h. We omitted
DNase I treatment to serve as a BrdUrd negative control in
one sample. Cells were washed twice using Perm/Wash buffer,
and DNA was counterstained with 1 mg/ml 40,6-diamidino-2-
phenylindole, dihydrochloride (DAPI, Life Technologies) or
50 ml/ml 7-amino-actinomycin D (7-AAD, BD Biosciences) at
room temperature for 15min. Cells were filtered through a
35-micron mesh screen and stored at 4 1C until analysis by
flow cytometry.

Flow Cytometry Analysis
Cells were analyzed using either FACSCalibur or LSRII flow
cytometers (BD Biosciences) running CellQuest and Diva
software, respectively. Automated (LSRII only, HTS) or
manual sample loading was used for data acquisition. Photo-
multiplier tube (PMT) and compensation settings (FITC vs
PE and PerCP vs PE) were optimized using single-color anti-
CD45-FITC, anti-CD45-PerCP, anti-CD31-PE, and corre-
sponding isotype control antibodies. As setup controls, we
supplemented dissociated COLO 205 tumor xenograft cells
with mouse lung cells to aid in setting the compensation for
the CD31high/CD45neg cell population. We applied region
gates based on cell size and DNA content to remove cell
debris and clumps and to enrich for cells with intact DNA
content (mixture of tumor (aneuploidy) and mouse (euploid)
cells). A region gate for CD31highCD45neg cell population was
applied to demarcate the pure TAECs. For the U-87-GFP
tumor xenografts, we applied additional region gates on the
GFP-positive and negative cell populations. Proliferation
labeling indices were determined by applying region gates on
BrdUrd-positive events for either CD31high/CD45neg or U-87-
GFPhigh cell populations.

Cell Surface Staining of Cultured Cells
Mouse angiosarcoma SVR cells and sorted COLO 205
tumor xenograft TAECs were stained with 2.5 mg/ml of each

rat anti-mouse antibody (anti-CD31-PE, anti-Flk-1-PE and
anti-IgG2a-PE isotype control) in cell surface staining buffer
on ice for 1 h. The cells were centrifuged at 2000 r.p.m. for
5min and washed twice with cold cell surface staining buffer.
Cells were stained with 50 ml/ml 7-AAD on ice for 15min
to identify nonviable cells. Cells were filtered through a
35-micron mesh screen and analyzed by flow cytometry
(FACSCalibur).

Acetylated Low-Density Lipoprotein (Ac-LDL) Uptake
Assay
Ac-LDL and LDL labeled with fluorescent lipophilic dye
Dil (1,10-dioctadecyl-3,3,30,30-tetramethyl-indocarbocyanine
perchlorate) were purchased from Biomedical Technologies
(Stoughton, MA). Live cells were incubated with 10 mg/ml of
DiI-Ac-LDL or Dil-LDL (negative control) in complete
growth media at 37 1C. After 4 h, the cells were washed in
label-free medium, fixed in 3.7% formaldehyde (Sigma-
Aldrich) for 10min, and then washed with PBS. Fixed cells
were stained with DNA dye (DAPI) before imaging.
Representative images of sorted-TAECs were captured by
laser scanning cytometry (iCyte, Thorlabs, Newton, NJ).
HUVECs, sorted TAECs, SVR cells, and NIH-3T3 fibroblast
cells were evaluated for DiI-Ac-LDL uptake by flow cyto-
metry (FACSCalibur).

CD31 and BrdUrd Immunohistochemistry (IHC)
U-87-GFP tumor xenograft tissues were collected and fixed
by immersion in zinc formalin, and embedded in paraffin.
Tumor sections (4 mm) were deparaffinized, hydrated in
distilled water, pretreated with DIVA antigen retrieval buffer
(Biocare Medical, Concord, CA), and then blocked with
CAS-Block (Invitrogen). Sections were double labeled in
series using rat monoclonal antibodies against anti-BrdUrd
(cat OBT0030; Serotec, Raleigh, NC) and anti-CD31 (cat
DIA310; Dianova, Hamburg, Germany). In brief, sections
were first incubated with an anti-BrdUrd antibody at 1:500
antibody diluent (50 mM TRIS HCL pH7.6, 1 % BSA) for
45min at room temperature and then rinsed in TBS.
Detection of BrdUrd was performed using a biotinylated
rabbit anti-rat IgG antibody at 1:500 dilution (cat BA4001;
Vector Labs, Burlingame, CA) for 25min at room tempera-
ture. Sections were quenched with 3% hydrogen peroxide
and labeled with horseradish peroxidase using ABC-HRP
(Vector Labs). Reaction sites were visualized with 3,30-dia-
minobenzidine (DAB; DAKO, Carpinteria, CA) as the first
chromogen. Sections were treated with 2N HCl and thor-
oughly rinsed before incubation with an anti-CD31 antibody
at 1:50 dilution for 60min at room temperature. CD31
immunoreactivity was detected using biotinylated rabbit
anti-rat IgG (Vector Labs) and labeled with alkaline phos-
phatase using ABC-AP (Vector Labs). Reaction sites were
visualized with AP-Blue (Vector Labs) as the second chro-
mogen. Sections were counterstained with hematoxylin.
Slides were analyzed using a Scanscope XTslide scanner using
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� 20 scanning magnification running ImageScope software
(Aperio Technologies, Vista, CA).

DNA Content Analysis
Dissociated U-87 tumor xenografts were stained with anti-
CD45-FITC and anti-CD31-PE antibodies, fixed, and then
counterstained with 1 mg/ml DAPI (we omitted the incuba-
tion step with DNase I and anti-BrdU-alexa-647 antibody).
A region gate for cell size and DNA content was applied to
cells with intact DNA content. We also applied a DNA con-
tent double discrimination region gate (DAPI, area vs width).
DNA content histograms were generated for the primary
double discrimination region as well as the CD31high/
CD45neg, CD31low/CD45high, and CD31neg/CD45neg cell
populations.

Statistical Analysis
The effects of trebananib and an anti-Dll4 antibody as single
agents on TAEC proliferation were compared with time-
matched vehicle-control groups using an unpaired two-tailed
t-test. All statistical analyses were conducted using the
GraphPad Prism 6 software (La Jolla, CA, USA).

Means and s.d. or s.e. were reported, and the differences
were considered significant at P values o0.05.

RESULTS
Flow Cytometry-Based BrdUrd Uptake Analysis of
CD31high/CD45neg Cells in Human Tumor Xenografts
To measure TAEC proliferation in vivo, we developed a
strategy of isolating low frequency CD31high/CD45neg cells
(TAEC) from a disaggregated tumor xenograft suspension
comprising human tumor and mouse stromal cells and
quantified their proliferation using BrdUrd uptake (approach
outlined in Figure 1). First, we optimized the tissue proces-
sing methods that included tissue disruption, enzyme di-
gestion, and cell fixation. We also determined that injecting
mice with heparin (anticoagulant agent) before tissue col-
lection increased the recovery of TAEC by approximately
threefold, thus reducing the flow cytometry sample acquisi-
tion time and total event count (data not shown). As shown
in Figures 2a and b (upper panel), cell surface staining with
anti-CD31 and anti-CD45 antibodies successfully partitioned
the CD31high and CD31neg cell populations in dissociated
tumor xenografts (see Supplementary Figure 1a for primary
gating and antibody controls). This antibody combination
effectively excluded cells expressing CD31low/CD45high (eg,
tumor-associated macrophages) from the EC region gate.
BrdUrd was delivered for 18 h by implanted osmotic mini-
pump, as a single-bolus injection of BrdUrd showed minimal
BrdUrd uptake in TAECs compared with other more highly
proliferative tissues (eg, bone marrow, tumor cells). The need
for a longer duration of BrdUrd administration may suggest
that proliferating TAECs have a longer cell-cycle transit time
(data not shown). As controls, ECs from adult mouse
lung tissue provided a plentiful source of nonproliferating

CD31high/CD45neg cells (noted by the lack of BrdUrd label-
ing), whereas animal-matched spleen tissue showed robust
BrdUrd uptake (Supplementary Figure 2). The low frequency
of TAECs (mean 0.7% (COLO 205), mean 2% (U-87)) pre-
sent in xenograft tissue required B0.5–0.7� 106 total events
(primary gate) to establish an accurate proliferation labeling
index. As shown in Figure 2 (lower panel), the BrdUrd-
positive and negative population of CD31high/CD45neg cells
were well defined; the mean percentage of cells showing
BrdUrd uptake was 13.1 (s.d.±2.2, n¼ 3) and 22.5%
(s.d.±2.6, n¼ 3) for COLO 205 and U-87 tumor xenografts,
respectively. DNA content analysis of TAECs was not per-
formed due to the effects of DNase I treatment. However, cell
cycle analysis (without BrdUrd staining) can be combined
with cell surface staining to accurately determine TAEC DNA
content by omitting the DNase I treatment step (Supplem-
entary Figure 3). This method and gating scheme can also
simultaneously monitor proliferation of CD31neg/CD45neg

cell population, although this cell population is heterogeneous
and composed of a mixture of euploid mouse stromal cells
and aneuploid human tumor cells (Supplementary Figure 3).

In Vitro Characterization of COLO 205-Derived TAECs
High-speed cell sorting was used to isolate TAEC from
dissociated COLO 205 tumor xenografts, and 7-AAD dye
was used to exclude dead cells (data not shown). The sorted

Figure 1 BrdUrd uptake analysis of CD31high/CD45neg cells in human

tumor xenografts. Outline of experimental approach for measuring

BrdUrd uptake in CD31high/CD45neg TAECs. Mice with established human

tumor xenografts are administered BrdUrd (3.3mg/ml, 18 h, flow rate of

8 ml per hour) by implantation of osmotic minipump (yellow). Tumors are

dissociated and stained with anti-CD31, anti-CD45, and anti-BrdUrd

antibodies and counterstained with DNA dye. Cells are analyzed by flow

cytometry using the indicated gating schemes (COLO 205 and U-87 (left

column) or U-87-GFP (right column)).
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Figure 2 BrdUrd uptake analysis of TAECs in COLO 205 and U-87 human tumor xenografts. Flow cytometry analysis, dual parameter dot plots

representing dissociated tumor xenograft cells stained with anti-CD31, anti-CD45, and anti-BrdUrd antibodies (see Supplementary Figure 1 for primary

gating scheme and isotype controls). (a) CD31high/CD45neg cells (red) were enumerated from COLO 205 human tumor xenografts (n¼ 3, frequency

range 0.3–0.9%, upper panel) and corresponding rate of proliferation (denoted as percentage of BrdUrd (þ ), range 11–16%, lower panel). (b) CD31high/

CD45neg cells (red) were enumerated from U-87 human tumor xenografts (n¼ 3, frequency range 1.6–2.3%, upper panel) and corresponding rate of

proliferation (denoted as percentage of BrdUrd (þ ), range 20–25%, lower panel).
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viable CD31high/CD45neg cells (sorted-TAECs) were collected
into EC-defined growth media and cultured in preparation
for EC analysis. As shown in Figure 3a, cultured sorted
TAECs and control mouse SVR cells (SV40 large T antigen
and H-ras transformed ECs) expressed CD31 and Flk-1 (also
known as VEGFR-2) at similar levels compared with isotype
controls. The CD31 staining profile for the sorted TAECs
showed a bimodal distribution, suggesting the population
was heterogeneous, possibly due to unwanted stromal com-
ponents (eg, fibroblasts) or phenotypic changes induced by
removing TAECs from their microenvironment.18 We also
tested early passage sorted TAECs for EC functional
properties using an assay that measures cellular uptake of
acetylated low-density lipoprotein. As previously reported,
ECs in primary cell culture are distinguishable by their ability
to endocytose Ac-LDL.22,28 First, sorted-TAECs were
examined by laser scanning cytometry for their ability to
take up fluorescently labeled DiI-Ac-LDL. As shown in
Figure 3b, sorted TAECs selectively accumulated cytoplasmic
Dil-Ac-LDL (lower image) compared with the non-acetylated
Dil-LDL control (upper image). As a second measure, we
evaluated the relative Dil-Ac-LDL uptake in four cell lines by
flow cytometry. HUVECs showed the most intense Dil-
Ac-LDL labeling followed by sorted TAECs, SVR cells, and
to a lesser degree in NIH-3T3 fibroblast control cells
(Figure 3c). Together, these data indicate the CD31high/
CD45neg cells isolated from COLO 205 tumor xenografts
and cultured in vitro exhibit features consistent with an EC
phenotype.

BrdUrd Uptake Analysis of TAECs and GFP-expressing
U-87 Tumor Cells in a Human Glioblastoma Tumor
Xenograft Model
A distinguishing feature of human glioblastoma tumors is
microvascular proliferation and elevated secretion of proan-
giogenic factors such as VEGF.29–33 U-87 tumor xenografts
are highly vascularized, making them ideal for investigating
TAEC proliferation after treatment with agents that target
angiogenesis.33 To improve our U-87 model, we established a
GFP-expressing U-87 cell line that permitted accurate and
concurrent BrdUrd analysis of both pure tumor and EC cell
populations from the same xenograft sample (Figure 4). We
modified the antibody staining procedure (substitution of
anti-CD45-FITC with anti-CD45-PerCP) to circumvent is-
sues with GFP and FITC occupying the same detector
channel. We also changed the gating scheme to include GFP-
positive (human tumor) and negative (mouse stromal) re-
gions (Figure 1). The GFP-expressing tumor cells were clearly
distinguishable from three primary mouse cell populations
(CD31neg/CD45neg, CD31high/CD45neg, and CD31neg/
CD45high) (Figure 4a). The frequency of CD31high/CD45neg

cells in U-87-GFP tumor xenografts using this additional
gating parameter was similar to U-87 parental tumors. The
mean percentage of BrdUrd-positive TAEC and U-87-GFP
tumor cells from three matched tumors was 25.3 (s.d.±4.2,

n¼ 3) and 36% (s.d.±2.4, n¼ 3), respectively (Figure 4b).
These data demonstrate the GFP-tag enables identification of
the tumor cell population that was previously masked in the
U-87 parental tumor xenografts by a sizable population of
CD31neg/CD45neg mouse cells (Supplementary Figure 3).

Next, we performed immunohistochemical examination of
U-87-GFP tumors with anti-CD31 and anti-BrdUrd anti-
bodies to confirm TAEC proliferation. As shown in Figures
4c, a representative tumor section was immunoreactive with
CD31 labeled microvessels, where a subset of EC nuclei
showed robust BrdUrd labeling (upper panel). Red blood cells
were also detectable in the space bound by CD31 labeling.
Importantly, the EC BrdUrd nuclear morphology features
were distinct from human tumor cell nuclei (Figure 4c, lower
panel).34,35 Individual BrdUrd-negative EC nuclei were
difficult to identify; therefore, a labeling index was not
determined. In addition, BrdUrd labeling variation was
evident in different regions of the tumor due to necrosis
and/or hypocellularity (data not shown). Together, these data
indicate that both flow cytometry- and imaging-based
analysis of U-87-GFP tumors detect robust BrdUrd labeling
in a subset of TAECs.

Angiopoietin-Tie2 and Dll4-Notch Signaling Inhibition
Has Opposing Effects on TAEC Proliferation in Human
Tumor Xenografts
Having established the basal proliferation level and
endothelial features of CD31high/CD45neg cell population
from dissociated human tumor xenografts, we next evaluated
the effects of trebananib, a peptide-Fc fusion protein that
targets Ang-1 and Ang-2, on TAEC proliferation. Mice with
established COLO 205 tumor xenografts were treated with a
single injection of trebananib (15mg/kg, s.c.) or vehicle alone
as a control. After 48 h, the tumors were processed and
analyzed by flow cytometry using the scheme outlined in
Figure 1. As shown in Figures 5a and b, trebananib treatment
significantly inhibited the proliferation of TAEC (mean
decrease of BrdUrd uptake 89.6%, P¼ 0.0002). The mean
percentage of BrdUrd uptake for TAEC from trebananib- and
vehicle-treated groups was 1.3 (s.d.±0.4, n¼ 4) and 12.9%
(s.d.±2.8, n¼ 4), respectively. Treatment with trebananib at
lower doses (6mg/kg) also inhibits TAEC proliferation in the
COLO 205 tumor xenograft model.11

To characterize the effects of inhibiting angiopoietin-Tie2
or Dll4-Notch signaling in a highly vascularized tumor
model, mice with established U-87-GFP tumors were treated
with a single injection of either trebananib (5.6mg/kg, s.c.)
or anti-Dll4 mouse monoclonal antibody (12mg/kg, i.p.).
U-87-GFP tumors were collected from mice treated with
either anti-Dll4 antibody or trebananib at either 24 h (anti-
Dll4 antibody) or 48 h (trebananib) along with time-matched
vehicle-treated controls. Next, the tumors were processed
using the scheme outlined in Figure 1. Trebananib treatment
significantly inhibited proliferation of TAECs (mean decrease
of BrdUrd uptake 54.5%, P¼ 0.002) (Figure 6a). The mean

Tumor-associated endothelial cell proliferation

M Payton et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 94 November 2014 1301

http://www.laboratoryinvestigation.org


percentage of BrdUrd uptake for TAEC trebananib and
vehicle-control groups were 11.9 (s.e.±3.3, n¼ 6) and 26.1%
(s.e.±0.9, n¼ 6), respectively. One mouse treated with

trebananib showed no effect on TAEC proliferation (perhaps
due to low drug exposure). In contrast to the antiproliferative
effects of trebananib, treatment with an anti-Dll4 antibody

Figure 3 In vitro characterization of sorted CD31high/CD45neg cells (sorted TAECs) isolated from COLO 205 human tumor xenografts. (a) Flow cytometry

analysis, histogram overlays of early passage sorted TAECs and mouse SVR cells (positive control) stained with EC-lineage markers (anti-CD31 (green),

anti-Flk-1 (pink)) and isotype antibody IgG2a (solid purple, control). (b) Representative fluorescence images of early passage sorted TAECs cultured for

4 h in the presence of fluorochrome-conjugated (Dil) LDL (nonacetylated LDL, control) or acetylated LDL (Ac-LDL). Detection of Dil fluorochrome (red)

and DAPI (blue) was performed by laser scanning cytometry. (c) Flow cytometry analysis, histograms of HUVECs, sorted TAECs, SVR cells, and NIH-3T3

cells cultured for 4 h in the presence of Dil-LDL (green, control) or Dil-Ac-LDL (red).
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Figure 4 BrdUrd uptake analysis of TAECs and GFP-expressing tumor cells in U-87 human tumor xenografts. (a, b) Flow cytometry analysis, dual

parameter dot plots representing tumor xenograft cells stained with anti-CD31, anti-CD45, and anti-BrdUrd antibodies. (a) Gated regions were set on

GFP-positive (green, human tumor cells) and GFP-negative (black, mouse cells) cell populations. Additional gated region set on the CD31high/CD45neg

cell population (red). (b) BrdUrd uptake for TAECs and U-87-GFP tumor cells (n¼ 3) were determined with respective percentage of BrdUrd (þ )

population ranges of 20–29% (lower panel) and 33–38% (upper panel). (c) IHC analysis of U-87-GFP tumor co-labeled with anti-CD31 and anti-BrdUrd

antibodies. CD31-labeled microvascular structures (blue) and BrdUrd-labeled nuclei (brown). Image gallery of representative BrdUrd-labeled CD31 nuclei

(red arrows) with distinct nuclear morphology compared with BrdUrd-labeled tumor nuclei (lower panel). Scale bar¼ 100 mm (upper panel),

enlargements of representative views are shown in lower panel.

Tumor-associated endothelial cell proliferation

M Payton et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 94 November 2014 1303

http://www.laboratoryinvestigation.org


induced hyperproliferation of TAECs. As shown in Figure 6b,
an anti-Dll4 antibody significantly increased proliferation of
TAECs (mean increase of BrdUrd uptake 52.5%, P¼ 0.0007).
The mean percentage of BrdUrd uptake for an anti-Dll4
antibody and vehicle-control groups was 41.7 (s.e.±2.7,
n¼ 6) and 27.1% (s.e.±1.3, n¼ 6), respectively. Taken
together, our results indicate that the TAEC from tumor
xenografts respond to treatment with antiangiogenic agents,
and that selective blocking of angiopoietin-Tie2 or Dll4-
Notch signaling has distinct effects on TAEC proliferation.

DISCUSSION
In this report, we describe a flow cytometry-based method
designed to accurately measure BrdUrd uptake in TAECs
from dissociated human tumor xenografts. Our study

demonstrates the utility of this method for cancer drug dis-
covery by evaluating the effects of two antiangiogenic agents
(trebananib and an anti-Dll4 antibody) on TAEC prolifera-
tion from human tumor xenografts. The main limitations for
traditional imaging-based detection of TAEC proliferation
include the following: (1) assays are low throughput and
labor-intensive; (2) technical challenges in EC nuclei detec-
tion due to nuclei morphology (elongated thin oval shape);
(3) histology only includes a slice or small portion of a tumor
rather than whole tumor measurement; and (4) proliferation
labeling index is based on limited cell number due to the low
frequency of TAECs. To overcome these limitations, we
developed an alternative higher throughput flow cytometry-
based TAEC proliferation assay. In developing our assay, we
utilized normal mouse lung tissue (a plentiful source of ECs)
and human tumor xenografts to optimize tissue processing,
dissociation, and cell surface staining protocols. As a first
step, we found that establishing flow cytometry instrument
settings (PMTs and compensation) using mouse lung tissue
(or heart tissue) is critical to guide detection of low frequency
TAEC population from human tumor xenografts. A number
of factors may influence the frequency of TAEC detection
using our method including tumor size, tumor type, tumor
vascular density, level of tumor necrosis, and efficiency of
tumor dissociation. For instance, increased tumor vascular
density (a hallmark of glioblastomas) may explain the higher
frequency of TAECs observed from U-87 tumor xenografts
compared with COLO 205 tumor xenografts. Similarly, the
basal proliferation labeling index for TAECs was noticeably
higher in U-87 tumor xenografts compared with COLO 205
tumor xenografts, possibly due to the elevated expression of
human VEGF in U-87 tumor xenografts.12 We also provided
evidence that short-term culture of sorted TAECs isolated
from COLO 205 tumor xenografts exhibited features
consistent with an EC phenotype: cell surface expression of
CD31 and live-cell labeling with DiI-Ac-LDL. In addition to
CD31 staining, the specificity of CD31high/CD45neg cell
population was further authenticated by competing away
an anti-CD31-PE antibody signal using excess unlabeled
CD31 antibody and staining positive with an EC-specific
antibody, CD144 (also known as VE-cadherin, vascular
endothelial) (data not shown). We refined our method by
constitutively expressing GFP in U-87 tumor cells, thus
allowing for parallel assessment of BrdUrd uptake in TAECs
and tumor cells as well as circumventing the need for
additional tumor-specific antibody markers. Together, these
results indicate our method is robust, adaptable, and has
several key advantages over imaging-based approaches used
to measure TAEC proliferation. Our approach using tissue
dissociation destroys the architecture and vasculature of the
tumor, requiring parallel imaging studies to assess vessel
shape and size as well as vessel network integrity and density
in the tumor microenvironment.

Drugs that target angiogenesis through the inhibition of
the VEGF-pathway are used to treat a subset of human

Figure 4 Continued.
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cancers and ocular diseases.4 Other angiogenesis signaling
molecules implicated in blood vessel development and
differentiation also represent potential therapeutic targets,
including angiopoietins and Dll4.4–6 Recently, we reported

selective inhibition of Ang-2 (but not Ang-1) was responsible
for blocking both TAEC proliferation in tumor xenografts
and VEGF-mediated rat corneal angiogenesis.7,11 Our current
study highlights that dual inhibition of Ang-1 and Ang-2

Figure 5 Trebananib inhibits proliferation of TAECs in COLO 205 human tumor xenografts. Mice with established COLO 205 tumor xenografts were

treated with a single injection of trebananib at 15mg/kg (s.c.) or vehicle alone. Tumors were collected 48 h after treatment and processed for flow

cytometry as outlined in Figures 1 and 3. (a) Flow cytometry analysis, dual parameter dot plots denoting BrdUrd-positive and negative region gates for

CD31high/CD45neg cells (n¼ 4 per treatment group). (b) Quantitation of BrdUrd uptake in CD31high/CD45neg cells. Plot represents BrdUrd uptake

(percentage BrdUrd (þ )) indicated as the mean between treatment groups. Statistically significant inhibition of BrdUrd uptake compared with vehicle-

control group is denoted by an asterisk (P¼ 0.0002).
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with trebananib blocks TAEC proliferation; the extent of
BrdUrd inhibition with trebananib was more pronounced
on TAECs from COLO 205 vs U-87-GFP tumor xeno-
grafts (percentage of BrdUrd inhibition: 89.6 vs 54.5%,
respectively). One possible explanation for why trebananib is
less effective at inhibiting TAEC proliferation in U-87-GFP
model is the proangiogenic signaling threshold may be higher

due to higher levels of VEGF expression by the U87-GFP cells
compared with the COLO 205 cells. In support of this
hypothesis, human VEGF expression is fourfold higher in
U-87 tumor xenografts compared with COLO 205 tumor
xenografts.12 Further studies could explore whether lowering
the level of human VEGF in U-87-GFP tumor xenografts
(through gene-silencing or antibody sequestration of human

Figure 6 Trebananib and Dll4 antibodies have opposing effects on proliferation of TAECs in U-87-GFP human tumor xenografts. Mice with established

U-87-GFP tumor xenografts were treated with a single injection of trebananib (5.6mg/kg, s.c.), anti-Dll4 mouse monoclonal antibody (12mg/kg, i.p.), or

vehicle control (equivalent amount of human Fc or mouse IgG, respectively). Tumors were collected after 24 h (anti-Dll4 antibody group, n¼ 6) and

48 h (trebananib group, n¼ 6) along with corresponding time-matched vehicle-controls (n¼ 6). Tumors were collected after treatment and processed

for flow cytometry as outlined in Figures 1 and 4. (a) Trebananib or (b) anti-Dll4 antibody, dual parameter dot plots denoting BrdUrd-positive and

negative region gates for individual tumor CD31high/CD45neg cell population and corresponding quantification of BrdUrd uptake. Plots represent BrdUrd

uptake (percentage BrdUrd (þ )) indicated as the mean between treatment groups. Statistically significant decrease or increase of BrdUrd uptake

compared with vehicle-control group is denoted by an asterisk (trebananib, P¼ 0.002; anti-Dll4 antibody, P¼ 0.0007).
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VEGF) would reduce the basal rate of TAEC proliferation,
thus permitting more complete suppression of BrdUrd
uptake by trebananib.

In contrast to blocking angiopoietin signaling with treba-
nanib, antagonism of Dll4 signaling with an anti-Dll4 anti-
body induced rapid (within 24 h) hyperproliferation of
TAECs in U-87-GFP tumor xenografts. Our findings are
consistent with the previous observations that inhibition of
Dll4 increased TAEC number, which results in excessive
angiogenic sprouting and branching with disordered tumor
vascular geometry.13–17 There is growing interest in combin-
ing antiangiogenic agents in an effort to enhance tumor cell
starvation and to overcome issues of resistance.36 One
intriguing approach would be to simultaneously suppress
both angiopoietin-Tie2 and Dll4-Notch signaling pathways;
this may enhance the suppression of functional angiogenesis
within the tumor microenvironment. To test this strategy,
we combined trebananib with an anti-Dll4 antibody and
established that concurrent inhibition of both signaling
pathways leads to enhanced anti-angiogenic activity and
efficacy in preclinical human tumor xenograft models37

(manuscript in preparation). In summary, we have deve-
loped an innovative flow cytometry-based method capable
of measuring TAEC proliferation from human tumor
xenografts. This approach offers the opportunity to rapidly
evaluate the effects of antiangiogenic agents on TAEC
proliferation in vivo. To that end, we provide preclinical
evidence that trebananib and anti-Dll4 antibody had
opposing effects on TAEC proliferation, highlighting their
distinct modes of action. Lastly, this method is likely
adaptable to other tumor types and models such as
patient-derived tumor xenografts or genetically engineered
mouse models of human cancer.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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