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Abstract

We have developed novel phenotypic fluorescent three-dimensional co-culture platforms that
efficiently and economically screen anti-angiogenic/anti-metastatic drugs on a high-throughput
scale. Individual cell populations can be identified and isolated for protein/gene expression profiling
studies and cellular movement/interactions can be tracked by time-lapse cinematography. More
importantly, these platforms closely parallel the in vivo angiogenic and metastatic outcomes of a
given tumor xenograft in the nude mouse model but, unlike in vivo models, our co-culture plat-
forms produce comparable results in five to nine days. Potentially, by incorporating cancer patient
biopsies, the co-culture platforms should greatly improve the effectiveness and efficiency of

personalized chemotherapy.
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Introduction

Although the development of anti-angiogenic
drugs has been prolific, patient survival rates are rel-
atively low and uneven, many of the drugs are pro-
hibitively expensive, and some of them have unfa-
vorable side effects [1]. These adverse characteristics
have prompted critical inquiries regarding the de-
velopment of more efficient anti-angiogenic and an-
ti-metastatic drugs, tailored chemotherapy, and ad-
vanced technologies for monitoring and avoiding
drug-resistance in cancer patients. The in vitro tradi-
tional two-dimensional (2D) cell culture systems have
notably contributed to the understanding of the basic
cell biology of tumors and the development of an-
ti-angiogenic drugs [2]. However, 2D systems tend to
have distorted signaling and cellular functions dis-

tinctly different from their in vivo counterparts. Thus,
the predictability of drug efficacy data derived from
2D systems has not proven itself helpful for in vivo
studies and clinical outcomes [3, 4]. Given that can-
cerous tumors reside within a three-dimensional (3D)
microenvironment in vivo and require a nutritional
source and effective waste removal through angio-
genesis/lymphangiogenesis for expanded growth
and metastasis [5-7], 3D cell culture systems are the
logical mimetic platforms. Also, as a result of its reca-
pitulating physiologically, geometrically, and rele-
vantly accurate signaling environment, 3D cell culture
systems, as opposed to 2D systems, better replicate
the in vivo drug efficacy data [3, 5-7].

The development of novel in vitro model systems
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that closely mimic the tumor in vivo 3D microenvi-
ronment and are able to predict a drug’s clinical out-
come in a timely and cost-effective manner has been
pursued for nearly three decades. A spatial organiza-
tional approach to drug sensitivity was first attempt-
ed in the mid-1980’s using soft-agar clonogenic assays
to predict a lung cancer response base for mimicking
solid tumor in vivo 3D features [8]. However, because
of its single cell type construction, these assays do not
reflect the collective component cell interactions
commonly associated with the in vivo microenviron-
ment of the tumor. Clinical tumors grow and progress
in a complex 3D infrastructure consisting of a dy-
namically changing extracellular matrix (ECM) and
many other non-malignant cell components that in-
clude vascular, inflammatory, and stromal cells in vivo
[9-13]. ECM is an important facilitator for most cells in
vivo to communicate and function. 3D cultures in
ECM have been successfully used to study prostate
and breast cancers [14, 15]. Currently, 3D co-culture
systems are not being broadly utilized for drug
screening due to a lack of a simple, reproducible,
multicolored, and well-defined in vitro model [2]. In
addition, there is no efficient manner to determine
drug efficiency prior to treatment or to de-
tect/monitor and avoid drug resistance to modify
chemotherapy before the patient’s symptoms worsen.
Accordingly, the quest for novel in vitro model sys-
tems for anticancer drug screening and personalized
chemotherapy that are more efficient and
cost-effective has been a major pharmaceutical en-
deavor.

In this study, we present novel phenotypic fluo-
rescent 3D co-culture systems (3D platforms) to study
anticancer drug sensitivity. These systems incorporate
a fluorescent tumor colony or mouse human tumor
xenograft biopsy (xeno-biopsy) tissue surrounded by
evenly dispersed fluorescent endothelial cells
with/without other fluorescent component cells in
ECM. In order to demonstrate that our 3D platforms
closely recapitulate in vivo tumor angiogenic and
metastatic features, data derived from 2D models and
animal models were compared. To further demon-
strate the anticancer drug high-throughput screening
potential and efficacy, we assessed drug responses in
nude mouse xenograft models and in our 3D plat-
forms. Initial studies were done with three FDA ap-
proved anti-angiogenic compounds (Avastin,
sunitinib, and thalidomide) along with another angi-
ogenic inhibitor, fumagillin. Utilizing different fluo-
rescent colors, we were able to easily track cell-to-cell
interactions and differentiate the specific geographic
areas involved with tumor cell migration. As a
“Proof-of-Principle” approach, a xeno-biopsy can be

used in lieu of a cancer patient biopsy to evaluate the
potential application of our 3D platforms for person-
alized cancer patient chemotherapy. Hence, these
novel 3D platforms are not only meaningful as effec-
tive models for cancer researchers to conduct and
understand basic tumor biology, but also for phar-
maceutical companies to engage in high-throughput
preclinical  anti-angiogenic/anti-metastatic =~ drug
screening. More importantly, these are ideal systems
for identifying personalized chemotherapy regimens
and monitoring drug resistance for individual cancer
patients.

Materials and Methods

Stable Fluorescent Cell Lines

A rat pheochromocytoma cell line (PC-12), a
human lung adenocarcinoma cell line (A549), a hu-
man ocular melanoma cell line (92-1, obtained from
Dr. Martin J. Jager in Department of Pathology, Uni-
versity of Hospital Nijmegen, The Netherlands), a
human glioblastoma cell line (U-87), a human leio-
myosarcoma cell line (SK-LMS-1), an immortalized
porcine aortic endothelial cell line (PAE, a gift from
Dr. Carl-Henrik Heldin in Ludwig Institute for Cancer
Research, Uppsala University in Sweden), an immor-
talized human microvascular endothelial cell line
(HMEC-1, obtained from the Center for Disease Con-
trol with a material transfer agreement (MTA)), a te-
lomerase-immortalized human microvascular endo-
thelial cell line (TIME), an immortalized monkey en-
dothelial cell line (RF/6A) with positive pericyte
markers (CD31, TIMP3, NG2, a-SMA, DESMIN and
3G5), an immortalized human mast cell line (HMC-1,
a kind gift from Dr. Joseph H. Butterfield, Mayo
Clinic), and any other tumor cell lines used in this
research were harvested when they reached 70~80%
confluence and were then washed in phosphate buffer
saline (PBS). All cell lines, unless otherwise men-
tioned, were purchased from the American Type
Culture Collection with MTAs. 2~3 million cells were
suspended in 100pl nucleofector solution (Lonza,
VCA-1002 and VCA-1003) and 2ug plasmids. Three
types of plasmids were used, ie, pAmCyanl-C1l
(Clontech, 632441), Amaxa pMAX-YFP (Lonza,
VDF-1021), and pDsRed-Express-C1 (DsRed 2)
(Clontech, Cat. 632430). The cells were then trans-
fected according to the protocol (Lonza). The stably
transfected cells were selected using 500~800pg/ml of
G418 (Invitrogen, 10131-027) and enriched using flow
cytometry ARIA II (BD). Permanent fluorescent cell
lines were maintained in a relevant medium without
G418 for a long-term culture.
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Two-dimensional and Modified 2D Endothelial
Cell Tubule Formation Model Systems

We performed endothelial cell tubule formation
assays (2D assays) in accordance with the previous
report [16]. To incorporate a monolayer of tumor cells,
we modified the 2D assays in the following manner.
Different tumor cell lines were cultured in suitable
medium and were harvested when they reached
70~80% confluence. Tumor cells were resuspended at
200,000 cells/ml in complete growth medium and a
100pl1 of tumor cell suspension was added to each well
of a 96-well plate. After the cells reached about 70%
confluence, the medium was aspirated and the wells
were washed three times in PBS. 50pl of gel matrix
(Geltrex, Invitrogen) was added onto the monolayer
of tumor cells of each well. Fluorescent endothelial
cells were harvested at 50~70% confluence and
washed three times in PBS and resuspended at
200,000-250,000 cells/ml in EBM2 basic medium
(Lonza). 100MI of endothelial cell suspension was
added onto the solidified Geltrex of each well. The
plates were incubated at 37°C and 5% CO2 for 6
hours. Images were taken at 4x magnification using a
SPOT camera (Model 7.4 Slider) with SPOT software
(version 4.6) under an inverted fluorescent micro-
scope (Olympus IX70).

Tumor Spheroids

Tumor spheroid colonies were prepared ac-
cording to the following modified protocol based on
Hamburger et al. [17]. Appropriate volumes of de-
ionized water, 100X Anti-Anti (Invitrogen), fetal bo-
vine serum (FBS, Gibco), 10X RPMI 1640 medium
(Invitrogen), and 2% agarose (SeaPaque, FMC) were
mixed to make a final concentration of 1% agarose
with 20% FBS, 2X Anti-Anti, and 1X RPMI 1640. 2ml
of the mixture was added to each well of a 6-well plate
and set aside to solidify for 20 minutes. Tumor cells at
approximately 70% confluence were harvested and
suspended at 1,500 cells/ml in 0.22% of agarose, 2X
Anti-Anti, 20% FBS, and 1X RPMI 1640. 3ml of the cell
suspension was added to each well of the 6-well plate
with a solidified layer of 1% agarose. The plate was
incubated at 100% humidity for 14-20 days. The
well-formed colonies were harvested and washed
three times PBS, pH 7.4, to get rid of the agarose res-
idue. The colonies were suspended in PBS with 1%
glucose, 0.3mM ethylenediaminetetraacetic acid
(EDTA, Sigma), 0.5 % bovine serum albumin (BSA,
Sigma), 20mM 4-(2-hydroxyethlyl)-1-piperazinee-
thanesulfonic acid (HEPES, Sigma), and 1X Anti-Anti.
The colonies of similar sizes (~400 cells) were selected
using a microdispenser (Drummond) and an Olym-

pus inverted fluorescent microscope (Olympus IX70)
for our 3D platforms.

Tumor Nude Mouse Xenografts

The tumor nude mouse xenograft experiments
have been performed under the supervision and
guidelines of the NIH Institutional Animal Care and
Use Committee. 1 X 10° or 1X 107 tumor cells were
injected subcutaneously in the hind flank of a nude
mouse. With a microchip embedded in the back of
each mouse and the mice were randomized into
groups of 10 mice/group having a tumor volume of
~100mm?and drug treatment was started at this time.
Avastin 5mg/kg (Roche/NIH DVR Pharm.), fum-
agillin 100mg/kg, and thalidomide 12.5mg/kg (A. G.
Scientific Inc.) were injected intraperitoneally three
times a week. Sunitinib 10mg/kg (Pfizer/NIH DVR
Pharm.) was administrated orally five times a week.
The vehicle is PBS with 0.1% dimethyl sulfoxide
(Sigma). Two control groups of mice were adminis-
trated the vehicle orally and intraperitoneally. Treat-
ment was continued for an additional 2-3 weeks or
until the tumors reached a maximum volume of
2000mm?3. The tumor sizes were recorded using
Studylog software (Studylog Inc.). The two controls
were combined for the final statistical analyses.

Xenograft Biopsy

Tumor xenografts were dissected when they
reached about 1000mm? and stored in 50ml tubes with
RPMI 1640 medium supplemented with 10% FBS, 1%
glucose, and 4X Anti-Anti. The xenografts were rinsed
three times in PBS and three times in 70% ethanol. A
core biopsy was performed using a biopsy punch
(Miltex) and placed in a 100cm petri dish (Corning).
Using a disposable scalpel (Feather Safety Razor), the
core biopsy was dissected for the 3D co-cultures. 1
mm of both ends and the center of the biopsy tissue
were carefully collected and separately transferred
into a 4-well plate (Nunc). A drop of PBS was added
to the samples to keep them moist. Using a disposable
scalpel, each section was cut into 10 pieces under a
dissection microscope (MZ125, Leica, Germany) and
all of the pieces were stored on ice for our 3D
co-cultures. See 3D Platforms for more details.

3D Platforms

Our phenotypic fluorescent 3D platforms were
prepared in three layers. The first layer, which is in
contact with the bottom of a 96-well plate, is 50MI of
solidified 1.5% agarose. The second layer consists of
50Ml of a mixture of two or more types of cells evenly
dispersed in Geltrex. The third layer consists of EBM2
medium supplemented with 1/10 of a SingleQuots
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supplement kit and may contain the testing agent(s).

To create the second layer, fluorescent endothe-
lial cells and/or a third cell type (mast cells or peri-
cytes) were harvested at 50~70% confluence and re-
suspended in EBM2 complete medium. Endothelial
cells then were suspended at 140,000-280,000 cells/ml
in Geltrex and 50MI of the mixture was added onto
the first layer. If a third cell population was used, it
was mixed with the endothelial cells at 1:20-1:10 ratio.
A spheroid tumor colony (~400 cells) or a xeno-biopsy
(prepared as described in Tumor Spheroids and
Tumor Nude Mouse Xenografts) was transplanted
into the second layer. This complex was solidified at
37°C and cultured in 100Ml/well of EBM2 growth
medium to make a final concentration of 0.5% FBS.
The complex was cultured for 5-9 days before imaging
(Zen2007, LSM 510, Zeiss). The high-resolution 3D
z-stack images were rendered using the iso-surface 3D
mode and their capillary density was quantified by
using the Imaris 7.4.0 software (Biplane) [13]. The 360°
view movies were generated using the maximum
intensity = panoramic  projection (Zen2007). A
time-lapse movie was recorded every 10 minutes for
about 72 hours using a Nikon confocal microscope
(LiveScan SFC) and rendered for a video file using a
snapshot maximum intensity projection. All of the
videos were converted into a MP4 format using
MPEG Streamclip software (Squared 5).

3D Co-Culture Cryosection

After the medium was removed, the 3D
co-cultures were washed three times in cold PBS. Each
co-culture was fixed in 100pl of pre-chilled 0.5% glutar-
aldehyde in PBS, pH 7.4, at 4°C for 24 hours and em-
bedded in O.C.T. (Tissue-Tek) following a brief wash
in cold PBS. The co-cultures were sectioned at S5pm
using a cryostat (Leica). The sections were mounted in
an anti-fading fluorescent mounting medium without
DAPI (Dako) for imaging (LSM510, Zeiss). Images
were processed using Imaris 7.4.0 (Bitplane). The
cryosection protocol was modified from a previous
report [18].

Statistical Analysis

Statistical analysis was carried out using a
two-tailed Student’s t-test. For our collective studies, a
minimal “n” value of 3 was routinely used for any
given experimental group examined and all of the in
vitro studies were repeated three times. P values less

than 0.05 were considered statistically significant.

Results

Development of High-Resolution Phenotypic
Fluorescent 3D Platforms

Angiogenesis is a fundamental step required by
dormant microscopic tumors to grow beyond the size
of 2mm and to progress down a metastatic pathway
[19-21]. This vascular network process consists of a
multi-stage event involving diverse cellular compo-
nents and ECM [9-12, 20] (Figure 1a). Since 1971, tu-
mor angiogenesis has become a major investigative
focus regarding tumor growth, metastasis, and anti-
cancer drug discovery [22, 23]. Additionally, capillary
endothelial cells cultured with tumor cell conditional
medium in in vitro models recapitulate some of in vivo
angiogenic events including elongating, branching,
and forming capillary vessels [24, 25]. Using tradi-
tional endothelial cell 2D in vitro models (EC Tubule
Formation, Figure 1b), we have begun to understand
the progressional events involved in tumor induced
angiogenesis.

Given that tumor cell conditional medium was
able to maintain and induce endothelial cells angio-
genesis in vitro [24, 25], we evaluated whether a mon-
olayer of tumor cells could have similar effects (Fig-
ure 1b). This method is referred to as the modified
endothelial cell tubule formation (Modified EC Tu-
bule Formation/2D Co-Culture, Figure 1b). Fur-
thermore, considering that a tumor grows in a 3D
microenvironment and interacts with multiple types
of cells and ECM in vivo, we developed basic and ad-
vanced 3D platforms to mimic the tumor in vivo status
(Figure 1b). In the basic 3D platform, there are only
two different types of cell components - endothelial
cells and a tumor cell colony (Figure 1b). In the ad-
vanced 3D platforms, endothelial cells are co-cultured
with several types of cell components: (1) a tumor
colony (blue sphere cluster on the left, Figure 1b) with
a third type of cells (yellow on the left, Figure 1b); and
(2) xeno-biopsy tissue (black sphere cluster on the
right, Figure 1b) containing multiple types of cells.
Introducing discriminatory fluorescent proteins into
different types of cells in our 3D platforms, we can
observe, identify, and track the interactions between
individual cell populations in real-time. However,
because we have observed varied tumor induced an-
giogenesis for a given tumor type in our 2D and 3D
co-cultures, the pending question is which assay sys-
tem best replicates the tumor in vivo status?
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Figure |I. Tumor Microenvironment and Development/Validation of the Phenotypic Fluorescent 3D Platforms. (a), schematic of the tumor mi-
croenvironment consisting of malignant cells, non-malignant cells, and ECM. (b), flowchart showing the development of phenotypic fluorescent 3D platforms. 2D
Assays: EC tubule formation — the light blue is a solidified layer of gel matrix (Geltrex) and the red objects with dark blue spheres are endothelial cells. Modified EC
tubule formation/2D co-culture — the dark blue with red spheres in the center is a monolayer of tumor cells at 70-80% confluence; the light blue is a solidified layer
of Geltrex, and the red objects with dark blue spheres in the center are endothelial cells. EC, endothelial cells and TC, tumor cells. Basic 3D Platforms are basic
phenotypic fluorescent 3D platforms. The black at the bottom is a solidified layer of 1% agarose; the light blue is a layer of Geltrex with evenly dispersed endothelial
cells (red objects with dark blue spheres in center) and a tumor spheroid (dark blue sphere cluster). Advanced 3D Platforms are advanced phenotypic fluorescent 3D
platforms. The black at the bottom is a solidified layer of % agarose and the light blue is a layer of Geltrex with evenly dispersed endothelial cells (red objects with
dark blue sphere in center) with either a tumor colony (dark blue sphere cluster) and a third cell component (yellow) or xeno-biopsy tissue (black sphere cluster).
Xeno-Biopsy, a biopsy from a mouse human tumor xenograft. (c), the vascularization of freshly dissected nude mouse tumor xenografts. A549, a human lung
adenocarcinoma cell line; SK-LMS-1, a human leiomyosarcoma cell line; PC-12, a rat pheochromocytoma cell line; and 92.1, a human ocular melanoma cell line. (d),
vessel formation in 2D and modified 2D endothelial cell tubule formation assays at 6 hours of incubation. On the top row, the left and middle images were generated
from the traditional 2D endothelial cell (PAE, an immortalized porcine aortic endothelial cell line in red) tubule formation assays with/without FBS supplement. The
remaining images were taken from the tumor monolayer induced endothelial cell tubule formation assays, described as “modified 2D endothelial cell tubule formation
assays”. (e), the vascularization in our fluorescent basic 3D platforms of PAE cells (red) and a tumor colony (dark blue) at 9 days in culture. 3D-rendered images of
our 3D platforms demonstrate that endothelial cell vascularization clearly depends on the type of tumor cell colonies used in the assays and reveal how these two
component cell types interact with each other. See Additional file |: Supplementary Figure | for a variety of tumor colony induced vascularization in the 3D
platforms. Also see Additional file 2: Movie I, Additional file 3: Movie 2, and Figure 2 for intensive angiogenesis and the interactions between the tumor and
endothelial cells. Scale bar = [00um.
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Tumor Angiogenic Activities in Phenotypic
Fluorescent 3D Platforms Mimic in vivo Tumor
Behaviors

It is well known that cells cultured in a 3D mi-
croenvironment change their morphology, growth
patterns, gene expression profile, protein repertoire,
biological function, and signaling pathways com-
pared to cells cultured in 2D assays [7, 26]. Given the
anatomical orientation of tumors in their microenvi-
ronment, we theorized that a 3D platform approach
would be more consistent with the growth constraints
observed in vivo. To prove this theory, we compared
vascularization results in nude mouse tumor xeno-
grafts (Figure 1c) to the results obtained from 2D as-
says (Figure 1d) and our 3D platforms (Figure 1e).
Figure 1c shows the freshly excised xenografts of a
human lung adenocarcinoma (A549), a human leio-
myosarcoma (SK-LMS-1), a rat pheochromocytoma
(PC-12), and a human ocular melanoma (92.1). The
Ab549 xenograft had moderate peripheral vasculature
and little interior vessel formation, while the
SK-LMS-1, PC-12, and 92.1 xenografts had highly an-
giogenic activities. However, in the 2D co-cultures,
the A549 cells induced dramatic tubule formation of
PAE cells compared to the controls (2D endothelial
cell tubule formation with and without FBS), while
the SK-LMS-1 and PC-12 induced moderate vessel
formation and 92.1 was devoid of tubules (Figure 1d)
at 6 hours of incubation. Thus, tumor cell induced
endothelial cell angiogenesis in 2D co-cultures failed
to consistently correlate with angiogenesis observed
in vivo.

Contrastingly, when we assessed our 3D plat-
forms for tumor cell induced angiogenesis using the
same interactive cell populations, a correlative mi-
metic response to the in vivo environment was ob-
served (Figure 1c versus Figure 1e). The
high-resolution phenotypic confocal microscopy
z-stack iso-surface 3D rendered images show that the
A549 colony has peripheral vessels, while the
SK-LMS-1, PC-12, and 92.1 colonies stimulated dra-
matic capillary formation peripherally and internally
(Figure 1e). Detailed neovascularization characteris-
tics of the 3D platforms are showed in Movies 1 and 2,
as well as in Figure 2. A representative 3D panoramic
video projection from a live 9-day culture of 92.1 in-
duced PAE vascularization is illustrated in Movie 1.
This video clearly shows that vessels surround the
tumor colony. The real-time cell interactions were
displayed in a time-lapse 72-hour-movie (Movie 2).
To validate that vessels infiltrated into the tumor
colony, 3D rendered images were taken from the fro-
zen sections of PAE and 92.1 3D co-cultures after 9

days. As exemplified in Figure 2, our 3D live sample
demonstrated endothelial cell (red) lattice formation
around the tumor spheroid colony (blue) (Figure 2a
and 2b) and more detailed observations were made
on vessel structural complexities using frozen sections
(Figure 2c-f). Endothelial network with some mi-
crovessels (green arrows, Figure 2, c-e) surround and
infiltrated into the tumor colony (tumor cells indi-
cated by white arrows, Figure 2¢, d, and f). Along the
vessels, we can see some endothelial nuclei (arrow-
heads) and tumor cells (arrows) (Figure 2f). For pan-
oramic and real-time observations of the tumor in-
duced vascularization in our 3D platforms, see Mov-
ies 1 and 2, respectively. Our 3D platforms have been
applied to a variety of anatomically distinct cancer cell
lines and have proven to represent similar tumor in-
duced vascularization as observed in their in vivo
counterparts, see Additional file 1: Supplementary
Figure 1.

Quantification of Capillary Density and Me-
tastasis Phenomenon in Phenotypic Fluores-
cent 3D Platforms

An in vivo vascular system serves as a nutritional
blood supply to tissues and as tumor neovasculariza-
tion increases so does the angiogenesis dependent
tumor growth. We have demonstrated that 3D plat-
forms can recapitulate the tumor in vivo angiogenic
status. However, it would be difficult to accurately
determine an anti-angiogenic drug response without
a quantitative assessment of the tumor induced vas-
cular density for a given tumor cell line or an ana-
tomical neoplastic biopsy. Fortunately, using 3D ren-
dered images (Figure 3a), applying fluorescent cell
discrimination techniques, and incorporating Imaris
MeasurementPro software (7.4.0, Bitplane), we were
able to accurately quantify tumor induced vascular
density and establish a mechanism to statistically as-
sess an anti-angiogenic drug sensitivity hierarchy [13]
(Figure 3b). As illustrated in Figure 3b, the quantified
capillary density data shows that A549 induced
minimum vessel formation while PC-12, SK-LMS-1,
92.1, and U-87 had significant more angiogenesis, all
of which correlates with their in vivo state (Figure 1c).
Therefore, our 3D platforms appear to be an ideal
surrogate for the nude mouse xenograft model.

Although metastasis accounts for approximately
90% of cancer-related deaths [27], to date few existing
agents specifically block primary tumor cell migration
to distal anatomical sites. Moreover, because there are
no known effective in vitro metastatic models, phar-
maceutical companies have done limited work in
pursuing the development of anti-metastatic drugs.
An efficient high-throughput in vitro assay mimicking
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the tumor metastatic process would augment the
identification of effective drugs that block neoplastic
cell migration to distal loci. Primary tumor cells can
travel to secondary anatomical sites through estab-
lished routes such as the blood stream or the lym-
phatic system [28]. Also, a lesser known mechanism,
perivascular migration or angiotrophism, involves
neoplastic cells migrating along vessels externally to
remote sites of the body [29]. With the use of our 3D
platforms, however, it is now possible to assess not
only metastasis and secondary tumor loci develop-
ment but also the angiotrophic migration of tumor
cells in vitro. In Figure 3¢, we tested tumor colonies
(blue) from PC-12, SK-LMS-1, 92.1, and U-87 with
varieties of endothelial cells (red), i.e., PAE, HMEC-1,
and TIME, to demonstrate tumor metastasis in vitro.
The 3D rendered images show that the tumor cells
(white arrowheads) migrated away from the primary
mass (white arrows) and some cells even formed
secondary colonies (green arrows). Tumor cells mi-
grating along the highway of endothelial cells can be
seen in the images taken from the frozen section (ar-

rows, Figure 2f).

To show the detailed interactions of tumor and
endothelial cells in our 3D platforms, we recorded a
72-hour time-lapse movie (Additional file 3: Movie 2).
For the very first time, we observed how tumor and
endothelial cells interacted with each other and how
the early stages of tumor induced angiogenesis were
initiated, including the phenomenon that tumor in-
duced vascularization of endothelial cells increased
dramatically as the tumor grew. See Additional file 2:
Movie 1, which shows a fully developed vascular
network after 9 days in culture and Additional file 3:
Movie 2, which shows the tumor induced vasculari-
zation over 72 hours in culture. In addition, the for-
mation of endothelial cell exosomes or microvesicles
were observed and the shedding rate of these cellular
fragments can be measured over time. Such cellular
debris are known to contain both genetic and protein
materials that regulate cell proliferation associated
with both normal and disease physiology [30], which
offer additional targets to measure drug efficiency.

Fig 2. Vascularization Observed in 3D Rendered Images of a Live and Fixed Fluorescent 3D Co-Culture. (a) and (b): images of the live sample at
different magnifications. Red cells are endothelial cells (PAE) and blue cells are tumor cells (92.1). PAE, an immortalized porcine aortic endothelial cell line and 92.1,
a human ocular melanoma cell line. Scale bar = 100um.(c) — (f): images of cryosections from the live sample in (a) and (b). (c): an image showing that vessels (red) not
only surrounded but also penetrated into the tumor colony (blue). White arrows indicate individual tumor cells and green arrows indicate the microvessels. White
dotted-framed areas (1) and (2) in image (c) were magnified and are shown in (d)(1) and (e)(2). (d): a magnified tumor—endothelial complex. White arrows indicate
individual tumor cells and green arrows indicate the microvessels. Scale bar = 100um. (e): magnified microvessels indicated by green arrows. Scale bar = 50um. (f): the
interactions between endothelial and tumor cells. White arrows indicate individual tumor cells along endothelial vascular highways and white arrowheads are
individual endothelial cell nuclei. Scale bar = 50um. For more details regarding tumor induced vascularization, see Movies | and 2.
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Advanced Phenotypic Fluorescent 3D Plat-
forms with Three Types of Cells

Because tumors grow in a 3D microenvironment
and interact with multiple types of cells encompassed
in an ECM [9, 10, 12, 31, 32], by incorporating a third
type of cell population, we took our 3D platforms to a
more complex level (advanced 3D platforms). The
setup is shown in Figure 1b and the resulting images
and quantitative data are shown in Figures 4a and 4b.
Tumor cell (blue) induced neovacularization (yellow)
was selectively enhanced depending on the neoplastic
cells and third component cells (red) utilized. HMC-1
augmented 92.1 induced angiogenesis but had very
little effect on SK-LMS-1 or U87 activity. Conversely,
RF-6A (an immortalized monkey pericyte cell line)
enhanced tumor induced vessel formation indiscrim-
inately for the cancer cell types evaluated. As previ-
ously reported, pericytes have been shown to favor
tumor angiogenesis and growth and are resistant to
anti-cancer drugs [33, 34]. The observed phenomenon
that mast cells are involved in the angoiogenic pro-
motion of melanoma supports the notion that these
inflammatory cells release potent proangiogenic fac-
tors [35, 36]. However, some clinical evidence
demonstrates that mast cell accumulation benefits
cancer patients [37]. Accordingly, our 3D platforms
would be suitable to explore the involvement of mast
cells, as well as other cell types, with regard to tumor
progression.

Drug Sensitivity Screening and Advanced
Phenotypic Fluorescent 3D Platforms

So far, we have shown that our 3D platforms
closely mimic in vivo tumor features such as angio-
genesis, metastasis, and interactions between different
cell types and ECM. We have also demonstrated that
our 3D platforms are more efficient and cost effective
than mouse xenograft models regarding anticancer
drug screening. We compared the sensitivities of four
drugs on SK-LMS-1 (Figure 5) and A549 (data not
shown) using our 3D platforms. Drug sensitivity re-
sults were obtained in 9 days using the basic 3D plat-
forms (Figure 5b) and in only 5 days using the ad-
vanced 3D platforms (Figure 5d), but it took 50 days
to obtain equivalent results from the mouse xenograft
models (Figure 5a). The Figure 5d setup is shown in
Figure 1b. The quantified capillary density data from
the 3D rendered images in Figures 5b and 5d appear
in Figures 5c and 5e, respectively. As shown, the drug
sensitivity results between the in vivo (Figure 5a) and
in vitro (Figures 5¢ and 5e) models are similar. Thus,
our 3D platforms were much more efficient, as well as
less costly, than animal studies in obtaining equiva-
lent drug sensitivity results. It is noteworthy to men-

tion that major variances in angiogenesis were ob-
served among different anatomical xeno-biopsies
from the same xenograft, see Additional file 1: Sup-
plementary Figure 2. Clearly, peritumoral biopsies of
SK-LMS-1 (Supplementary Figure 2a) and 92.1
(Supplementary Figure 2c) dramatically stimulated
neovascularization as compared to non-necrotic in-
tratumoral biopsies (Supplementary Figures 2b and
d), respectively. This is consistent with the prior re-
ports demonstrating that peritumoral sampling, ra-
ther than an intratumoral site, represents a more ac-
curate depiction of the tumor’s progress and progno-
sis characteristics [38].

Discussion

We have developed phenotypic fluorescent 3D
platforms to simulate the in vivo microenvironment of
tumors for high-throughput drug screening and per-
sonalized chemotherapy. These platforms should be
the models of choice for the future because they do
not have the correlative inadequacies of 2D cell assays
and, unlike mouse xenograft models, are efficient and
cost effective. Using multi-colored fluorescent cell
lines, individual cellular components can be identi-
fied, tracked, and monitored live by a fluorescent mi-
croscope, and then isolated by a flow cytometer or a
laser capture micro-dissection microscope for further
protein/gene expression studies. Our novel 3D plat-
forms are more convenient and controllable to better
understand the processes of tumor induced angio-
genesis and metastasis. More importantly, the 3D
platforms are potentially ideal for personalized
chemotherapy. Additionally, these platforms may be
adapted for research and clinical applications for a
variety of angiogenesis dominated diseases [1].

Ideal in vitro Angiogenic and Metastatic Plat-
forms Based on A High-Resolution Phenotypic
Profiling of a Multi-Cell Type Complex

Although 2D co-cultures are able to demonstrate
tumor induced angiogenesis, their results did not
correlate well with the angiogenic status of the tumor
in vivo and proved vastly inferior to our 3D platforms.
Likewise, other established 3D in vitro models also
were insufficient [39]. Tumor growth depends on the
development of an effective nutritional and waste
removal system, as well as a supportive infrastructure
[20, 40, 41]. Therefore, in vitro models that best mimic
this complex interaction will generate more reliable
data. Our 3D platforms are the first attempt to incor-
porate the collective aspects of the tumor microenvi-
ronment that utilize discriminatory colorimetric cell
tracking and have proven to effectively parallel in vivo
response profiles for a given tumor.
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in culture but with the following concentrations: Avastin (100ug/ml), fumagillin (I M), Sunitinib (6ug/ml), and thalidomide (100pg/ml) in EBM2 medium with 1/10 of
a bullet supplement and 0.1% DMSO. HMEC-1 is an immortalized human microvascular endothelial cell line. Scale = 100um. (c): quantified capillary density of the
tumor induced vascularization shown in (b). N=3, Mean +STD, * p < 0.05. (d): inhibition of peritumoral xenograft biopsy (SK-LMS-1, a dotted-circle in light blue)
induced vascularization (yellow) using the same drugs and concentrations described in (b) in the advanced 3D platforms after 5 days in culture. Scale = [00um. (e):
quantified capillary density of the tumor induced vascularization shown in (d). N=3, Mean +STD, * p < 0.05.

Tumor angiogenesis includes two events: the
launching of the angiogenic switch phase and the
vascularization phase [42]. Although some modified
animal models have been used to identify the genes
involved in tumor angiogenesis [43] and serve signif-
icant roles in defining angiogenic switch regulators,
they are very time consuming and costly. Further-
more, it is not clear whether these modified animal
models would affect the ultimate outcome regarding
gene regulation [20, 44]. Researchers have long been
interested in developing an in vitro 3D model wherein
angiogenic switch regulators can be controlled and
studied more conveniently.

Using our 3D platforms, one can selectively
control the component makeup of the tumor micro-
environment and assess how the different cell effec-
tors interact with each other around the tumor colo-
nies in real time. It is well known that an avascular
microscopic cancer in excess of 2mm is blood vessel
dependent for further growth to occur [20] and that
the development of these new blood vessels (angio-
genesis) are the recognized targets of chemotherapy
[22]. Endothelial cells and a tumor colony were the
first effectors used in our 3D platforms to simulate the
in vivo tumor microenvironment. We observed that
the tumor induced vascularization of the endothelial
cells increased as the tumor grew. Because angiogenic
and non-angiogenic tumor colonies are easily identi-
fied, the 3D platforms will enable researchers to
compare gene/protein expression profiles in tumor
colonies and the surrounding cells to ultimately iden-
tify the angiogenic switch and vascular regulators.
Although tumor metastasis in vivo is an extremely
inefficient process [45], it is still the primary cause of a
lethal outcome in cancer patients [20, 27]. In the ab-
sence of efficient in vitro and in vivo metastatic models,
investigators have had difficulty identifying and
tracking early cellular events involved in cancer pro-
gression to a distal anatomical loci [28]. Consequently,
it has been a major challenge to discover an-
ti-metastatic drugs, especially considering the com-
plexity of metastasis and the lack of research funding
[46]. We have now demonstrated that at least one as-
pect of the metastatic process, angiotrophism, can be
effectively studied in our 3D platforms to evaluate
cancer cell migration along perivascular highways to
distal sites from the primary tumor loci. Hence, this
technology is able to assess anti-metastatic com-
pounds and, in conjunction with flow cytometry or
laser capture micro-dissection microscopy, to identify

previously unknown molecular mechanisms respon-
sible for tumor metastasis. Because these angiogenic
switch regulators and metastatic inducers can be
translated into meaningful clinical diagnostic bi-
omarkers, the management of cancer treatment will
be much more effective in devising intervention
strategies to block dormant tumors from becoming
symptomatic and progressing down the metastatic
pathway.

A Surrogate for Animal Studies for Efficient
and Effective Anti-angiogenic and Anti-
metastatic Drug Screening on a High-
throughput Scale

Our 3D platforms have been proven to recapit-
ulate the angiogenic and metastatic status of a tumor
in vivo. We have shown that drug sensitivity analysis
can be performed with either tumor spheroids or
xeno-biopsies in our 3D platforms, demonstrating a
“Proof-of-Principle” for segueing this in vitro tech-
nology into the clinical setting. When assessing the
anti-angiogenic effects of Avastin, sunitinib, thalido-
mide, and fumagillin in our 3D platforms, we
demonstrated the drug response hierarchy matched
the responses observed in the nude mouse xenograft
model for a given tumor. When evaluating highly
metastatic human tumor cell lines, such as melanoma
[47], leiomyosarcoma [48], and rat pheochromocyto-
ma [49], we observed that the individual cancer cells
traveled along endothelial vascular highways (peri-
vascular migration or angiotrophism) and migrated
far beyond the cellular branch projections of the pri-
mary tumor colonies. In some cases, these migrated
tumor cells formed secondary colonies. This phe-
nomenon has been previously observed in patholog-
ical specimens of human glioma or glioblastoma [50]
and melanoma [47]. Hence, our assays also offer a
means to screen drugs with anti-metastatic potential.
Since our 3D platforms employ a 96-well microtiter
plate, it is readily adaptable to high-throughput drug
screening with automated operations, thereby sub-
stantially reducing drug development costs.

A Robust Platform for Personalized Cancer
Chemotherapies Based on A High-Throughput
and Time-Sensitive Drug Sensitivity Screening
Scale

It is of paramount importance that our 3D plat-
forms have made personalized chemotherapy a real-
ity. The drug sensitivity data acquired in only 5 days
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from this technology correlated exceedingly well with
the observed results from nude mouse xenograft
models. We have also demonstrated anatomical dif-
ferences of xeno-biopsies regarding angiogenic po-
tentials. These observations validate the existence of
tumor heterogeneity and the importance of scruti-
nizing tissue selection for use in angiogenic analyses.
Considering the successful achievements of our 3D
platforms, these approaches can be easily segued to
clinical practice for an adaptive treatment strategy by
matching the most appropriate and effective drug
regimen for a particular cancer patient. Furthermore,
they are particularly useful for continuously moni-
toring the effectiveness of chemotherapeutics. Such an
assessment will allow physicians to appropriately
modify anti-angiogenesis based chemotherapies,
thereby circumventing the possibility of drug re-
sistance and will assist in developing a more effective
treatment plan.

In summary, our novel phenotypic fluorescent
3D platforms recapitulate tumor in vivo angiogenic
and metastatic features. These in vitro models are ideal
for studying basic tumor biology and for efficiently
and economically screening anti-angiogenic and an-
ti-metastatic drugs on a high-throughput scale. More
importantly, these platforms will eventually enable
clinicians to provide personalized chemotherapy
regimens for their patients. We also anticipate that the
3D platforms can be used to identify target pathways
and logical avenues to pursue for management of
vascular diseases other than cancer.
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