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Abstract

Testing the efficacy of cancer drugs requires functional assays that recapitulate the cell
populations, anatomy and biological responses of human tumors. Although current animal models
and /n vitro cell culture platforms are informative, they have significant shortcomings. Mouse
models can reproduce tissue-level and systemic responses to tumor growth and treatments
observed in humans, but xenografts from patients often do not grow, or require months to develop.
On the other hand, current /n vitro assays are useful for studying the molecular bases of
tumorigenesis or drug activity, but often lack the appropriate /n vivo cell heterogeneity and natural
microenvironment. Therefore, there is a need for novel tools that allow rapid analysis of patient-
derived tumors in a robust and representative microenvironment. We have developed methodology
for maintaining harvested tumor tissue /n vitro by placing them in a support bed with self-
assembled stroma and vasculature. The harvested biopsy or tumor explant integrates with the
stromal bed and vasculature, providing the correct extracellular matrix (collagen I, 1V, fibronectin),
associated stromal cells, and a lumenized vessel network. Our system provides a new tool that will
allow ex vivo drug-screening and can be adapted for the guidance of patient-specific therapeutic
strategies.
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Integration of tumor biopsies into a pre-formed vascularized supporting bed provides a new tool
for studying tumor tissue ex vivo.
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1. Introduction

The inconsistent ability of cancer assay systems to predict clinical success has generated
substantial interest in developing human-based tissue-mimetic constructs for disease
modeling and drug testing also referred to as “organs-on-a-chip”: 2. These organs-on-a-chip
are conducive to repetitive, systematic and quantitative investigation of cell and tissue
physiology for the purpose of drug discovery and development3-2. Clinical oncology is in
great need of such tools to improve the reliability of drug screening and applicability of
personalized medicine.

Many approaches have been developed to deconstruct tumors or synthesize them in culture
for the purpose of analyzing cancer biology and identifying promising drugs. Cultures of
cancer cell lines or circulating cancer cells (CTCs) in 2-D or as spheroids are valuable tools
to identify target cancer cell pathways, but are suboptimal to predict clinical response, as
they lack important interactions between tumor components. Xenografting human tumors in
immunodeficient mice — whether from stable cell lines or newly established patient-derived
tumors — provides a better model to dissect tumor biology, tumor-stroma interactions and
treatment response. A recent thrust to grow patient-derived xenograft (PDX) tumors in mice
for the purpose of drug testing is promising, but this approach necessitates that the original
human tumor be distorted, anatomically and potentially biologically, as it is passaged
through immunodeficient mice, often in ectopic (subcutaneous) locations. In addition, it can
take many months to form a PDX from a patient tumor® 7. Treatment decisions need to be
made much more rapidly than this.
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Any effort to synthesize tumors /n vitro will be faced with a crucial challenge of reproducing
the correct composition and architecture of a tumor. Table 1 summarizes the advantages and
challenges of current cell culture systems used to study solid tumors /n vitro. Tumor growth
and response to treatment are shaped by the interactions with host tissue-derived stroma. In
order to re-create the correct anatomy — and thus, a truly biomimetic tumor — the cancer and
the host tissue have to co-evolve naturally. Only in this way will the correct mixture and
organization of host macrophages, fibroblasts, stromal matrix, blood vessels, immune cells
and cancer cells be produced. For these reasons, we explored the possibility of using ex vivo
tumor tissue directly rather than using PDX-derived cells or synthesizing tumors ab initio.
The challenge was to maintain the excised tumor integrity and biology so that it could be
used for drug testing.

To create vascularized tissues however /n vitro, we first need to reproduce the conditions for
the assembly of vascular structures. Proper vascular development requires cooperation
between endothelial cells (ECs) and the perivascular cells that participate in vessel formation
and stabilization. Endothelial cell - smooth muscle cell (SMC) communication begins early
in embryogenesis as blood vessels begin to form and continues during vessel maturation.
Vascular development is regulated by extrinsic factors, such as growth factor gradients and
tissue hypoxia, but the signaling between ECs and SMCs at these earlier stages is essential
for vessel formation and ultimately proper function?.

It has been shown that endothelial cells will create vascular structures /n vitro if the growth
media26: 27, cell populations28-32 and supporting 3D matrix are appropriate2’: 33, However,
the creation of vessels /n vitrois not robust (/.e. they form inconsistently or regress within
days), and we have no mechanistic explanation for why endothelial morphogenesis is
facilitated in some protocols but not others. Furthermore, it is not known how faithfully
these various protocols mimic the process of vessel formation /7 vivo. Using mouse models
in which blood vessels express GFP (driven by the TIE2 promoter) and aSMA-expressing
cells produce DsRed, it is possible to follow the cellular dynamics that enable vascular
expansion. Observing tumor vascularization through transparent windows, the extension of
the existing vasculature requires: 1) mobilization of aSMA-expressing cells on a laminar
structure and 2) the creation and assembly of ECM by the SMCs. This ECM then provides
the structure into which the nascent vessels form (Fig. 1a).

In this study we develop vascularized tissue beds for supporting tumor explants. The stromal
matrix and vasculature self-assemble, and the tissue is stable for more than 3 weeks. We then
show that tumor tissue harvested from mice and added to the vessel bed integrates into the
preformed tissue. The resulting “vascularized tumor explants” (VTES) provide a new, unique
tool with potential for high take rate and rapid turn-around time for drug screening and
personalized medicine.

2. Experimental

2.1 Cell Culture

Human umbilical vein endothelial cells (HUVECs) were acquired from the Centre for
Excellence in Vascular Biology, Brigham & Women’s Hospital, Harvard Medical School,
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Boston, MA and maintained at 37°C under an atmosphere of 95 % air and 5 % CO, in EGM
medium (Lonza). HUVECs (passage number 1-5) were used non-labeled or were stably
transfected with green fluorescent protein (GFP) as previously described34. Pulmonary
artery smooth muscle cells (SMCs) were purchased from Lonza and were maintained at
37°C/5% CO5 in SmMGM-2 medium (Lonza). The growth media was changed every third day
for both cell lines.

2.2 Co-culturing Endothelial cells (ECs) and SMCs

ECs and SMCs were seeded together, mixed briefly to achieve an even cell distribution and
cultured in EGM-2 (Lonza). The cell mixture was cultured in 96-well plates at
concentrations of 104 (ECs) and 5x10* (SMCs). Co-cultures were monitored for up to 14-21
days; during observation, the culture media was changed every third day.

2.3 Tumor explant preparation and vascularized tumor explant (VTE) culture

The Massachusetts General Hospital Subcommittee on Research Animal Care approved all
mouse experiments. Human melanoma (Mu89) tumors were grown orthotopically in 8-
week-old severe combined immunodeficient (SCID) females while human breast (BT474)
tumors were grown in the mammary fat pad of female nude mice. Tumors were grown in the
mice until they reached 4-5 mm diameter; tumors were then resected and cut into explants
for addition into the co-culture wells. Incorporation of the tumor explants took place at Day
1 of vasculature network formation (one explant per well), unless otherwise stated. Explant
size varied between 0.2 — 0.5 mm. VTEs (/.e. tumor explants with the vascular network)
were monitored for up to 10 days with the culture media being changed every third day. All
experiments were performed in triplicate with at least three individual explants generated
from each biological replicate.

2.4 Immunofluorescence staining of ECs-SMCs co-cultures

SMC-EC co-cultures at Day 1, 3, 7, 10 and 14 in culture, were initially washed with
Phosphate Buffered Saline (PBS) to remove any cell media, fixed with 4% formaldehyde for
20 min, washed three times with PBS and subsequently permeabilized with 0.5% Triton in
PBS for 10 min at 4°C. Co-cultures were then rinsed three time with PBS-Glycine followed
by serum blockade (5% donkey serum/0.1% Triton in PBS for 60 min). Co-cultures were
labeled with CD31 (Ready to use, DAKO), a-SMA (1:500, Sigma), Collagen I (1:500,
AbCAM), Collagen IV (1:10, Millipore), Fibronectin (1:500, AbCAM) overnight at 4°C and
Phalloidin-AlexaFluor 568 (Thermofisher) for 30 min at room temperature. Appropriate
fluorescently labeled secondary antibodies were applied for 60 min and washed three times
with saline. Cell nuclei were stained with DAPI nuclear stain (Invitrogen, 1:200) and washed
again three times with saline prior to confocal microscopy. Cultures containing VTES were
analyzed after 10 days in culture. They were fixed, permeabilized and serum-blocked as
described above for the EC-SMC co-cultures. They were then labeled with CD31 (1:100,
Millipore), Tenascin-C (1:250, R&D systems) and a-SMA (1:500, Sigma) Appropriate
fluorescently labeled secondary antibodies were applied for 60 min and washed three times
with saline. Cell nuclei were stained with DAPI nuclear stain (Invitrogen, 1:200) and washed
three more times with saline prior to confocal microscopy.
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2.5 ELISAs for growth factors

Growth factor levels were quantified using ELISA kits (Qiantikine®, R & D Systems).
Culture media was collected from Day 1, 3, 7, 10 and 14 cultures and assayed for Vascular
Endothelial Growth Factor (VEGF), soluble Vascular Endothelial Growth Factor Receptor 1
(s-FLT1) and Placental Growth Factor (PLGF). Growth factor levels in the Mu89 VTE
cultures were quantified using the same ELISA kits. Culture media was collected from days
3 and 10 in culture and also assayed for VEGF, s-FLT1 and PLGF. All experiments were
performed in triplicate.

2.6 Image acquisition

Phase contrast and corresponding fluorescence images were acquired with an epi-
fluorescence microscope (Olympus 1X70, 4x and 10x% air lens, PRIOR automated stage,
OpenLab software). Confocal fluorescence images were acquired with an Olympus 1X81
microscope (20x air lens and 60x oil lens) equipped with the Fluoview software. Slice
thickness varied between 1 and 5 pm. Projections of confocal images were produced using
Image J (NIH, Bethesda, MA). Multiple-field mosaic images were acquired using a confocal
Olympus 1X81 microscope with a slice thickness of 2 um.

2.7 Fabrication of PDMS wells for high-resolution imaging of co-cultures

To image using a 60x oil emersion lens we fabricated customized wells on a 150 mm tissue
culture dish using poly-(dimethylsiloxane) PDMS (Sylgard 184, Dow Corning). PDMS was
mixed with the curing agent in a 12:1 ratio respectively, degased and poured into a 100 mm
tissue culture dish that was then placed at a 60°C oven for 3 h. After curing, the PDMS slab
was peeled and multiple wells, 7 mm in diameter each, were created using a biopsy punch.
The slab was then cleaned and washed using Milli-Q water and dried for 1 h in the oven.
The dry PDMS slab was then placed on a 150 mm tissue culture dish and sterilized using a
Mini 209 UV light sterilizer for 15-20min. ECs and SMCs were seeded in the wells defined
by the PDMS at the same ratio and cell density as our co-cultures in 96-well plates. Samples
were fixed at Day 7 in culture and stained as described above. Post staining, the PDMS slab
was removed leaving the co-culture tissue on the surface. One drop of ProLong® Gold
Antifade Mountant with Dapi was place on each tissue before it was covered with thin
coverslip and sealed using nail polish. The walls of the tissue culture dish were removed and
the dish was placed upside down on the confocal microscope for imaging.

2.8 Image quantification

Anisotropy measurements—Anisotropy measurements were conducted using the
Image J plug-in FibrilTool, as previously described by Boudaoud et al.35. Triplicate co-
cultures were analyzed (3 images were analyzed per repeat, 7.€. 9 images in total per group —
control and treated).

Vesiculo-vacuolar organelle (VVO) quantification—Vesiculo-vacuolar organelles
were identified as intracellular spherical structures that lacked GFP but were surrounded by
the cytoplasmic GFP signal; they were observed either completely within the cytoplasm or
associated with the border of a neighboring cell. The number of VVOs in each image was
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normalized to the cell area of the corresponding image as calculated by image analysis in
ImageJ. Three different fields (3 images were analyzed per repeat, 7.e. 9 images in total)
were analyzed for each time point.

ECM quantification—ECM deposition in the co-cultures was quantified by manually
thresholding the corresponding images to include the Collagen I, 1V and fibronectin-positive
signals. Images (triplicate co-cultures with 2 images randomly selected from each repeat
were analyzed, /.e. 6 images in total) were then converted to binary and the % area fraction
was quantified using the ImageJ software.

VTE area measurements—\VTE area measurements were extracted by manually
defining the tumor boundary in the brightfield image (using ImageJ). Nine and five VTEs
from three different mice were analyzed for the Mu89 and BT474 tumors respectively.

2.9 Statistical analysis

The data are shown as mean = SEM. Analysis of means was performed with a two-tailed
two sample t-test or one-way analysis of variance (ANOVA) (GraphPad Prism software, San
Diego, CA, USA). Differences were considered significant at P values less than 0.05. ****:
p < 0.00005; ***: p < 0.0005; **: p < 0.005; *: p <0.05.

3. Results and discussion

3.1 Forming the vascular bed

Our strategy was to create a vascularized tissue bed for the tumor explant. This tissue should
supply angiocrine factors that are important in the growth and progression of solid
cancers3® 37, thus, creating a more native environment. To create the tissue, we drew upon
observations made in animal models of neovascularization. Using mice in which blood
vessels express GFP (driven by the TIE2 promoter) and aSMA-expressing cells produce
DsRed, it is possible to follow the cellular dynamics that enable vascular expansion using
intravital microscopy. In previous studies, we found that the extension of the existing
vasculature requires mobilization of a SMA-expressing cells and the assembly of
extracellular matrix by the SMCs. This ECM then provides the structure into which the
nascent vessels form (Fig. 1a)38.

Inspired by these observations /in vivo, we cultured ECs together with SMCs in an attempt to
biomimetically reproduce this process /n vitro. By culturing these cell populations in 96-well
plates in the correct ratio (1:5, ECs: SMCs), we were able to reproduce lumenized vessel
networks similar to those created in the mouse models of angiogenesis. The ECs undergo
morphogenesis under these conditions, and produce a basement membrane. In this system,
there is no exogenous matrix added — the ECM is created by the cells.

Within the first 24 h (Day 1) in culture, individual ECs migrate, elongate and begin
connecting with neighboring ECs (Fig. 1b, shown in green). Vessels grow in a matrix
produced by —and structurally contiguous with— the SMCs, giving rise to a multilayered
tissue where SMCs can be seen underneath as well as above the vessel network (Fig. 1¢c and
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ESI, SVideo 1). The resulting multilayered tissue, consisting of cells and matrix, has a
thickness of approximately 150 um (Fig. 1d).

A complete lumenized network is formed within 14-days (Fig. 1e and ESI, SVideo 2). The
networks are stable for at least 21 days and span the well of the 96-well plate (Fig. 1f). The
formation of a stable network is accompanied by the up-regulation of several genes
including growth factors (Angiopoietin 1) matrix components (Collagens 8, 14, 16, 18), and
adhesion molecules (ICAM1, VCAML1 and Integrins a4, 6, 7, V and B2, 3, 4) (Fig. 19).

The formation of the vascular network is greatly affected by the ratio of ECs to SMCs. To
determine the optimum ratio, we maintained the overall number of cells/well the same (/.e.
6x10%) while changing the ratio of ECs to SMCs (Fig. 2a). Increasing the number of ECs
and decreasing the number of SMCs resulted in patches of ECs (arrows), which did not
participate in the vessel network. As expected, both ECs and SMCs form monolayers when
cultured alone (6:0 and 0:6, respectively). In addition, seeding ECs (10%) 24 h before SMCs
(5x10%) did not significantly affect vascular network formation (Fig. 2b), while seeding
SMCs 24 hours prior to ECs resulted in a significant reduction in the vascularization (Fig.
2b). In the latter case the tissue also contracted. Taken together, this data confirm that co-
seeding ECs and SMCs presents the optimum topology/configuration for vascular network
formation.

The self-assembled vessel networks contain lumen structures (Fig. 2c, arrows) created by
fusion of intracellular vesicles. Structures resembling vesiculo-vacuolar organelles
(VVOs)3? were observed at Day 1 (Fig. 2d-arrows, ) and became more abundant at Day 3
(Fig. 2d-arrows, e). By Day 7 (Fig. 2d-arrows, €) most had merged together — both within
individual cells, and between adjacent cells— to form the lumens.

Because vasculature is usually supported by matrix structures, we next investigated whether
EC-SMC co-cultures produce their own basement membrane and extracellular matrix.
Collagen IV staining co-localized with the vessel network by Day 3 (Fig. 3a, top row and
ESI, SFig. 1), becoming more pronounced on Day 10. Some collagen IV structures did not
co-localize with ECs (Fig. 3a, red arrows), suggesting that vessel structures occasionally
recede from the basement membrane sleeves. Collagen | was also produced with a similar
peri-endothelial localization pattern (Fig. 3a, middle row and ESI, SFig. 2). Fibronectin was
also abundantly produced (Fig. 3a, bottom row and ESI, SFig. 3). Expression and deposition
of collagen I and fibronectin (Fig. 3b) increased significantly between Day 1 and 3 in
culture, consistent with the active vasculogenesis in this time period.

Finally, the vascular networks also produce essential growth factors required to drive
vasculogenesis. ELISA assays revealed that at Day 3 there was a significant accumulation of
VEGF (Fig. 3c), coinciding with the time of active network formation. s-FLT1 and PLGF on
the other hand, remained at constant levels throughout the 14 days in culture (Fig. 3c).

3.2 Collective alignment of the SMCs is essential for vessel network formation

In cultures that form connected, stable vessel networks, the SMCs collectively align in
patterns (Fig. 3d) usually observed above the vessel network (Fig. 1c). We hypothesized that
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preventing this collective behavior would stop vasculogenesis. Treating the co-cultures with
fibronectin sufficiently altered the matrix dynamics so that aligned patterns no longer
formed, and indeed, this prevented network formation (Fig. 3d, bottom row, brightfield
image). Thus, supplying exogenous fibronectin interferes with the auto-assembly of the
structures, even though the cells produce large quantities of the same component on their
own (Fig. 3a, bottom row). The change in collective alignment (highlighted with the
overlaying red arrows, Fig. 3d) with FN treatment can be quantified using an anisotropy
index (Fig. 3e).

3.3 Addition of Exogenous Matrix components or substitution of fibroblasts for SMCs
interferes with network formation

Because the formation of vascular structures in our EC-SMC co-cultures appeared to require
the production of matrix components, we next tested whether exogenous addition of these
components would facilitate the process. Mixing ECs and SMCs with collagen | (3 mg/ml)
(Fig. 4a—c) or fibrin (2.5 mg/ml) (Fig. 4d—f) did not result in vessel formation. Collagen |
cultures contained very few vessel segments at Day 3 and there was significant contraction
of the supplied matrix (Collagen I-cell mass outlined in red- Fig. 4c). Similarly, ECs and
SMCs mixed in fibrin formed even fewer vascular structures; fibrin was also significantly
contracted by Day 3, although it remained anchored to the surface at some locations (Fig. 4f,
arrows). These results show that the cells interact differently with exogenously-added matrix
than with endogenously-produced matrix. Furthermore, it appears that the correct topology
is necessary for evolution of the system: the cells must attach to the surface, providing
structural support for the 3D matrix so that the ECs can then undergo morphogenesis within
this matrix layer. Adding a 3D ECM at the start of the culture prevents the evolution of this
topology. Further supporting this concept are experiments performed with mesenchymal
10TY2 fibroblasts rather than the vascular SMCs. We previously used these fibroblasts to
support creation of vascular networks in collagen gels implanted into mice. In that context,
vessels form and connect to the host vasculature3#. However, when the same 10T%?2
fibroblasts are used in our /n vitro co-culture system, the correct topology did not occur, and
networks did not form. Instead of forming a multi-layered, structurally connected tissue, the
cells formed a mosaic monolayer of fibroblasts and endothelial cells (Fig. 4g, h).

3.4 Creating Vascularized Tissue Explants (VTES)

With the protocol for creating a vascular bed established we next assessed whether the
cultured vessel bed would integrate with tumor explants. We first added the tumor explants
to the culture together with the ECs and SMCs. In this case (or in the case when the explant
was placed directly on plastic), the results were inconsistent. Explants that contact the plastic
tend to disperse, as cells from the tumor migrate away on the plastic. When this happened in
the co-cultures, cells from the explant were able to displace the vascular bed (Fig. 5a).
Consequently, explants that spread on the plastic create an avascular boundary, as the vessels
remain associated with the surrounding SMCs-matrix “tissue” (Fig. 5a, corresponding
fluorescence micrograph).

To prevent the explant from contacting the surface, we pre-formed the vascularized support
bed and added Mu89 or BT474 tumor explants after one day of culture. In this case, the
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explants retained their morphology, and the vasculature migrated to surround the tumors
over 10 days in culture (Fig. 5b, c). During this time, Mu89 explants grew approximately
40% of their initial size, while no significant size increase was observed for the BT474
tumor explants (Fig. 5d). In culture, tumor explants retained important stromal and immune
components. Tenascin-C, an extracellular matrix molecule highly associated with melanoma,
was expressed in Mu89 explants (Fig. 5e), and these explants also produced angiogenic
growth factors including VEGF, s-FLT1 and PLGF (Fig. 5f). Thus, the tumor explants
appear to maintain important properties associated with primary tumors when cultured in
this system, while the underlying vascular bed is essential to the integrity of the tumor
explants. Mu89 tumors continuously released increased levels of VEGF, while s-FLT1 and
PLGF were at similar levels over the 10 day culture period. This may be due to the increase
in size of the Mu89 explants, which would presumably lead to an increase in hypoxia and a
corresponding upregulation of VEGF. For the Mu89 VTEs, the levels of VEGF were
significantly higher than in cultures containing only ECs and SMCs, further indicating that
V/TEs are actively releasing VEGF.

One of the important findings from this study is that auto-assembly of tissue is enabled only
if the cells can establish the correct spatial relationships (Fig. 2a). While it is possible for
this to happen in tissue culture plates, it is also easy for the process to be disrupted because
cells are attracted to the highly adhesive plastic surface. Furthermore, providing a pre-
defined 3D environment may not always work. Our system for forming the vasculature
seemed to require three steps: i) the SMCs and ECs cover the surface; ii) The SMCs produce
ECM components that polymerize (collagen | and fibronectin), with the collagen I forming a
3D environment for the ECs; iii) The ECs undergo morphogenesis within this matrix, and
create a collagen IV basement membrane for the vasculature. SMC collective alignment is
likely important for this step. In time-lapse experiments, it was evident that the resulting
“tissue” was structurally connected, as collective migration of SMCs resulted in deformation
of the EC network multiple cell diameters away (ESI, SVideo 3). Thus, it is likely that the
ECM provides the structural integrity (just as it does /n vivo), anchored both at the vessel
wall and at the SMCs. It is also possible that tension produced in the ECM by the migrating
SMCs somehow initiates the EC morphogenesis.

4. Conclusions

We have shown that co-culturing ECs with SMCs leads to the formation of a stable,
lumenized vessel network embedded in basement membrane and extracellular matrix, and
that the culture produces growth factors required to drive vasculogenesis. The vessel
network remains stable for at least 21 days, and can potentially be interfaced with
microfluidics technology to perfuse the lumenized vasculature and control nutrient delivery
to the tumor%: 41, An application of this methodology is to culture and maintain patient
tumors ex vivo for biological studies, drug screening, or to guide personalized treatment
regimens®2. Even without perfusion, the inclusion of the vasculature in the VTE culture
supplies angiocrine factors that are important in tumor development and response to
treatment3®: 37, This provides a more relevant system for testing not only anti-cancer drugs,
but also anti-angiogenic drugs and combination therapies. In this way, the technology will
become a valuable tool to improve /n vitro assays and complement existing animal studies.
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Insight, innovation, integration

This work presents a novel strategy for providing excised tissues with a supporting tissue
bed that includes stroma and a microvascular network with morphological and
biochemical markers of blood vessels found /n vivo, including patent lumens,
representative extracellular matrix and growth factor microenvironments. \We demonstrate
feasibility by vascularizing tumor explants derived from mouse samples. The technology
is straightforward, relying on self-assembly of the tissue, and provides a novel tool for
analyzing tumor biology and treatment response in an environment more representative
than tissue culture assays. The technology can be adapted to high-throughput screening
of drugs in a physiologically-relevant context— a capability not previously available.
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Fig. 1.

Vagscular network formation /n vivoand in vitro. a) Intravital microscopy of vascularization
on a silicone elastomer implanted in a transparent window of the mouse. Vascular sprouts
(green) enter the system from left to right, preceded by a-SMA positive cells and the
extracellular matrix they produce (blue). In this system the a-SMA cells exist in a layer that
is distinct from the collagen and vessels. Scale bar, 50 um. b) Recreating vascularization /n
vitro. Co-culturing HUVECs (green, CD31-AlexaFluor488 labeled) with SMCs (not shown
here for clarity), the system self-assembles into a stable, interconnected network over 21
days (shown are images from days 1, 3, 7, 10, 14 and 21). Scale bar, 200 pm. ¢) Co-cultures
(shown at Day 7 in culture) form a multi-layered tissue where SMCs are seen underneath as
well as above the vessel network. HUVECs are shown in green (CD31-AlexaFluor488
labeled) while the F-actin of both cell populations is stained with Phalloidin-568 (red).
Nuclear stain is DAPI (blue). Scale bar is 20 pm. d) Side view of a confocal stack showing
the resulting multilayered tissue, consisting of cells and matrix that has a thickness of
approximately 150 um. e) 3-D reconstruction of part of an /n vitro network. Scale bar, 50
pum. f) The network is complete, and spans across the entire well of the 96-well plate. Scale
bar, 800 pm. g) gRT-PCR array for extracellular matrix and angiogenesis genes comparing
Day 10 over Day1 co-cultures. Up-regulated genes are shown in red while down-regulated
genes are shown in green.
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Fig. 2.

Development of vascular networks. a) Micrographs illustrating the resultant vascular
network when the ratio of ECs to SMCs changes. Vessels are shown in green. Scale bar is 50
um. b) Live imaging of vascular network formation at Day 3 in culture following different
seeding conditions. ECs are shown in green, while for reasons of clarity SMCs are not
labelled. Scale bar, 1 mm. c¢) Vessels that form in the EC-SMC co-culture contain contiguous
lumens (arrows) that extend throughout the network (three different examples are shown).
Scale bar, 30 pm. d) Lumen formation by vesicle fusion. At Day 1 VVO structures (arrows)
develop within individual endothelial cells. Significantly more VVVOs were observed on Day
3; by Day 7, extensive fusion of these structures creates the lumens. Three different image
fields are shown for each time point. ) VVO quantification shows that the number of
individual vesicles was highest on day 3; after this, fusion reduced the number on distinct
structures. Scale bar, 30 pm.
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Fig. 3.
Co-cultures define their own microenvironment. a) 7op row. Confocal immunofluorescence

analysis revealed significant collagen 1V (grey) staining around the vessel network (green) at
Day 3. By Day 10 collagen IV had completely ensheathed the vessel network. Middle row.
Collagen | (grey) was also produced and showed a similar peri-endothelial localization
pattern in co-culture. Bottom row. Fibronectin (grey) was also abundantly produced by the
co-cultures. Scale bar, 50 pm. b) Collagen I, collagen IV and fibronectin levels increased
over time in EC-SMC co-cultures (assessed by the fractional area of staining in the IHC
images). Error bars are standard errors from n = 3. ¢) ELISA results show a significant
increase in VEGF levels at Day 3. s-FLT1 and PLGF were more constant. d) 7op row.
collective alignment of the SMCs was associated with vessel network formation and is
apparent in the bright field image, At right: brightfield only; at left: brightfield with overlay
of HUVECs (green). Bottom row. In fibronectin-treated wells (FN), SMCs form a non-
aligned monolayer, and vessel network formation is minimal (bottom row, superimposed
HUVECs-GFP). The SMC alignment is highlighted with red arrows in the last column.
Scale bar, 150 pm. e) Measurements of the anisotropy index showed the loss of
directionality of the SMCs. Control co-cultures at Day 3 have an anisotropy index of 0.32
+ 0.01, while fibronectin-treated co-cultures have a significantly lower anisotropy index
(0.17 £ 0.01).
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Collagen | - cell
mass

Fig. 4.

Agdition of Exogenous Matrix components or substitution of fibroblasts for SMCs interferes
with network formation. a, b) Mixing ECs and SMCs in collagen | (3 mg/ml) at Day 1 (a)
resulted in isolated vessel segments at Day 3 (b). ¢) Collagen | matrix contraction was
observed within 3 days- matrix-ECs-SMCs mass outlined with the red solid line. d) Mixing
ECs and SMCs in fibrin (2.5 mg/ml) at Day 1 did not lead to vessel formation as shown in
the fluorescent micrograph (e- Day 3). f) Fibrin also significantly contracted by Day 3,
showing some anchor points to the underlying substratum (arrows). g) Co-culturing ECs
with 10TY2 cells did not induce vessel formation. ECs (shown in green) formed patches of
monolayers within the 10T%2 monolayer. h) superimposed brightfield and fluorescence
micrographs showing the mosaic monolayer on the surface. Scale bar, 150 pm.
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Fig. 5.
VTE cultures. a) Mu89 tumors disrupted, with many cells migrating away from the main

tumor explant body when co-implanted with ECs-SMCs at Dy 0, as shown in the brightfield
image. Vessels (green), in the mosaic confocal micrograph of the same tumor (purple
outline), did not penetrate the explant but formed a ‘ring’ around the tumor explant-cancer
cell area. b) Vascularization of Mu89 tumor explants (asterisk) in the co-culture system.
Vessels (green) surround and penetrated the tumor explants (due to autofluorescence, also
shown in green) over 10 days. Scale bar, 150 um. c) BT474 tumor explants were also
successfully vascularized over 10 days. Scale bar, 150 um. d) Growth curves for VTES. e)
Mu89 explants retained strong levels of tenascin-C (grey) ex-vivo. Scale bar, 100 um. f)
Mu89 VETs released increased levels of VEGF in relation to EC-SMC cultures alone, while,
s-FLT1 and PLGF were at similar levels in comparison to EC-SMC cultures alone.
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Advantages Disadvantages
Single and Inch et al. . Recapitulate tumor . No immune or other
multicellular tumor | (1970F heterogeneity cells of the tumor
spheroids Sutherland . microenvironment
(1988P . More predictive than
Helmlinger et monolayer . No vasculature
al. (1997} . High-throughput . No self-assembly
Hirschhaeuser
etal. (2010 . Inexpensive . Forced microanatomy
Kondo et al.
(2011)*?
La Barbera et
al. (2012)3
Seano et al.
(2013
Tumor organoids Cheung et al. . Display typical tumor . No immune or other
(201315 histological cells of the tumor
characteristics microenvironment
. High-throughput . No vasculature
. Cheap
Huang et al. . Retain differentiation . No immune or other
(2015)'6 status, histo- cells of the tumor
architecture and microenvironment
phenotypic
heterogeneity of . No vasculature
primary tumor . : :
including patient Palr;crelatlcdprogemtor
tumors cells plated on
Matrigel
. Retain patient-specific
physiological changes
. High-throughput
Lietal . Long term viability . No vasculature
2014)7
(2o14f . Model diverse
gastrointestinal
malignancies from
pancreas, stomach and
colon in primary
epithelial and
mesenchymal organoid
culture
. Oncogenic trans-
formation /n vitro
. Tumorigenicity after
transplantation /n vivo
EXx vivo tumor slice Merz et al. . Preservation of the . Explants’ blood
cultures (2013)8 individual vessels are isolated,
Gerlach et al. histopathology not integrated into a
201419 i surrounding network
gﬁad,f,,l,-ck etal . High-throughput formed /n vitro
0
(2015P . Explant viability
depends on the
explant origin
. Mostly applied to
brain cultures
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Cell sheet technology

Microfluidic models

Bioreactors

Self-assembly

histo-architecture of the
tumor explant retained,
including patient
tumors

Explants’ blood vessel
system retained

Explants’ blood vessels
integrate into a
surrounding network
formed /n vitro

Long term maintenance
of /n vitrovascular
network

High-throughput

Inexpensive

Advantages Disadvantages
Kushida et al. . Preservation of the . No vasculature
(19991 deposited ECM and
cell-cell interactions . No self assembly
. Improved cell . Forced microanatomy
engraftment and tumor
formation following
subcutaneous mouse
injection
Ehsan et al. . Vasculature present . Use of spheroids
(20142
Ferranini et al . Long term viability and . Not suitable for drug
(20133 histo-architecture of the screening
tissue explants retained
. Not amenable for
. Tissue blood vessel longitudinal
integrity maintained microscopic imaging
. Explants’ blood
vessels are isolated,
not integrated into a
surrounding network
formed /n vitro
Domansky et . High-throughput . Use of hepatocyte
al. (2010P* monocultures
. No vasculature
Bazou et al. . Long term viability and . Size of the explant is

limiting (< 0.5 mm)

Vessel network
requires ~7 days to
establish
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