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Abstract

Our understanding of cancer progression or response to therapies would benefit from benchtop,
tissue-level assays that preserve the biology and anatomy of human tumors ex vivo. We present
methodology for maintaining patient tumor samples ex vivo for the purpose of drug testing in the
clinical setting. The harvested tumor biopsy, excised from mice or patients, is integrated into a
support tissue that includes stroma and vasculature. This support tissue preserves tumor histo-
architecture and relevant expression profiles, and tumor tissues cultured using this system display
different sensitivities to chemotherapeutics compared to tumor explants with no supporting tissue.
The methodology is more rapid than PDX models, easy to implement and amenable to high
throughput assays, making it an attractive tool for /n vitro drug screening or for the guidance of
patient-specific chemotherapies.

1. Introduction

Despite advances in precision medicine and targeted therapies, identifying the most
efficacious treatment for an individual patient is still a challenge. In pancreatic ductal
adenocarcinoma, patients usually progress through first line treatment, and oncologists must
choose a more efficacious adjuvant chemotherapy. There is currently no standard, reliable
protocol for maintaining intact tumor tissue ex vivo for drug testing. An extensive
description of biomimetic approaches to engineering tumors /n vitrois given by Bazou et al.,
2016. Briefly, tumor organoid (Huang et a/., 2015) and tissue slice (Merz et al., 2013)
cultures retain the cell subpopulations, histo-architecture and phenotypic heterogeneity of
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the primary tumor. However, they still lack an extended, supporting vasculature and often
use non-representative matrices such as matrigel for support. The vasculature and its
associated stroma control much of tumor biology, including metabolism, invasion and
metastasis. To date there are a few vascularized models of human tumors that use
microfluidic models (Ehsan et al., 2014) and bioreactors (Ferrarini et al., 2013). Although
the microfluidic model achieved tumor vascularization and early tumor intravasation steps
were identified, the tumor spheroid consisted of a single cancer cell population, and lacked
other components of the tumor microenvironment. Bioreactors have been successful in the
culture of tumor explants under dynamic flow but are difficult to adapt for high-throughput
drug screening, are not amenable for longitudinal microscopic imaging, and the explant
blood vessels are isolated, not integrated into a surrounding network formed /n vitro.

Methodology for maintaining a patient’s tumor tissue ex vivo for the purpose of drug testing
would greatly improve personalized medicine in oncology. We have established such method
by implanting pancreatic tumor explants into a supporting tissue bed that contains stromal
cells, matrix and vasculature. The resulting “vascularized tumor explants” (VTES) maintain
their anatomy and viability, and can be used for studying tumor biology, for drug screening,
or for testing personalized therapies.

2. Materials and Methods

3. Results

Detailed methods are available as Supplementary Material.

First we formed the support tissue by co-culturing endothelial cells (ECs) and smooth
muscle cells (SMCs) in 96-well plates. This co-culture forms a self-organized, multi-layered,
vascularized tissue. To characterize the system with mouse tumors, we grew PANC-1 tumors
in mice, harvested the tumor and created 0.2 — 0.5 mm fragments. The explants were added
to one-day old support tissues. The pre-formed vascular network surrounded and penetrated
the tumor explants in many locations (Figure 1a, Supplementary material online, Video S1).
The tumor-associated vessels had well-established lumens with diameters as large as 40 ym
(Figure 1b). Cultured vessels (Figure 1c, shown in green) migrated and established
connections with the endogenous mouse vessels inside the tumor (Figure 1c; shown in red;
Supplementary material online, Video S2).

In culture, tumor explants retained important stromal and immune components such as
collagen | (Supplementary material online, Figure S1a) and macrophages (Supplementary
material online, Figure S1b). The explants were also angiogenic and contained many
lumenized vessels (Supplementary material online, Figure S1a, b). PANC-1 VVTEs also
released growth factors involved in vascularization (Supplementary material online, Figure
S1c). These PANC-1 VTEs grew slowly in culture (Supplementary material online, Figure
S1d), consistent with their growth /in vivo (Nakamura et al., 2013). Thus, the tumor explants
maintain important structural and biological properties when cultured in this system. To
assess how the vascular bed influences the tumor explants, we cultured PANC-1 tumor
explants alone or VTEs for 10 days and then quantified cell death. Tumor explants without
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the vascular bed support showed extensive cell death as revealed by cleaved caspase-3
(CC-3) (Figure 1d, top row and Figure 1e); in contrast, cell death was minimal in VTES
(Figure 1d, bottom row and Figure 1e). The vascular bed is also essential for the
maintenance of the integrity of the tumor explants: without a support bed, tumors quickly
dispersed as cells migrated away (Figure 1f). We then analyzed the long-term viability and
histo-architecture of the VTEs (Figure 1g). Significant apoptosis was observed for PANC-1
tumor explants alone as very few cancer cells (arrows) remained viable after 10 days in
culture. In contrast, VTESs retained higher viability. We note that we have been able to
maintain VTES in culture for up to 3 weeks without any detectable loss of their original size.

To investigate the responses to chemotherapeutic drugs, we cultured PANC-1 tumor explants
and VTEs and treated each with gemcitibine (GEM) or abraxane (ABX) (Russo et al., 2016).
We also tested PANC-1 cell spheroids, as this is a commonly-used model to study tumors /n
vitro. VTEs were resistant to GEM (200 ng/ml), while approximately 20% cell death was
observed with ABX (100 ng/ml) (Figure 1h), in accordance with the responses in mouse
models (Awasthi et a/., 2013) and patients (Mon Hoff et al., 2013). For the spheroids, 100
ng/ml ABX or GEM reduced the viability to 30% and 50% respectively (Figure 1h), while
the cores of the spheroids become necrotic (Supplementary material online, Figure S2a).
Tumor explants without a vascular bed dispersed extensively in response to these drugs,
making the core of the tumor explant unidentifiable (Supplementary material online, Figure
S2b) and no longer amenable to analysis. These effects suggest that the cells in the tumor
tissue and EC/SMC co-cultures are co-dependent, likely through both physical and
biochemical interactions. This is supported by studies showing that endothelial-derived
(“angiocrine”) factors support tumor growth /7 vivo (Brantley-Sieders et al., 2011).
Importantly, it is known that these angiocrine factors can also alter responses to
chemotherapy (Cao et al., 2014).

We next tested our system with human tumor samples. Patient-derived pancreatic tumor
explants were harvested after distal pancreatectomy surgery and immediately added to one-
day old vascular beds. Significant vessel infiltration was observed within 7 days (Figure 2a,
b). No significant size increase was observed over a 7-day culture period (Supplementary
material online, Figure S1e). This is consistent with the growth of these tumors in vivo, as
they can take up to 29 months to reach 1 cm size (Nakamura et a/., 2013). During 10-days of
culture, the VTESs released growth factors associated with vasculogenesis (Figure 2c, d).
VTEs from both patients released significantly more s-FLT1, PLGF and VEGF than tumor
explants alone throughout the 10-day culture period, while tumor explants alone released
significantly more bFGF than VVTEs particularly in the first 3 days in culture. No difference
could be detected between the growth factor profiles of the two patients with the exception
of VEGF, with patient A having a more angiogenic profile.

To further examine whether VTES retain the gene expression profile of the primary tumor
we performed a gene array comparing pancreatic cancer markers and apoptosis genes in
VTEs and tumor explants alone at day 7 as well as samples from the primary tumor
immediately after resection (Figure 2e). Patient samples immediately after resection (PA and
PB) had similar expression profiles of cancer cell marker cytokeratin 19, stromal markers
(alpha smooth muscle actin and thrombospondin 1) and growth factor receptors (MET,
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EGFR and PDGFRa.), while they differed in the expression of PDGFRp. Expression in
tumor explants with no vessel bed (PATE and PBTE) changed in unpredictable patterns as
the explants deteriorated. VTEs (PAVTE and PBVTE), in contrast, maintained a similar
MRNA profile. Of the genes tested, we only observed significant increases in the expression
of thrombospondin 1 and PDGF receptors, which were due to the presence of the support
bed (Supplementary material online, Figure S2c¢). The cancer-specific genes showed no
changes when tumors were maintained as VTES. These results show that by maintaining the
tumor integrity, the presence of the vascular bed may allow reliable genetic profiling in
tumor explants.

4. Discussion

By providing a vascular bed, we were able to culture pancreatic tumor explants excised from
mice and patient samples /n7 vitro. The VTES can be maintained for ex vivo studies, drug
screening, or to guide personalized treatment regimens (Carneiro et al., 2016). Advantages
of this system include: i) because the tumor explants carry their own stroma, it preserves the
natural microenvironment of the tumor; ii) the histo-architecture and genomic status of the
primary tumor are retained in culture; iii) the culture can be performed in microtiter plates,
so it is adaptable to high throughput screening; iv) many tumor explants can be generated for
testing from a single mouse or human tumor sample, v) the system is more rapid than PDX
models, able to perform drug testing within 1-2 weeks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mouse PANC-1 VTE cultures
a) Vascularization of PANC-1 VTEs (asterisk). Vessels (green) surround and penetrate the

tumor explants (due to auto-fluorescence, also shown in green) over 10 days. Scale bar, 150
pum. b) Confocal micrograph shows a lumenized vessel (green) extending into a tumor
explant. Scale bar, 50 um. Nuclei are shown in DAPI (blue). ¢) Cultured vessels (green)
interact and connect with the mouse explant vessels (red). Scale bar, 50 um. Boxed area
shows two vessels connecting (arrow); scale bar, 25 pm. d, €) Tumor explants without the
vessel bed have more cleaved caspase-3 staining (red) compared to VTEs. Nuclei were
stained with DAPI (blue). Scale bar, 150 um. f) PANC-1 VTES maintain their original
structure, while tumor explants (outlined with a red dotted line) cultured without the EC-
SMC support disperse within three days and cells migrate away. Three different examples of
each are shown. Scale bar, 100 um. g) H&E sections of PANC-1 tumor explants and VTEs.
Few cells remain viable (arrows) in tumor explants after 10 days in culture. Scale bar, 50
pum. h) Normalized viability of PANC-1 VTEs and spheroids in response to a three-day
GEM or ABX treatment.
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Figure 2. Patient-derived VTEs
a) A vascularized patient-derived pancreatic VTE on Day 7 in culture. Vessels are shown in

green. Scale bar, 150 um. b) Patient-derived VTESs (which appear red due to high levels of
aSMA) exhibit significant vessel infiltration within 7 days in culture; two different explants
are shown. Vessels are shown in green and nuclei in blue (DAPI). Scale bar, 150 um. c, d)
VTEs from both patients released significantly more s-FLT1, PLGF and VEGF than tumor
explants throughout the 10-day culture period, while tumor explants released significantly
more bFGF than VTEs particularly in the first 3 days in culture. No difference could be
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detected between the growth factor profiles of the two patients with the exception of VEGF,
with patient A having a more angiogenic profile. e) Clustergram of gRT-PCR array analysis
of Patient A and B-derived fresh tumor samples, VTEs and tumor explants alone grown for 7
days (data normalized to patient A). Each pair of columns represents duplicate samples from
the same patient.
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